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Abstract
As a food-based approach against malnutrition, orange-fleshed sweetpotato (OFSP)
increasingly succeeds as an important staple crop for rural communities of sub-Saharan Africa.
OFSP has a nutritious storage root with high concentration of beta-carotene, a precursor to the
body’s production of vitamin A, and provides high energy per gram dry weight, as well as other
essential micronutrients. Its increasing human consumption results from a food-based effort
that has been successfully combating vitamin A deficiency in Mozambique. However, current
OFSP cultivation lacks soil fertility management due to scarce access to fertilizer markets by
smallholder farmers. Given the substantial nutrient requirements to develop and accumulate
storage root biomass, the crop removes a large amount of soil nutrients after harvest. Hence,
continuous OFSP cultivation without soil nutrient replenishment threatens the maintenance of
a soil’s capacity to support plant growth, constraining the long-term success of this food-based
approach against malnutrition. The main objectives of my dissertation therefore identify
locally-accessible organic amendments and agricultural practices, as well as evaluates their
potential to supply adequate nutrients for OFSP storage root growth to sustain crop productivity
and nutritional quality while ensuring soil nutrient replenishment after cultivation of OFSP.
Beginning with a field survey conducted in rural communities of southern Mozambique,
Chapter 1 assesses farming systems’ management to identify crop residue biomass production
and agroecological practices performed by smallholder growers. The results from this initial
phase identified that more than 80% of farmers use crop residues as fertilizer in cash crop, but
not OFSP, cultivation. Furthermore, over 70% of the respondents use agroecological practices
such as rotation and intercropping, highlighting the potential to use local resources and existing
knowledge crucial in developing soil fertility management suitable to OFSP requirements.
Subsequently, this research demonstrates two field trials in Maputo investigating the
impact of soil organic amendments and practices on soil fertility maintenance and OFSP
performance. In the first experiment, described in Chapter 2, organic soil amendments (i.e.
cowpea residues and poultry manure) with and without inorganic fertilizers contrast against
conventional inorganic fertilization and traditionally unfertilized OFSP cultivation. In the
second experiment, described in Chapter 3, OFSP-cowpea intercropping compares with OFSP
sole cropping, for three seasons in continuous systems and an OFSP-maize-OFSP rotation
scheme. Both field trials examine the potential of soil fertility management to supply adequate
available soil N, P and K throughout the seasons to ensure storage root yield and nutritional
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quality (e.g., beta-carotene, iron, zinc) while maintaining total soil C, N, P and K
concentrations after OFSP cultivation.
The first field experiment confirmed beneficial effects of sole or co-application of poultry
manure and inorganic fertilizer treatments to support storage root yield and nutritional quality
of OFSP, with 50% higher root yield than traditionally unfertilized OFSP cultivation in the
second season. However, only sole application of poultry manure maintained total soil C and
N after two growing seasons, while co-application and inorganic fertilization depleted total soil
N and C by more than 10% of its initial values. The evaluation of intercropping systems
demonstrated the potential for OFSP-cowpea to maintain similar storage root yield observed
in sole OFSP systems, in continuous or rotation systems. Incorporation of cowpea biomass in
addition to OFSP vines in intercropping systems increased total soil N concentration to more
than 12% of its initial values after three growing seasons. Additionally, cowpea biomass
mineralization contributed 10-24% of N comprised in OFSP in the third season.
This work demonstrates that an array of different soil fertility management options exist
for locally-accessible organic amendments and practices which successfully maintain storage
root yield and nutritional quality and ensure soil nutrient replenishment. Therefore, the present
research highlights a path to the developing sustainable soil fertility management for OFSP
cultivation systems, supporting food and nutritional security campaigns.
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Resume
La patate douce à chair orange (PDCO) est une culture de base essentielle pour les
communautés rurales d’Afrique sub-saharienne. La PDCO possède une racine de stockage
nutritive qui contient une grande concentration de bêta-carotène, un précurseur de la
production de vitamine A par l'organisme, et fournit une énergie élevée par gramme de poids
sec, ainsi que d’autres micronutriments essentiels. Sa consommation croissante est le résultat
d'un effort alimentaire qui permet de lutter avec succès contre la carence en vitamine A au
Mozambique. Cependant, la culture actuelle de la PDCO est réalisée sans gestion de la
fertilité des sols en raison du manque d'accès aux marchés des engrais par les petits
exploitants agricoles. Étant donné les besoins importants en nutriments pour développer et
accumuler la biomasse racinaire de la PDCO, cette culture retire une grande quantité de
nutriments du sol après la récolte. Par conséquent, la culture continue de PDCO sans apports
de nutriments menace le maintien de la capacité du sol à soutenir la croissance des plantes,
limitant le succès à long terme de cet effort alimentaire contre la malnutrition. L'objectif
principal de ma thèse était donc d'identifier quels amendements et pratiques organiques
étaient localement accessibles, puis d'évaluer leur capacité à fournir un apport adéquat en
nutriments pour la croissance des racines des PDCO, ainsi qu’à soutenir la productivité et la
qualité nutritionnelle de la PDCO tout en assurant la reconstitution des nutriments du sol
après sa culture.
La recherche présentée dans cette dissertation commence par une enquête de terrain
menée dans des communautés rurales du sud du Mozambique dans le but d'évaluer les
options de gestion des systèmes agricoles, la production de biomasse de résidus de culture et
les pratiques agroécologiques des petits exploitants. Les résultats de cette première phase
montrent que plus de 80% des agriculteurs utilisent les résidus de culture comme engrais
dans les cultures de rente, mais pas dans les cultures de PDCO. En outre, plus de 70 % des
personnes interrogées utilisent des pratiques agroécologiques telles que la rotation et les
cultures associées. Ceci indique qu'il est possible d'utiliser les ressources locales et les
connaissances existantes pour développer une stratégie de gestion de la fertilité des sols
adaptée aux exigences de la PDCO.
L'étape suivante a été la réalisation de deux expériences de terrain à Maputo pour
étudier les performances des amendements organiques et des pratiques susmentionnées sur le
maintien de la fertilité des sols et les performances de la PDCO. Dans la première expérience,
j'ai examiné l'utilisation d’amendements organiques, tels que les résidus de niébé et le fumier
de volaille, avec et sans engrais inorganiques, par rapport à la fertilisation inorganique
iii

conventionnelle et à la culture traditionnellement non fertilisée de la PDCO. Dans une
deuxième expérience, j'ai comparé la culture associée PDCO-niébé à la monoculture de
PDCO, pendant trois saisons, en culture continue de PDCO et dans un schéma de rotation
PDCO-maïs-PDCO. Dans les deux expériences, j'ai examiné la capacité de ces stratégies de
gestion de la fertilité du sol à fournir suffisamment de N, P et K assimilables afin de garantir
le rendement et la qualité nutritionnelle (par exemple, bêta-carotène, fer, zinc) au long des
saisons tout en maintenant les concentrations totales de C, N, P et K dans le sol après culture
de la PDCO.
La première expérience a confirmé les effets bénéfiques de l’application, seule ou
combinée, de traitements à base de fumier de volaille et d'engrais inorganiques pour soutenir
le rendement racinaire et la qualité nutritionnelle des PDCO, avec un rendement racinaire 50
% plus élevé que la culture traditionnelle non fertilisée au cours de la deuxième saison.
Cependant, c’est uniquement l'application seule de fumier de volaille qui a permis de
maintenir la teneur totale en C et N du sol après deux saisons de croissance, alors que la coapplication et la fertilisation inorganique ont diminué la teneur totale en N et C du sol de plus
de 10 % par rapport aux valeurs initiales. L'étude des systèmes de cultures associées a
démontré la capacité du niébé-PDCO à maintenir un rendement racinaire similaire à celui
observé dans les monocultures de PDCO, en continu ou en rotation. L'incorporation de la
biomasse de niébé en plus des résidus de PDCO dans les systèmes de cultures associées a
augmenté la concentration totale de N du sol de plus de 12 % après trois saisons de
croissance. En outre, la minéralisation de la biomasse de niébé a contribué à 10-24% de
l'azote contenu dans les PDCO au cours de la troisième saison.
Les résultats de ces travaux démontrent le potentiel de différentes options de gestion de
la fertilité des sols. Ces options sont basées sur des pratiques et des amendements organiques
localement accessibles, qui ont permis de maintenir avec succès le rendement et la qualité
nutritionnelle des racines de stockage et d'assurer la reconstitution des nutriments du sol. Par
conséquent, la recherche présentée contribue au développement d'une gestion durable de la
fertilité des sols pour les systèmes de culture de PDCO, en soutenant les campagnes de sécurité
alimentaire et nutritionnelle.
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General Introduction

Food security in Mozambique
Micronutrient deficiencies is a form of malnutrition that prevails in Sub-Saharan
Africa, largely affecting communities impaired by widespread poverty, lack of access to
diverse diets and inadequate health care (FAO, 2011; Shetty 2011). Mozambique has one of
the highest rates of micronutrient deficiencies (Muthayya et al., 2013), with 51% of women at
reproductive age suffering from anemia (FAOSTAT, 2018; FAO 2011) and approximately
70% of children from vitamin A deficiency (Aguayo, 2005). In the 2016-2018 period, 41% of
the Mozambican population were living in conditions of severe food insecurity. Despite
having decreased the percentage of undernourished people in the recent decade, around 8.3
million Mozambicans are suffering from undernourishment in 2018 (FAOSTAT, 2018).
Subsistence agriculture is the main source of food and income in Mozambique. Around
70% of the smallholder farmers cultivate less than 2 ha of land with only 4.3% receiving
agricultural extension support and around 5% using external inputs such as pesticides and
fertilizers (MASA 2016, Amade et al., 2010). The majority of the agricultural production is
rainfed and use manual agricultural tools, as only 5% of farmers have access to irrigation and
less than 2% use tractors in their farm (Amade et al., 2010). Hence, the agricultural sector in
Mozambique is characterized by low productivity due to low mechanization and low levels of
input (Selvester and Castro, 2003).
Moreover, the environmental conditions largely constrain production because 35% of
smallholders recognize having lost production due to the occurrence of droughts and floods
(MASA, 2016). The current intensification of climate change is projected to cause longer dry
spells increasing the risk of losing agricultural produce, which pressures vulnerable resourcelimited farmers that have low capacity to respond to these extreme events (Cairns et al., 2013;
Leichenko and O’Brien, 2001)
The socio-economic and environmental conditions faced by smallholder farmers
decreases their capacity to improve agricultural production and intensify food insecurity
(Tittonell and Giller, 2013). Hence, interventions that prioritize the sustainable development
1
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of farming systems, based on smallholder farmers’ needs and conditions, can potentially
increase agricultural productivity and help to alleviate malnutrition (Selvester and Castro,
2003). Economic growth and welfare improvement of the present and future populations in
Mozambique depend on the development of policies focused on transferring adequate and
profitable technologies to improve farm-level production, productivity and food security
(Mazuze, 2002).

The importance of orange-fleshed sweetpotato (OFSP)
Food security interventions that combine nutritional concerns with agricultural research
and extension emerged at the beginning of 2000’s. Since then, food quality was included as
an important step to achieve food security (Low et al., 2000). Thus, the introduction of
orange-fleshed sweetpotato (Ipomoea batatas L.) was proposed as a food-based approach to
combat malnutrition, improving diet and micronutrient intake of vulnerable rural
communities in Mozambique (Low et al., 2000). Storage roots of OFSP have high
concentration of !-carotene, the precursor of vitamin A in the human body, and other
micronutrients, such as Fe and Zn. Furthermore, OFSP are good source of energy and fiber
(Low et al., 2013). Biofortified OFSP varieties were developed by the International Potato
Center (CIP) in Mozambique and adapted to local environmental conditions and farmers’
needs and preferences (Low et al., 2017). The adoption of OFSP by farmers was
accomplished by the dissemination of vines in rural communities and facilitated by its easy
management and propagation and the fact that smallholders had been cultivating whitefleshed sweet potato in Mozambique. Hence, as a result of two decades of promotion and
dissemination of OFSP by the International Potato Center CIP in partnership with many other
organizations in Mozambique, this food-based approach proved to have successfully
increased the vitamin A intake of the majority of participants involved, as well as effectively
increased the area planted with OFSP in smallholder farms (Low et al., 2007; Jenkins et al.,
2015).
Traditionally, smallholders cultivate OFSP and other staple crops on marginal lands,
with little to no application of fertilizers. OFSP has high nutrient requirements; for instance,
with a global average productivity of 13.5 t ha-1 (Gruneberg et al., 2015), OFSP nutrient
uptake can be up to 740 kg of N, 100 kg of P and 750 kg of K per hectare (Echer et al. 2009;
2
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John 2011; Grüneberg et al., 2015). Considering that current practices include the removal of
storage root and vines at harvest, OFSP cultivation exports large amount of nutrients from the
soil after its cultivation. The majority of smallholder farmers lack purchasing power for
fertilizer and also access to fertilizer markets, constraining their capacity to manage soil
fertility. The continuous cultivation without soil nutrient replenishment leads to soil
degradation, reduces the soil’s capacity to provide ecosystems services in support of food
security (Lal, 2009). Hence, there is a need to investigate locally-accessible resources and
known agricultural practices, suitable for the smallholder that ensure enough nutrient supply
to achieve optimal OFSP yield and nutritional quality while maintaining soil fertility to
secure long-term success of this food-based strategy.

Soil fertility management for OFSP cultivation
Soil nutrient depletion is caused primarily by prevalence of extractive farming practices
such as the removal of crop residues and the lack or low application of fertilizers and organic
amendments (Lal, 2009). Thus, the appropriate knowledge-based use of inorganic fertilizer or
organic amendments is the main approach to replenish soil nutrient in agricultural systems
and avoid depletion (Schjoerring et al., 2019). Additionally, efficient soil fertility
management maintains the soil’s capacity to supply the nutritional needs of plants in time and
amount suitable to the plants’ requirements (Johnston and Bruulsema, 2014, Brady and Weil,
2009).
Efficient soil fertility management for OFSP needs to consider the changing nutrient
requirements during the crop growth. OFSP initial development, until around 90 days after
planting (DAP), requires high nitrogen (N) supply to support aboveground growth and
accumulation of leaf dry matter. The photosynthetic area is necessary to produce the
carbohydrates that will be accumulated in storage root. Thus, after 90 DAP, the crop starts to
accumulate root biomass in the bulking phase, and storage root gradually increases until 150
DAP when the crop is harvested. During the bulking of storage root, the potassium (K)
supply to OFSP is important to secure the transportation of photosynthates from shoots to be
accumulated in the roots (Byju and George 2005; Scott and Bouwkamp 1974; Hahn 1977). If
conditions are unbalanced, with high N and low K supply, the plant will have high
concentration of N in the leaves favoring the accumulation of aboveground biomass at the
3
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costs of storage root bulking, resulting in low yield (Martí and Mills 2002). Hence, effective
soil fertility management needs to provide adequate supply of the right nutrients at the right
time to ensure production of vines that ensures optimal root yield rates (Hahn 1977).

Organic management of soil fertility
Due to limited access of smallholders to inorganic fertilizers, organic management of
soil fertility can be a sustainable strategy based on the use of locally-accessible organic
amendments, such as crop residues or animal manure, as a source of nutrients for plants and
soil organic matter (SOM) build up; SOM has long-term beneficial effects on biological and
physico-chemical soil properties (Brady and Weil 2008).
The judicious application of organic fertilizer is vital to maintain nutrient availability
through constant microbial-mediated mineralization of organic material (Bowles et al., 2014,
Mapfumo et al., 2007) and the resulting stable organic compounds remaining in the soil
contribute to aggregation and moisture retention, facilitating plant growth. The beneficial
impacts of organic fertilization depend on the quality of organic amendment and the
cumulative effect of continuous application over the years (Mapfumo et al., 2007; Bationo et
al., 2007).
One of the obstacles in organic management of soil fertility is the mismatch between
nutrient released from organic amendment with the time and/or amount of nutrient required
by the plant, hindering crop productivity. Commonly in organic systems, lack of sufficient N
supply limits crop production whereas in conventional systems this is less the case. Such
observations were made in cereal cropping systems, and the limiting effect of slower N
release in organic systems depends on the crop species and particular nutrient demands
(Seufert et al., 2012).
An alternative soil fertility management that addresses this limitation is defined as
Integrated soil fertility management (ISFM). ISFM combines a set of practices that include
the use of organic and inorganic fertilizers, and adapted germplasm. The use of resources is
subjected to local conditions and adapted to local knowledge with the main goal of
maximizing agronomic use efficiency and ensure optimal productivity (Vanlauwe et al.,
4
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2010). For instance, the combination of organic and inorganic fertilizer proposed in ISFM
potentially benefits crop nutrient synchrony and reduce losses, particularly for N (Chivenge
et al., 2011). When combining fertilizer and residue inputs (e.g., crop residue, manure,
compost), soil microbes temporary immobilize fertilizer-applied N and subsequent release
due to microbial decomposition, which may improve N synchrony with plant demand
(Gentile et al., 2008). As residue quality affects the rate of residue decomposition, quantity of
N immobilization, and timing of nutrient release, it will likely influence the interaction
between fertilizer and residues. Therefore, it is important to investigate, among the organic
resources available, which ones provides the best balance in nutrient immobilization and
supply.
In sweet potato systems, the combined application of organic and inorganic fertilizers
showed improved root yield due to continued supply of N to plants, initially from readily
available inorganic fertilizer and later in the season derived from mineralization of organic
fertilizer (Kaupa and Rao, 2014). In contrast, the application of 10 tha-1 of poultry manure
has shown detrimental effects of an unbalanced N supply on root yield. More information on
nutrient availability in organic systems need to be clarified. For instance, information about K
dynamics in soils of organic systems are scarce, and nutrient management recommendations
usually follow the N requirement, which most often underestimate the amount of K added
when using animal manure (Oborn et al., 2005). Since the balance between N and K supply is
crucial to ensure root yield, it is necessary to understand the availability of K in organic soil
fertility management.
Moreover, the identification of locally-accessible resources is fundamental to guarantee
sustainability of the management proposed (Corbeels et al.,2014). The use of crop residues
and animal manure in resource-limited rural communities in SSA countries can be a
successful approach to ensure crop productivity and improve farmer’s livelihood (Mack,
2005). Nevertheless, the success of these practices depends on the particular socio-economic
and environmental conditions of the location of interest (Rusinamhodzi et al., 2016).

5
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Sustainable cropping systems: fallow, intercropping and crop rotation
Alternative cultivation systems such as periodic fallowing, the use of cover crops, crop
rotation and mixed cropping systems can prevent nutrient mining and soil degradation
resultant from continuous monocropping (Lal, 1998).
Fallow systems have long been used in smallholder farmers as a low-cost strategy to
recover soil fertility. The land on fallow is left uncultivated for a number of years and
spontaneously growing plant species stimulate soil nutrient recycling. However, in recent
years, the length of fallow period has been shortened, decreasing the potential to recover soil
fertility (Craswell and Vlek, 2013). The use of conservation practices such as mulching,
retention of plant biomass in conjunction with planting leguminous crops during fallow can
build up on the traditional fallow systems and improve food production (Lal, 2009).
Nevertheless, competing use of residual biomass for other purposes, such as animal feed, is a
serious constraint and must be considered according to the local conditions (Rusinamhodzi et
al., 2016a). The decision to apply crop residues depends on the farmer’s own preferences,
availability of alternative resources, the external demand for crop residues, and the
availability of sufficient biomass produced in agricultural systems (Valbuena et al., 2015;
Corbeels et al., 2014; Valbuena et al., 2012).
Diversification of crops species can have beneficial impact on pests and weed
suppression, supporting higher yields (Poveda et al., 2008). For example, the succession of
different plant species defined as crop rotation systems have been reported to disrupt the
temporal cycles of pest and pathogens as well as weed incidence (Mhlanga et al., 2016;
Ratnadass et al., 2012). Crop rotations also have beneficial impacts on soil fertility; for
example, long-term cereal-legume rotation can increase soil organic carbon (SOC) and total
N (Misiaki et al., 2014; Lynch et al., 2016; Rao et al., 2000).
However, crop rotation has the potential to mine soil nutrients depending on the
sequence of crops selected. Soil C and N concentration in rotation schemes involving nutrient
demanding crops, such as maize and root/tuber crops can be increased if leguminous species
are included in the cropping system (Maliki et al., 2016). Crop residue retention on the soil
after cultivation is crucial to ensure the beneficial impacts of crop rotation, as the nutrient
recycling is responsible for soil fertility replenishment (Fuentes et al., 2009).
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Including leguminous species in combination with conventional food and cash crops
can have many advantages for smallholder farmers (Thierfelder et al., 2012). The capacity of
leguminous plants to symbiotically fix N2 is a low-cost source of N. For instance, cowpea has
been reported to source 83% of its N from biological N fixation in a Ghanean study, and this
contributed 17 kg ha-1 of N to the maize crop (Kermah et al., 2018). The incorporation of
leguminous plant biomass and consequent mineralization can contribute to N fertilization for
non-leguminous plants. Salgado et al. (2020) reported that 39% of N found in tomato shoot
was derived from cowpea in tomato-cowpea intercropping systems over two growing
seasons. Oberson et al (2013) observed 46% to 60% of N in grass coming from the
leguminous species in a ryegrass-clover mix over a period of two years under temperate
climate conditions. In addition to beneficial effects on soil N supply, the incorporation of
legume residual biomass after harvest can contribute to SOC increase and diversified produce
in smallholder farms. However, the success of the system depends on the synergy of crop
species growing simultaneously (Dubey et al., 2019). For instance, competition between plant
species for resources can constrain plant growth and decrease yield, particularly under dry
climate (Duchene et al., 2016) and limited soil fertility (Rusinamhodzi et al., 2012).
Therefore, it is of paramount importance to investigate the best crop species combination to
determine if rotation and intercropping is adequate to achieve crop optimal performance and
replenish soil nutrients.

Objectives and structure of the thesis
There is a clear need to investigate and determine sustainable soil fertility management
based on locally-accessible resources for smallholder farmers, considering their needs and
interests; this will ensure adequate nutrient supply to achieve optimal crop yield while also
securing soil nutrient replenishment. In the context of Mozambican smallholder farmers that
cultivate OFSP, finding suitable soil fertility management is key to supporting the long-term
success of food-based approaches for ensuring food security. Therefore, with this doctoral
thesis, I aimed to identify locally-accessible organic amendments and potential improved
practices and investigate their potential application to successfully manage soil fertility in
OFSP cultivation, thereby securing root yield, root nutritional quality and soil fertility
replenishment (Fig 1). In order to achieve these goals a project was conducted in
7
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collaboration between ETH Zurich, the International Potato Center (CIP) and the
Mozambican Institute of Agricultural Research (IIAM). This doctoral thesis was subdivided
in three parts to address the research objectives:

Goal: Develop an improved OFSP soil fertility management that
supports food and nutritional security
Chapter 1
Identify locally-available resources
and existing agricultural practices

Chapter 2
Evaluate locally-available soil
amendments

Chapter 3
Evaluate existing agricultural
practices

Expected outcomes:
Ensure root yield & nutritional quality and soil
nutrient replenishment

Fig. 1: Overview of goals and thesis structure.

In the first part, described in Chapter 1 of this thesis, a field survey was organized and
conducted in Manhiça city located within Maputo province in southern Mozambique to
identify the available organic amendments and practices with potential application in soil
fertility management (Fig. 2). The survey contained 23 questions concerning the farmers’
demographics, farms’ characterization, soil fertility and cropping systems, OFSP cultivation
and organic fertilizer availability and was conducted by a group of three extension agents to
survey 107 households. Interviewed smallholders identified crop and animal biomass residual
from farming activities and indicated whether they could be used as fertilizer. Results
regarding the cropping systems used by smallholders provided information about the crop
species cultivated and animals raised and were used to indicate potential residual biomass
produced in these farms, and information on the adoption and knowledge of agroecological
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systems. Through the survey we also collected information on how OFSP is currently
cultivated and the main constraints for root productivity.

Fig. 2: Detailed field survey locations described in chapter 1 of this thesis.

Thus, considering the findings of the first chapter, in Chapter 2 I investigated the
performance of locally-available organic amendments as soil fertility management for OFSP
cultivation. The aim of this field experiment was to identify best soil fertility management
that ensured nutrient supply to maintain OFSP root yield and nutritional quality while
securing soil fertility replenishment. Hence, I compared OFSP performance and soil nutrient
concentration in systems receiving (i) organic amendments, (ii) recommended dose of
inorganic fertilizer, (iii) combined application of inorganic and organic amendments, and (iv)
traditionally unfertilized OFSP cultivation (Fig. 3). I also investigated, in combination with
fertilizer application, the use of weed biomass incorporation to determine its potential effects
on soil fertility maintenance compared to treatments where weed biomass was removed (Fig.

9
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3). This experiment was carried out during the wet/warm period for two seasons between
August and January with a fallow period in between seasons (March to July).

Fallow

1st Season

2nd Season

Weed Biomass

Removal

Removal

Removal

Incorporation

Incorporation

Incorporation

Poultry manure

Cowpea residue

b) Fertilizer management

Inorganic fertilizer

a) Weed biomass management

OFSP vine

Weed Biomass

No fertilizer

Fallow

Fig. 3: Schematic diagram illustrating the sequence of growing seasons and
amendments used in field trial described in chapter 2.

Available soil N, P, K, Fe and Zn concentrations were measured every thirty days
during the two growing seasons to examine the effect of soil amendments on nutrient supply
during the season and root yield at the end of the season. Total soil C, N, P and K
concentration were measured at the end of each season and compared to initial values to
determine if the proposed soil fertility practices maintain, increase or deplete the
concentration of nutrients in soil after two growing seasons. OFSP performance was
determined by measuring root and vine yield at harvest of first and second season, followed
by root nutritional quality analysis (i.e. root concentration of b-carotene, protein, starch, etc).
For this experiment, I hypothesized that the combined application of organic amendment and
inorganic fertilizers would meet plant nutrient requirements in time and amount by fast
nutrient supply from readily available inorganic fertilizer and later through mineralization of
organic amendment. This constant nutrient supply would ensure higher yields when
10
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compared to the other tested soil fertility practices. Additionally, I expected that
incorporation of weed biomass would secure higher concentration of total soil C, N, P and K,
at the end of the experiment compared to the baseline, due to a higher C:N ratio of weed
biomass and higher C input in treatments receiving weed biomass incorporation compared to
removal.
My thesis further tests the findings obtained in the survey (chapter 1), by incorporating
intercropping and crop rotation with cereal-legume crops in a second field trial, detailed in
Chapter 3. This study tested whether OFSP-cowpea intercropping systems provide sufficient
N, P and K return through residual biomass incorporation to ensure enough available soil N,
P and K in support of maintaining root yield and nutritional quality over three seasons. This
experiment also investigated the potential of cowpea biomass mineralization to promote N
recycling and contribute to OFSP fertilization. Considering the commonly practiced crop
rotation between cash and root crops, here I wanted to determine if the inclusion of cowpea in
intercropping systems has beneficial impacts when in rotation systems between high nutrient
demanding crops such as OFSP and maize. Three seasons of OFSP and maize were
conducted continuously under intercropping and monoculture (Fig 4), while the rotation
scheme was conducted in OFSP-maize-OFSP sequence in both intercrop and monoculture
(Fig. 5). Nutrient return was determined at the beginning of the second and third season as
the amount (kg ha-1) of N, P and K added to the soil through incorporated crop residues.
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2nd Season
\]

1st Season

3rd Season

Continuous Sole cropping

Biomass
incorporation

Biomass
incorporation

NPK
SOM

NPK
SOM

NPK
SOM

Continuous Intercropping

Biomass
incorporation

NPK
SOM

NPK
SOM

Biomass
incorporation

NPK
SOM

Fig 4: Schematic diagram illustrating continuous sole and intercropping systems
evaluated in the third chapter of this thesis. Soil N, P and K and SOM vary in font size to
illustrate the expected results upon continuous biomass incorporation in intercropping.
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Fig. 5: Schematic diagram illustrating rotation systems sole and intercropping evaluated
in the third chapter of this thesis. Soil N, P and K and SOM vary in font size to illustrate the
expected results upon continuous biomass incorporation in intercropping.

Available soil N, P and K concentrations were quantified every 30 days and total soil
C, N, P and K concentrations were quantified at the end of each season together with crop
yield measurement. The natural abundance 15N isotope technique was used to determine the
contribution of cowpea biomass on N supply for OFSP. Here, I expected to have higher
nutrient return in intercropping systems compared to monoculture, considering the
incorporation of combined residual biomass of cowpea and OFSP or maize (Fig 4 and 5), and
consequently, higher available soil nutrient concentration during the seasons compared to
continuous monoculture. In addition, the combination of different crop species incorporated
through time, in intercropping – rotation systems, would slow nutrient release but maintain
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soil fertility across three seasons because of the resulting mixture of high (i.e., cowpea and
OFPS residues) and low (i.e. maize residues) quality materials. With the natural abundance
methodology I was expecting to confirm the contribution of cowpea biomass on OFSP
nutrient acquisition and be able to determine the relative amount of N in OFSP composition
derived from cowpea biomass mineralization.
In the last section of this thesis, I summarize the effects of organic soil amendments and
practices on their potential to maintain soil fertility, root yield and nutritional quality. I
examined the results with regard to their potential to secure soil fertility maintenance as
opposed to traditional unfertilized conditions. Lastly, I indicate potential crop and soil
fertility management practices feasible for the smallholder farmer and outline research needs
for future projects that aim to support food security through sustainable farming systems.
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Identifying available resources and agricultural practices useful in soil fertility
management to support orange fleshed sweetpotato cultivation on smallholder farms in
Mozambique
Abstract
Orange-fleshed sweetpotato is an important source of macro- and micronutrients for humans,
particularly in resource-poor rural communities. To ensure plant development and storage root
formation, sweet potato removes large amounts of nutrients from the soil. Hence, soil fertility
replenishment is vital to secure food production in the long-term. The lack of access to
fertilizers in resource-poor rural communities hinders the ability of farmers to supply and
replenish soil nutrients, threatening future agricultural systems, intensifying food insecurity.
Hence, this study was conducted to identify locally-sourced organic residues and agricultural
practices with potential application in soil fertility management to prevent soil degradation in
southern Mozambique. We conducted a survey to gather information on the farmers’
demographics and farming systems of 107 orange-fleshed sweetpotato farmers. Results show
that more than 70% of farmers use agroecological practices such as intercropping and crop
rotation, and more than 90% indicated having residual crop biomass after harvest. Most
cultivated crops such as lettuce, beans, kale, etc. are harvested in July-August, before the start
of orange-fleshed sweetpotato cultivation in September-December. Thus, there is potential for
application of crop residues as organic amendment for orange-fleshed sweetpotato cultivation.
Nevertheless, farmers need support to adopt soil fertility management based on locally
accessible resources, thus it is necessary to ensure extension services focused on the long-term
benefits of sustainable practices.
Keywords: survey, organic agriculture, smallholder, crop residue
Introduction
Malnutrition due to vitamin A deficiency affects more than 70% of children of 6 to 59
months old in Mozambique (Aguayo, 2005). The dissemination of orange-fleshed
sweetpotato (OFSP) as a food-based approach, rather than a pill supplement, has successfully
increased the vitamin A intake in the participating communities (Low et al., 2007). Hence,
OFSP can be an important staple crop improving the diet quality of many Mozambican
families (Low, 2007; Low 2017). Unfortunately, the crop draws heavily on soil nutrients that
are removed at the harvest of the storage roots, with potential extraction reaching up to 100,
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40 and 320 kg ha-1 yr-1 of N, P and K (Gruneberg et al., 2015 and Neduchezhyian et al.,
2012). Thus, OFSP cultivated without nutrient replenishment would greatly exacerbate soil
degradation placing the long-term success of this food-based strategy in peril. Therefore,
OFSP introduction should also promote soil fertility management to ensure nutrient
replenishment and secure adequate supply for sustainable food production.
In Mozambican small scale rainfed systems, soil nutrient budgets deficit averaged 32, -6 and -25 kg ha-1 year-1, however, the highest depletion was observed with root crops,
such as cassava, depleting an additional 10 kg ha-1 year-1 (Folmer et al., 1998). In the longterm, soil degradation hampers food production and particularly challenges resource-limited
rural communities already exposed to nutritional insecurity (Tittonel and Giller, 2012). In
Mozambique, smallholder farmers have limited options to replenish soil nutrients due to a
lack of access to fertilizer markets and low purchasing power, forsaking land to deterioration
(Cunguara and Garrett, 2011; Mazuze, 1999). Additionally, in the region, extreme climatic
events such as extended drought periods or floods disrupt agricultural production causing
great losses of crops and soil. The fragility of agricultural systems, caused by the low
capacity of farmers to adapt in the occurrence of extreme events, extend problems such as
malnutrition and poverty (Ehrhart and Twena, 2006; Leichenko and O’Brien 2002).
For the resource limited farmer, locally-accessible organic amendments incorporated
within agroecological and conservational practices can advance sustainable agriculture for
securing soil nutrient replenishment adequately. For instance, the adoption of practices such
as intercropping and crop rotation using maize and leguminous crops on smallholding farms
in central Mozambique enhanced food security by improved crop productivity and
diversifying agricultural production (Rusinamhodzi et al., 2012). In a study performed in
northern Mozambique, the conservational practice of retaining crop residues on the soil
surface resulted in higher maize yields consistently over four seasons when compared to
traditional cultivation involving soil-disturbing residue removal (Thierfelder et al., 2015).
Nevertheless, the use of crop residue as mulch on the soil surface competes with other
applications, such as the common practice of animal foraging, particularly in crop-livestock
farming systems. Additionally, the lack of a sufficient labor force required to efficiently
control weeds while retaining crop residue is a barrier to this method of improving crop yield
(Rusinamhodzi et al., 2016a). The decision to apply crop residues depends on the farmer’s
own preferences, availability of alternative resources, the external demand for crop residues,
and the availability of sufficient biomass produced in agricultural systems (Valbuena et al.,
2015; Corbeels et al., 2014; Valbuena et al., 2012).
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Specific factors related to the farmers’ socio-economic and biophysical characteristics
and context must be considered to ensure successful adoption and the optimal performance of
soil fertility management (Ajayi et al., 2007). In the present study, we conducted a survey in
rural communities located within the OFSP dissemination area in the Manhiça district in
southern Mozambique. The survey aimed at identifying (i) locally accessible resources and
known agroecological practices performed by interviewed farmers and (ii) main constraints
for farmers to achieve desirable OFSP production. The survey results examined whether crop
biomass residues from farming activities depend on farms’ and farmers’ characteristics.
Findings from this work will support the development of tailored soil fertility management
for sustainable OFSP cultivation based on local conditions and the resources available to the
OFSP farmer.
Material and methods
Study area
The survey encompassed Manhiça, which is the major sweet potato production district
of Maputo province in southern Mozambique. The farming areas lie at altitudes of 15 m and
experience a seasonal warm/wet and cool/dry climate during October to April and May to
September, respectively. The annual temperature averages 23 °C with a mean precipitation of
807 mm. The Incomati river serves the region and its banks serve for agricultural production.
Soil in Manhiça comprises of sandy sediments with coastal dunes and alluvial flat lands
along the Incomati river. Manhiça hosts a population of about 190,000 inhabitants in an area
of 2373 km2. Although only 20% of the land serves agricultural purposes, agriculture
represents the dominant economic activity in the municipality (MMSA - Mozambican
Ministry of State Administration, 2005).
Smallholder farms receive public extension work performed by the District Services
of Economic Activities (SDAE) – division of the Mozambican Ministry of Agriculture and
Rural Development. The SDAE administers technical support, farming supplies such as seeds
and fertilizers to local farmers associations (MMSA, 2005). The SDAE also participates in
dissemination campaigns of OFSP vines sponsored by the International Potato Center (CIP)
(Matale and Munda, 2012).
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Survey development
This study interviewed a total of 107 households in rural Manhiça (Fig 1).
Participation in the questionnaire was optional and all interviewed farmers were informed
that these findings would be published and the answers could not be traced back to individual
farmers. During the interview, farmers could cease to participate at any time.
To identify soil and crop management as well as production constraints involved in
sweet potato farming, the questionnaire featured 22 questions (Supplementary material 2)
divided into five subtopics: (i) demographics, (ii) farm characterization, (iii) fertilization and
cropping systems, (iv) OFSP cultivation, as well as (v) organic resources availability. The
term ‘synthetic fertilizer’ refers to synthetic forms applied to cash crops, such as maize and
garden crops. ‘Organic fertilizer’ refers to any kind of organic waste or residue, produced
from farming practices, composted or not, divided into animal manure or vegetable residues.
Using the five subtopics, SDAE extension agents performed the surveys in the local
language ‘Changana’. All the farming associations selected for this survey participate in the
OFSP dissemination campaigns administered by CIP and SDAE. Each association assisted by
the SDAE resides along the Incomati river in Manhiça (Fig 1).
The results are presented as percentage of the respondents, followed by the number of
respondents according the answer for each of the questions. An independent χ2 test was used
to determine if production of organic fertilizer was dependent on the demographic
characteristics of respondents as well as the farming system.

19

Chapter 1

Figure 1: Map of southern Mozambique with details of the communities surveyed.
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Results
Demographics
Of the total 107 households surveyed, 62 are headed by men, and 45 by women.
Women predominantly perform the OFSP cultivation (79%). Of the interviewed farmers, 40
women are exclusively OFSP cultivators, and 40 men are exclusively the head of the
household; whereas 45 women and 22 men assume both roles (Figure 2). A χ2 test of
independence shows a significant relationship between the age group and gender of the OFSP
cultivator and/or head of the household (χ2= 34.656, df = 21, p-value = 0.03079). This means
that when having exclusive roles in the household, the majority of respondents both women
and men are younger (between 41 and 60 years of age) (Fig 2 a and b). In contrast, the
households where the respondents accumulate both roles of head of household and OFSP
cultivator, the majority of women were between 51 and 70 years of age and the majority of
men were even older, between 71 to 80 years of age (Fig 2 c). In other words, older
respondents were more likely to be the head of the household and the OFSP cultivator, while
younger respondents conserve their exclusive role in the household (Figure 2).

Figure 2: Number of respondents according to age interval and gender in each
household, distributed by role in farm, (a) HH=head of household, (b) OFSP
cultivator=orange-fleshed sweetpotato cultivator, and (c) both HH and OFSP cultivator.
Of the interviewed farmers, 30% started their farming activities between 1950 and
1980, 40% started between 1980 and 2000, and the rest 30% started after 2000. Crop
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production is the main activity for income generation (92%), only 1 farmer indicated relying
mainly on animal production and 2 farmers use both activities as their main income source.
Farm characterization
The area surveyed included 7 different farmers associations, distributed in sub-regions
depending on the location of the farm (Figure 1). Farm size varied from 50 m2 to 70000 m2.
A portion of respondents did not respond to the question about the size of their farm (39%).
The majority of farmland is smaller than 10000 m2, as 44% of farmers indicated having farms
from 50 m2 to 10000 m2, and only 17% have farms larger than 10000 m2. Only 3% of
respondents have farm areas of 50000 to 70000 m2.
Farmers are assisted by more than one organization. Only 13% of farmers do not
receive any agricultural extension support, and half of these were not part of any association.
A majority of farmers (85%) indicated they are assisted by SDAE and 30% are assisted by
NGOs.
Farmers obtain seeds from a variety of suppliers; mainly they purchase seeds to be used
in the following season (82%) in addition to storing seeds for future use (50%) and donations
from the local government appeared to be common (42%). Sharing amongst neighbors and
other sources of seed supply are less common (10% and 7%, respectively).
Agricultural practices
The most commonly cultivated crops are sweet potatoes, maize, and cassava (Table 1).
Sweet potatoes include the white and orange fleshed varieties, given that they are cultivated
in the same area, under the same management. The cassava season starts in September with
harvest 1.5 years later, during the period of April and May. Sweet potato and maize can be
cultivated twice a year, with the first planting during the warm/wet season Sep-Feb and a
second in the cool/dry Feb-Jul season. Garden crops, such as lettuce, tomatoes, kale, etc. have
faster maturity and are commonly cultivated during the cool/dry season between March and
July (Table 1). The majority of farmers (70%) cultivate 1 to 3 plant species in the same
season on their farm and only 24% cultivate between 4 to 7 plant species (Supplementary
table 1).
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Table 1: Duration of seasons according to the crop and number of respondents, in %
that cultivate each crop (p = planting, h = harvesting).
Crop
Sweet potato
Maize
Cassava
Potato
Cowpea
Kale
Onions
Tomato
Lettuce
Cabbage
Garlic
Beans
Pumpkin
Okra
Peanuts
Carrots
Banana
Sugar cane

J
h
h

F
p
p

h

p

M

A

p
p
p
p
p
p
p
p
p
p
p
h

Months
M J J A
h
h
h
h
h p
h
h
h
h
h
h
h
h
h

Respondents %
S
p
p
p
p
h

O

N

D

h
p
h

p

83
76
33
5
7
21
14
11
14
10
8
7
15
4
11
4
5
4

According to farmers responses, more than one cropping systems is practiced by the
same household during the season. Intercropping is the most common agroecological
management (84%), usually consisting of legumes planted with maize or okra. Crop rotation
is the second most common farming system amongst the interviewed farmers (74%). Fallow
periods are less used by farmers, as 36% of respondents leave their land fallow, and only 8%
of the respondents mentioned they use fire to ‘clean’ the area left fallow. Monoculture is
practiced by 41% of the farmers, mainly in areas with sugarcane, maize and sweet potato.
As animal production does not contribute to income generation for the majority of
farmers, 36% of the respondents do not raise farm animals; nevertheless, more than half of
farmers have poultry (52%). Less common are duck (34%), goat (21%), swine (11%), and
cattle (9%) production. For farmers indicating more than one animal species on their farm,
38% mentioned raising between 2 and 3 animal species (Supplementary table 1).

23

Chapter 1

OFSP cultivation
The majority of interviewed farmers began to cultivate OFSP between the years of
2012 and 2016 (73%). Most of the planting material originated directly from CIP (45%), or
from exchanging with neighbors (47%). None of the interviewed farmers indicated applying
any type of fertilizer in OFSP cultivation. According to the respondents, the most common
constraint to OFSP cultivation and cause of lower productivity is drought (79%) followed by
pest incidence (64%). The estimated OFSP productivity varied amongst farmers from 0.12 t
ha-1 to 100 t ha-1, fresh weight basis (FWB), only 37 out of the 107 interviewed farmers
informed us about their OFSP root yield (Figure 3).

Figure 3: OFSP storage root yield on a fresh weight basis (FWB), according to farmers
interviewed by each farmer association in this survey.
Residual biomass from farming
The majority of farmers interviewed produce crop residue in their agricultural systems
(85%, n=91). Of the farmers that produce residues, one farmer indicated having only animal
manure as a residue on his farm, and six other farmers answered that they produce both
animal and crop residues on their farm. Nevertheless, 8% of farmers did not specify any
residual material from their farming activities. Most farmers use these residues as fertilizer
(82%), and only 3% sell their residue. Of all the farmers interviewed, 6% burn the crop
residues produced on their farm. A χ2 test of independence shows that the production of
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organic fertilizer or type of residue produced is not statistically related in any significant way
to farmers’ demographics, nor the farming system (Supplementary table 1).
Discussion
Identifying locally accessible resources and their potential use as fertilizer
Based on the survey performed, most of the annual crops (i.e. lettuce, kale, pumpkin,
etc.) are cultivated during the dry season, and harvested previous to the start of the OFSP
season (July-September, Table 1). Hence, the residue from these crops are potential
accessible resources that can be used as organic fertilizer in subsequent OFSP cultivation. For
instance, considering 20% residual biomass left after harvest, kale cultivation represents an
addition of 10, 7.5 and 18 kg ha-1 of N, P and K, respectively (Ayaz et al., 2005; Chakwizira
et al., 2015) and lettuce can add 47, 16 and 116 kg ha-1 of N, P and K, respectively (Hoque et
al., 2010). Additionally, residual biomass from leguminous crops such as cowpea and
groundnuts are viable sources of nutrients because these crops are able to supply 10 to 75 kg
ha-1 of N, 1.5 kg ha-1 of P and 25 kg ha-1 of K (Randall et al., 2006; Gascho and Davis, 1994).
Moreover, the incorporation of organic fertilizers increases soil organic matter and improve
soil properties that benefit plant growth on the long-term (Mangalassery et al., 2019). As it
stands farmers take advantage of crop residue production as 82% of them indicated using
crop residue as fertilizer. Thus, this survey asserts that farmers commonly use crop residues
to fertilize the cropping systems; however, not on OFSP but mainly on cash crops.
Other authors reported the use of crop residues as animal feed to improve the quantity
and quality of the animal manure for later use as a high-quality fertilizer (Rusinamhodzi et
al., 2016a). Nevertheless, the competition to use crop residue as animal feed instead of
directly as a fertilizer depends on the presence of cattle in the farming systems among other
factors (Rusinamhodzi et al., 2016a Corbeels et al., 2014). In Mozambique, the infestation of
tsetse (Bovine tripanosomosis) limits cattle production in the country (Specht, 2005), which
explains the low percentage of farmers surveyed employing cattle production in their farming
systems. The national census further corroborates this data, reporting that only 5% of
smallholder farms produce cattle in Mozambique (Amade et al., 2010). This indicates that the
crop residue use as fertilizer does not compete with using it as cattle feed. Thus, the
possibility of using crop residues to fertilize OFSP cultivation would compete with the
current destination of these amendments, that are used as cash crop fertilizer.
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Moreover, although most farmers generate crop residues from agricultural activities, a
few cases produce no residual material from farming due to poor crop performance and
consequent lower food availability (Ehrhart and Twena, 2006). Drier and warmer weather in
southern Africa attributed to climate change increasingly damages limited-resource rural
communities, increasing the risk for agricultural production and endangering food security
(Cairns et al., 2013). In southern Mozambique, water scarcity drives crop failure (Ehrhart and
Twena, 2006), thus, in low crop yield scenarios, the trade-offs and pressure to use crop
residues as inputs in agricultural systems becomes higher (Valbuena et al., 2015).
Animal production remains a potential system for sourcing organic amendments; as
almost half of the farmers raise poultry and other animals. Overall in Mozambique, 60% of
farms raise poultry (Amade et al., 2010). Poultry manure is established as a high-quality
organic fertilizer; for example, Agbede (2010) found poultry manure to increase soil organic
carbon with 13% and nutrient concentration, particularly soil N and P, with 40% and 30%,
respectively in contrast to non- fertilized soil. When compared to legume plant residue
incorporation, poultry manure increased soil N and P concentration by 65% and 23%
(Amusan et al., 2011). Better sweet potato performance was observed with poultry manure
fertilization, with 35% higher storage root yield compared to non-fertilized cultivation
(Agbede, 2010). However, even with a significant number of farmers raising animals, the
majority did not mention having animal manure on their farms. As observed during visits, the
surveyed farms often had poultry, goats, or other animals ranging freely, which hinders
manure accumulation and collection. Poultry systems are characterized by low animal density
and scavenging poultry raised for subsistence in low-input/low-output systems (Goromella et
al, 2006). Limited-resource farmers have no means to invest in improvements to intensify
animal production (Lobo et al., 2006); therefore, targeted governmental policies should
support farmers to improve their facilities for poultry production enabling the development of
integrated agriculture based on internal cycling, i.e., recycling of waste.
Identifying locally known sustainable agricultural practices
Relying on internal cycles to exploit soil resources more efficiently than monocultures,
agroecological practices can offer adequate alternatives for resource-limited farmers to secure
long-term sustainable food production systems (Dubey et al., 2019). Conservation
agricultural practices are highly adopted in Mozambique with 79% of small and medium size
farmers practicing intercropping; nevertheless, only 27% practice crop rotation (Amade et al.,
2010). A larger number of smallholder farmers adopt maize-legume intercropping instead of
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maize-legume rotation due to higher risks and unreliable yield when legumes are planted in
monoculture after the maize. Instead, rotations are commonly performed with maize followed
by other crop such as potatoes (Grabowski and Kerr, 2013). The surveyed communities
commonly used maize-leguminous intercropping and maize rotations with a staple crop.
Intercropping has potential to increase soil organic carbon and plant performance while
diversifying produce, hence, can benefit smallholder farmers with limited access to resources
(Rusinamhodzi et al., 2016b). Both intercrop and crop rotation systems using maize and
leguminous plants have shown to improve production. In a study performed in central
Mozambique, maize-cowpea intercropping and maize in rotation with cowpea increased
maize grain yield by more than 80% compared to monoculture after three growing seasons
(Rusinamhodzi et al., 2012). Other authors reported 38% increase in maize grain yield when
intercropped with cowpea, in the same region (Nyagumbo et al., 2016). In OFSP systems
intercropped with groundnuts, storage root yield was 38% higher in southern Mozambique
when compared to OFSP monoculture (Munda et al., 2019).
In addition to the beneficial impacts on crop performance, maize-leguminous
intercropping alternatives alleviate biophysical and socio-economic constraints faced
by diversifying produce (Rusinamhodzi et al., 2012; Nyagumbo et al., 2016). However, the
adoption of such agroecological practices is constrained by cultural and socio-economic
factors such as the inclusion of leguminous plants and preference for maize as food staple
(Grabowski and Kerr, 2013; Thierfelder et al., 2014).
From personal observation in the field, we observed that intercropping and crop
rotations employed limited-resource adaptations, such as larger spacing between plants,
reflecting the farmer’s knowledge and means (Supplementary material 3). Thus, the
management performed in situ requires investigation and the impacts on the agricultural
systems should be quantified with respect to local conditions.
Thirty-six percentage of farmers used fallow periods to recover the soil fertility after
continuous cultivation. At the end of fallow, 6% responded they burn weeds and residues
accumulated to prepare for the subsequent cropping system. Other authors reported that
farmers choose to burn residual biomass from fallow as a low-cost and less time-consuming
alternative, when compared to leaving mulch on the soil surface (Adjei-Nsiah et al., 2007).
For sweet potato, the cultivation after a 2-year fallow period led to a 40% higher root yield
than in a continuous monocropping system, demonstrating that nutrient input from plants
biomass grown during the fallow can serve to increase yield (Hartemink 2003). Moreover,
the use of improved fallow systems, with incorporation of leguminous plants can increase N
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supply and have beneficial impact on yield (Ankavou, et al., 2000). However, the success of
this procedure in recovering soil fertility depends on the climate, vegetation and management
of the area, particularly fallow length (Nhantumbo, 2008). With rising population density
intensifying pressures for land use, farmers increasingly shorten or skip fallow periods
(Cunguara and Garrett, 2011). While burning weed biomass is used to clean the vegetated
area before planting a new crop; the use of controlled fires has been discouraged by the
governmental extension service to reduce and avoid accidents (Shaffer, 2010). As current
practices diverge from the traditional system, new methods will be needed to manage
resources efficiently, maintaining productivity and environmental sustainability.
Main constraints for OFSP production
Although OFSP root yield varies highly between farmers and complicates benchmarks
(Figure 2), potential root productivity can surpass the current average production (Gruneberg
et al., 2015). The long drought period most severely limits the achievement of desired OFSP
performance. The occurrence of droughts challenges many countries in sub-Saharan Africa,
and severely affects sweet potato yield as well as nutritional security in Mozambique. Hope
lies in breeding programs targeting the development of drought tolerant varieties (Parker et
al., 2019). Pest incidence also imposes a great challenge. Weevil infestation, in particular,
hinders the production and accumulation of root biomass and the effects can be more
destructive during the dry season (Matale and Munda, 2012).
Soil fertility was not indicated as a limiting factor for OFSP productivity among the
farmers located along the Umbeluzi river (Figure 1). Their farming on Fluvisol soil leverages
a natural moderate fertility, and represents 6% of the area in Mozambique (Mazuze, 1999).
These resource-limited communities traditionally cultivate staple crops without managing
soil fertility, but the continuous removal of nutrients, particularly from root and tuberous
crops, deplete the soil (Cunguara and Garrett, 2011; Lal, 1997). Care must be taken in
advocating these more intense nutrient demanding crops to supplement the soil fertility
requirements before overdrawing the natural replenishment rates.
Conclusion
In conclusion, our results suggest that crop residues are a common local resource
capable of improving soil fertility. Although more than half of respondents produce poultry,
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these are mainly characterized by free-range scavenging production systems, which limits the
access to sufficient amount of manure, as collection and accumulation of manure is difficult.
The survey results suggest that farmers do not use crop residue for animal feed but
recognize them as potential fertilizer in their cash crop systems, i.e., 82% indicated to use
crop residue as fertilizer on cash crops, yet, no soil fertility management is performed in
OFSP systems. The surveyed farms are located in a region with natural moderate soil
fertility, hence, OFSP yield is not heavily constrained by the lack of soil nutrients and OFSP
is not a cash crop; thus, the application of crop residue on OFSP is not considered by farmers.
Nevertheless, strategies to ensure soil fertility replenishment should be prioritized in
governmental extension services to avoid continuous nutrient removal.
Moreover, the incorporation of crop residues in agricultural systems have beneficial
impacts that go beyond soil nutrient maintenance, as this material enhances soil organic
matter, improving soil biological and physical properties that allow long lasting benefits on
soil potential to provide conducive conditions for plant growth. This survey indicates that
integrating local resources, (i.e. crop residues) with known agroecological practices, (i.e.
intercropping and crop rotation) is a viable option that can be applied as soil fertility
management in OFSP systems. Thus, extension assistance should focus in supporting farmers
to adopt these practices to secure soil fertility and ensure OFSP production.
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Supplementary Material Chapter 1
Supplementary table 1: Farmers’ demographics and farming systems according to the total
number of respondents and in relation to the residual biomass production. An independent χ2
test was calculated to determine if the production and the type of residue was dependent on
demographics or farming systems responses.
Total
number of
respondents
107

Total

no
residue

green
residue

animal
residue

both
residue

9

91

1

6

χ2

Sex head of household
Male

62

8

50

1

3

Female

45

1

41

0

3

χ2= 4.7536, df = 3,
p-value = 0.1908

Farm size
2

0-500 m

2

500-1000 m

8

0

8

0

0

3

1

2

0

0

2

9

1

8

0

0

2

2500-5000 m

19

1

16

0

2

0.5-0.75 ha

3

0

2

0

1

0.75-1 ha

6

0

6

0

0

1-5 ha

15

1

14

0

0

5-7 ha

2

0

1

0

1

1000-2500 m

χ2= 19.074, df = 14,
p-value = 0.1621

Experience (year started farming)
1950 - 1960

2

0

2

0

0

1961 - 1970

11

0

10

0

1

1971 - 1980

11

1

9

0

1

1981 - 1990

15

0

15

0

0

1991 - 2000

28

4

23

0

1

2001 - 2010

22

3

17

0

2

After 2010

9

1

7

1

0

χ2= 17.339, df = 18,
p-value = 0.4999

Age - head of household
20 - 30

6

1

5

0

0

31 - 40

13

2

10

1

0

41 - 50

18

3

13

0

2

51 - 60

25

1

22

0

2

61 - 70

18

2

16

0

0

71 - 80

11

0

10

0

1

81 - 90

3

0

2

0

1

χ2= 17.421, df = 18,
p-value = 0.4944

Farmer association
Assn. Malavela

9

0

9

0

0

Assn. Calanga

5

0

5

0

0

Swinhaquene

21

2

19

0

0

Boa Vida

18

4

14

0

0

χ2= 31.933, df = 24,
p-value = 0.1287
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Eduardo Mondlane

25

0

20

1

4

Forca do Campones

4

0

4

0

0

G21

5

1

4

0

0

No association

13

1

10

0

2

Other

7

1

6

0

0

Number of crop species cultivated in the last year
1

13

2

11

0

0

2

26

2

24

0

0

3

36

5

26

1

4

4

11

0

11

0

0

5

7

0

6

0

1

6

5

0

4

0

1

7

3

0

3

0

0

8

0

0

0

0

0

9

3

0

3

0

0

>10

1

0

1

0

0

χ2= 15.218, df = 21,
p-value = 0.8119

Number of animal species raised in the last year
0

38

3

34

0

1

1

25

1

21

0

3

2

23

2

18

1

2

3

18

1

17

0

0

4

2

1

1

0

0

5

1

0

no

16

1
0
0
Extension assistance –
Governmental
3
13
0

yes

91

6

78

0

1

6

χ2= 24.037, df = 15,
p-value = 0.06446

χ2= 3.6535, df = 3,
p-value = 0.3014

NGO
no

75

8

63

1

3

yes

32

1

28

0

3

χ2= 3.1313, df = 3,
p-value = 0.3718

No assistance
no

94

7

80

1

6

yes

13

2

11

0

0

1

6

1
3
0
Agricultural practice –
Monoculture
6
55
0

0

χ2= 1.8239, df = 3,
p-value = 0.6097

Other
no

103

yes

4

no

63

yes

44

8

3

88

36

2

1

4

χ2= 1.6807, df = 3,
p-value = 0.6412

χ2= 3.366, df = 3,
p-value = 0.3386

Crop rotation
no

28

3

23

1

1

yes

79

6

68

0

5

χ2= 3.3785, df = 3,
p-value = 0.3369

Intercropping
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no

17

2

14

1

0

yes

90

7

77

0

6

χ2= 6.7149, df = 3,
p-value = 0.08156

Fire
no

98

6

85

1

6

yes

9

3

6

0

0

χ2= 8.2894, df = 3,
p-value = 0.04039

Fallow
no

68

6

57

1

4

yes

39

3

34

0

2

χ2= 0.6692, df = 3,
p-value = 0.8804

Other
no

105

9

89

1

6

yes
Residue use –
Fertilizer
no

2

0

2

0

0

19

9

8

1

1

yes

88

0

83

0

5

no

104

9

90

1

4

yes

3

0

1

0

2

no

97

0

91

0

6

yes

10

9

0

1

0

no

101

9

85

1

6

yes

6

0

6

0

0

χ2= 0.35835, df = 3,
p-value = 0.9487

χ2= 51.33, df = 3,
p-value <0.001

Sold
χ2= 21.78, df = 3,
p-value < 0.001

No use
χ2= 107, df = 3,
p-value < 0.001

Burnt
χ2= 1.1176, df = 3,
p-value = 0.7728
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Supplementary material 2:
Questionnaire, translated from Portuguese to English, used to survey smallholder farmers.

Interviewed Demographics
1) Household head age: ___ years, gender: f / m
2) Responsible for OFSP cultivation age: ___ years, gender: f / m
3) Which year started agricultural activities (or How many years have been involved in
agriculture)?
4) Are you a part of any association? Y/N, which one: _______________

Farm Characterization
5) Do you receive any kind of technical assistance? Y/N
6) If yes, technical assistance provided by: NGO / Government / Other:_________
7) Where do your seeds come from: Extension agents (Governmental) / Self-production /
Purchased / other: ___________
8) Size of the property: _______________ (m2 or ha)

Soil fertility and cropping systems
9) Fill in the table with the crops cultivated in the last year. Provide information
concerning when specific crop was harvest and inputs used in cultivation
Crop Planting Harvesting Irrigation Pesticides Fertilizers Dose of
Weed
month
month
Y/N
Y/N
Y/N
fertilizer control
method

10) Animal production in your farm (multiple choices are possible): cattle / goat / chicken
/ milk cattle / swine / duck / other: __________
11) Indicate which activity is the main income for the household: animal production /
crop production / neither
12) Which of the following agricultural practices are performed in your farm:
monoculture / crop rotation / intercropping / fallow / neither / other: _______

OFSP cultivation
13) Which year did you start with OFSP cultivation?
14) Area used for planting OFSP in the last year: ___________ m2 or ha
15) How much do you produce of OFSP in the area mentioned on question 14? _____kg
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16) Who provided OFSP vines in the last season? neighbors / self-production / SDAE /
CIP / other: ________
17) Which OFSP variety do you plant?
18) If you use fertilizer on OFSP cultivation, please answer the following:
a. Dose of fertilizer
b. Which fertilizers?
c. When do you fertilize? Before planting / ___ days after planting / on planting day /
other:_______
19) What would you say are the constraints for OFSP productivity: No constraints /
pests, diseases / drought / weed infestation / poor soil fertility / flooding /
other:______

Organic fertilizer availability
20) Identify if there is residues produced from agricultural practices performed in your
farm: No / Yes, indicate: vegetable residues / animal manure / other:________
21) If you produce residues, how are they used: Do not produce any residue / use as
fertilizer / commercialized / no use / other:_______
22) Identify if there is production of other organic residues that could be used in your
farm as fertilizer: food residues / no other residue is produced / other:________
23) General comments from interviewer and interviewed:
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Supplementary material 3:

Fig A: Maize intercropped with cowpea; leguminous plants are scattered in
the field

Fig B: Maize intercropped with okra. We see the neighbor area planted
with banana monoculture in the distance.
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Fig C: Maize-cowpea intercropping; with fewer leguminous plants
compared to maize.
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Abstract
Smallholders in sub-Saharan Africa traditionally cultivate orange-fleshed sweetpotato without
soil fertility management, leading to soil nutrient mining and thereby threatening future food
security. We set out to determine the potential of locally-accessible organic amendments and
weed biomass management to secure crop nutritional quality and yield while maintaining soil
fertility. Orange-fleshed sweet potato was fertilized with sole or co-application of poultry
manure, cowpea residue, and inorganic fertilizer, combined with removal or incorporation of
biomass residue from the fallow period. Non-amended control represented current farmers
practice. Poultry manure fertilization, in sole or co-application with inorganic fertilizer,
maintained storage root yield from the first to the second season, averaging 7.7 t ha-1.
Conversely, non-amended control decreased storage root yield by 61% from the first to the
second season. Poultry manure with weed biomass incorporation maintained total soil C and
N at 14.4 g kg-1 and 1.1 g kg-1, respectively, after two growing seasons. Poultry manure coapplied with inorganic fertilizer decreased total C and N by 15% and 14% respectively. The
changes in soil total C and N observed in this experiment provide basis to support management
recommendations for farmers focusing on locally-sourced organic amendments. Poultry
manure is the more reliable organic amendment to maintain sweet potato agricultural
performance and soil fertility, with potential to support long-term sweet potato cultivation. The
negative effect of inorganic fertilizer on total soil nutrient concentration after two seasons
needs consideration to avoid soil fertility mismanagement.
Keywords: Organic fertilizer, Poultry manure, Weed biomass incorporation, Crop residue
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INTRODUCTION
Orange-fleshed sweet potato (Ipomoea batatas (L.) Lam) or OFSP, is an excellent source of
micronutrients and proteins particularly for many rural communities in sub-Saharan Africa
(Low et al. 2017). In resource-limited rural communities, an increasing cultivation and
consumption of OFSP can be a successful food-based approach to augment the intake of the
vitamin A precursor, ß-carotene. Another important characteristic of sweet potato is that it
can be cultivated under a wide range of environmental conditions (Low et al. 2007; Low et
al. 2017). Due to its tolerance to dry periods, OFSP can achieve considerable yield in 4 to 5
months (Hahn 1977). In Mozambique, the national average OFSP storage root yield has been
increasing since early 2000’s from 5 to 7 t ha-1, on dry weight basis; but overall in SSA the
average is around 5 t ha-1 (Grüneberg et al. 2015). OFSP varieties developed for
Mozambique’s edaphoclimatic conditions can reach yields of approximately 20 t ha-1 under
optimal circumstances (Matale and Munda 2012). There is significant potential to increase
the productivity of OFSP through agricultural management.
Due to OFSP’s high yield potential, the crop removes substantial quantities of plant
nutrients after harvest, thus, fertility management practices are vital to replenish soil nutrients
(Nedunchezhiyan et al. 2012). Traditionally, due to low supply and purchasing power, only
4% of farmers apply inorganic fertilizers in their farm lands (Benson et al. 2013). Folmer et
al. (1998) estimated the soil nutrient balance for Mozambique and found that the cropping
systems with highest nutrient depletion are maize and cassava, mainly from high export of
nutrients through harvest, demonstrating that traditional unfertilized continuous cultivation
rely on innate soil fertility causing negative balances.
After crop establishment, around 30 days after planting (DAP) continuous supply of
nutrients is needed for sweet potato development. Leaves dry matter accumulation increases
up to 90 DAP, and storage root biomass gradually increases up to 150 DAP, when the crop is
harvested (Byju and George 2005). In the first stages of development, nitrogen (N) supply is
important for the formation and growth of leaves, as photosynthetic area is needed for the
production of carbohydrates that accumulate in the storage root. Later in the sweet potato
season, during the bulking of storage root, the plant requires large supply of potassium (K) to
enable the transportation of phytoassimilates from shoot to root (Scott and Bouwkamp 1974;
Hahn 1977). In conditions of high N to K ratio in the plants, the photosynthates are used for
leaf biomass accumulation and vine growth is favored, at the costs of storage root bulking.
On the other hand, when N input is fixed, the storage root yield increases with increasing K
application rate (Martí and Mills 2002). Effective soil fertility management needs to ensure
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adequate supply of nutrients to ensure initial production of vine that allows for optimal
storage root yield rates later (Hahn 1977).
There is a lack of information regarding soil organic amendment release of N and K
during the growing season and the potential of organic amendments to supply adequate
amount of K aiming at improved sweet potato performance. Animal manure is an important
source of nutrients for crop growth in smallholder farming systems (Okorogbona and
Adebisi, 2012). In Mozambique roughly 60% of smallholder farmers have poultry production
(Amade et al. 2010). The available poultry manure produced could be employed as a
sustainable soil fertility management. It has been shown that poultry manure fertilization can
improve storage root yield in comparison to non-amended cultivation (Magagula et al. 2010).
However, due to high concentration of N in poultry manure, the positive effect of fertilization
was only observed in dosages lower than 20 t ha-1 of poultry manure (Magagula et al. 2010;
Agbede and Adekiya 2011); which might not supply the necessary amount of K for storage
root development. Co-application of poultry manure and inorganic fertilizer showed best
storage root yield when compared to the sole application of these fertilizers due to continuous
supply of nutrients; it is initially provided by inorganic fertilizer during crop establishment,
followed by nutrients mineralized from the organic amendments supporting storage root
growth (Agbede 2010; Kaupa and Rao 2014).
Another strategy to restore soil fertility is the establishment of fallow periods followed
by incorporation of plant biomass. Improved fallow using leguminous species was developed
as an alternative to promote soil fertility recovery while coping with the conditions faced by
smallholder farmers (Sanchez, 1999). Yet, the beneficial impacts of improved fallow vary
with agroecological zone, plant species choice, biomass management, and subsequent
cropping system (Akanvou et al. 2000). Incorporation of fallow residue increased N input
improving the agricultural performance on the subsequent crop in a short-term experiment
conducted in Ivory Coast, but failed to restore soil fertility when compared to natural systems
(Akanvou et al. 2000). Sweet potato cultivation preceded by fallow in Papua New Guinea
showed benefits of biomass incorporation only after the first season following the fallow
period; the two-year fallow period was insufficient to adequately provide nutrients for
optimal crop development (Hartemink 2003). There is still a potential to be explored with
fallow residue because the continuous removal of residue is shown to be detrimental for soil
fertility and long-term sustainability of agricultural systems (Adetunji 1996).
In the present study we tested a combination of soil fertility management using locallysourced organic materials (i.e., cowpea residue and poultry manure) and compared it with the
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performance of traditional (no fertilization) and conventional (inorganic fertilizer)
fertilization methods. Each of these treatments were combined with removal or incorporation
of biomass residue from fallow period (here in referred as weed biomass). The aims of the
present study were to (i) examine whether the locally-sourced amendments can supply
enough plant available nutrients to support OFSP storage root yield, (ii) test whether these
amendments prevent soil nutrient depletion, and (iii) identify the best combination of soil
amendment and weed biomass management that secure root nutritional quality and yield
while avoiding soil nutrient depletion.
MATERIALS AND METHODS
Field trial
The experimental area is located in Umbeluzi Research Station (26°02'57.4"S 32°21'33.3"E,
altitude 9 m), at the Agricultural Research Institute of Mozambique in the Boane district,
Maputo province. The soil is an Eutric Fluvisol (FAO classification) derived from alluvial
deposits of around 0.5 m depth and has a flat relief. The topsoil is relatively fertile, with
sandy clay loam texture (54.7% sand, 20.5% clay, 24.8% silt), density of 1400 kg m-3, pH of
7.2, electrical conductivity of 0.037 S m-1 (H2O, 1:2.5), cation exchange capacity of 102
mmol kg-1, and calcium, magnesium, sodium and potassium contents of 1.92, 0.58, 0.15 and
0.15 g kg-1 respectively (on ammonium acetate, pH 7).
The climate in the region is characterized by a dry winter and wet summer. Monthly
average temperature and the sum of precipitation (Supplementary Fig. 1) were recorded for
the entire period of the study by a meteorological station located at Umbeluzi (HOBO
weather station starter kit).
The field site was previously cultivated with maize from March 2016 to July 2016.
Between July 2016 and October 2016, the field was left fallow. In October 2016, we assessed
the biomass of the spontaneously growing plant population (herein referred as weeds) in 9
different locations randomly selected in the field (50 x 55 m), where aboveground material
was removed from a 1 m2 area, weighed with a hanging scale and about 0.5 kg was collected
to determine total elemental content (C, N, P, K, Mg, Fe, Zn).
After clearing the area and delimiting the plots (9 x 4 m), some treatments received
green biomass (i.e., weed or cowpea biomass, or a combination of both; Table 1) before
tillage incorporation.
The entire area was tilled with disk harrow at 0.2 m depth, followed by the furrowing
operation at 0.5 m depth and 0.9 m apart. Sweet potato (Ipomoea batatas (L.) vines, cultivar
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‘Namanga’) were planted at a density of 37000 plants ha-1 (0.9 x 0.3 m distance). This
cultivar was selected based on its high yield potential and suitability to local edaphoclimatic
conditions (Andrade et al. 2017). The first season started on the 3rd of October 2016 and
harvest was on the 27th of February 2017, followed by a 6-months fallow period. The second
season started on the 25th of August 2017 and the crops were harvested on the 17th of January
2018. A complete timeline of the experiment is presented in Supplementary Fig. 2. Inorganic
fertilizer and poultry manure were applied in the planting lines and covered with soil
manually one week after planting (Table 1). Furrow irrigation and manual weed control was
performed on a as needed basis during the first 3 months of the season.
Table 1: List of soil amendment added and their respective N, P and K input for the
cultivation of sweet potato in Maputo, Mozambique.
Input season 1 (kg ha-1)

Input season 2 (kg ha-1)

N

P

K

C:N

N

P

K

C:N

Control

119

13

157

16

41

9

57

31

Cowpea (CP)

196

21

247

13

129

20

147

17

Weed biomass

Poultry Manure (PM) 234

54

247

16

211

69

147

15

incorporation

Inorganic (NPK)a

194

38

247

16

116

34

147

31

(WBI)

CP+PM

215

38

247

15

170

45

147

16

CP+NPK

195

30

247

14

122

27

147

20

PM+NPK

214

46

247

16

163

52

147

18

Control

0

0

0

0

0

0

0

-

Cowpea (CP)

77

8

90

10

88

11

90

11

42

90

16

170

60

90

12

75

25

90

0

75

25

90

-

Treatment

Weed biomass

Poultry Manure (PM) 116
a

removal

Inorganic (NPK)

(WBR)

CP+PM

96

25

90

13

129

35

90

11

CP+NPK

76

17

90

10

81

18

90

11

PM+NPK

95

33

90

16

123

43

90

12

a = Urea, Triple Superphosphate, Potassium Sulfate

Field treatments were distributed in a randomized complete block design with 3
replicates. Treatments combined 2 weed biomass management practices with 7 fertilizer
amendments resulting in 14 treatments (Table 1). Weed biomass management was performed
at the beginning of each growing season, along with soil preparation:
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1) Weed biomass removal (WBR): Weeds were removed manually from the plots,
followed by disk harrow 0.2 m depth and furrow.
2) Weed biomass incorporation (WBI): Weed biomass was cut and left on soil surface
for seven days, followed by disk harrow 0.2 m depth and furrow. The first growing
season received 6667 kg ha-1 of weed biomass, and the second 3000 kg ha-1;
Cowpea residue, poultry manure and inorganic fertilizer were applied at a dosage based
on their K concentration to reach 90 kg K ha-1, which is required by the sweet potato plant to
achieve potential production, as broadly defined by Nedunchezhiyan et al. (2012) and Varela
(2017) in a study conducted in the same region in Mozambique. Nitrogen, phosphorus and
potassium input was calculated based on the application rate of each amendment and the
concentration of such nutrients in each amendment (Table 1).
Soil and plant sampling
Composite soil samples (n=3) were collected from a subplot area of 8 m2 in the center of each
plot to a 0.2 m depth. Samples were collected one week before planting and every 30 days
during the season until harvest (140 days after planting). During soil sampling, soil electric
conductivity (EC), moisture and temperature were recorded for the first 0.05 m depth layer
trough a Decagon (5TE) probe, for each plot.
After sampling, the soil was oven-dried in 40 °C at the University of Eduardo
Mondlane, in Maputo, Mozambique, and stored in plastic bags to be transported to the Swiss
Federal Institute of Technology Zürich, Switzerland (ETH Zurich) where further analyses
were performed.
Vine yield of sweet potato was measured one day before harvest. A 1m2 area was
delimited within each plot where the aboveground biomass of sweet potato (vines) were
removed and weighed with digital hanging scale. A subsample of 5 vines of 0.3 m was
collected from each plot to determine moisture content and conduct chemical analyses. At
harvest, sweet potato storage roots were manually removed from within the 8m2 subplot
delimited area. Storage roots were cleaned and sorted for marketable and non-marketable
storage roots based on criteria developed by De Hann et al. (2014) and the fresh weight was
measured using a hanging scale. Three to four marketable storage roots were sub-sampled for
nutritional quality analysis.
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Soil and plant analyses
After drying, soil samples were sieved to pass 2-mm mesh. A subsample of 5 g was oven
dried at 105 °C for 24 hours to determine soil moisture content. Soil pH was measured using
a 1:1 ratio of deionized water to soil (Rayment and Lyons 2011). Total C and N were
determined with an elemental analyzer (LECO CHN 2000). Similarly, plant leaves and
storage root were ground and analyzed in the same instrument.
For quantification of nitrate (NO3-) and ammonium (NH4+), 10 g of soil was shaken for
1h with 50 mL of KCl (2 M) and filtered through Whatman No. 42 ashless filters.
Ammonium and nitrate concentrations were determined colorimetrically in a plate reader
following Forster (1995) and Doane and Horwath (2003). Plant-available phosphorus (P) was
extracted from soil using a membrane anion exchange resin (AER), and quantified by
colorimetry after reaction with Malachite solution (Sharpley and Moyer 2000). Soil available
cations (K+, Ca2+, Mg+) were extracted with ammonium acetate (pH 7) and quantified using
Inductively Coupled Plasma – Optical Emission Spectrometry (ICP – OES, Pansu and
Gautheryou 2006). Available Zinc (Zn) and Iron (Fe) were extracted with DTPA-TEA
solution and quantified by ICP – OES (Reed and Martens 1996). To measure total P, K, Ca,
Mg, S, Na, Zn and Fe, wet digestion was performed on ground soil and plant samples. The
digests were analyzed by ICP-OES. More details of protocols used in the analyses can be
found in Supplementary material.
The storage root sampled at harvest was analyzed for nutritional quality in the
international potato center (CIP) laboratory facilities in Maputo. Selected storage root from
each treatment was cleaned, ground and analyzed using Near Infrared Reflectance
Spectroscopy (NIRS) technology to determine protein, starch, b-carotene, Fe, Zn, in storage
root (Tumwegamire et al. 2011; Porras et al. 2014).
Statistical Analysis
To test the effect of soil amendment and weed biomass management on soil properties (soil
available N, P and K and total C, N, P and K) and plant performance (storage root yield and
vine yield, root nutritional quality) the data was fitted to a linear mixed effect model using
lme function in R 3.3.2 (R Development Core Team 2017). Block, soil amendment and weed
biomass management were set as fixed effects. The random effect from the time-points
selected was accounted for. When visual inspection of residual plots revealed that data
deviated from the assumption of homoscedasticity or normality, the data was log44
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transformed. Effect of treatments was tested using least squares means with Tukey multiple
comparison. Statistical significance was tested at p < 0.05. Furthermore, Spearman
correlation analysis was performed to investigate possible relationships between soil
available nutrients or total nutrient input with storage root yield and vine yield for each
growing season separately.
RESULTS
Agronomic performance
Storage root yield was higher in the first than second season (p<0.0001), particularly for
control and CP treatments. In these treatments, yield declined 60% and 40% respectively, in
the second season. CP+PM and PM treatments maintained the same storage root yield from
the first to the second season, becoming similar to high-yielding NPK treatments in the
second season (Fig. 1).

Fig. 1: Storage root yield measured in 2016 and 2017 seasons, in weed biomass incorporation
(WBI) versus weed biomass removal (WBR) treatments under different fertilizer regimes (CP
= cowpea; PM= poultry manure; NPK = inorganic fertilizer). Different letters represent
significant difference between soil amendments and weed biomass management within each
season, “+” represents the significant difference between seasons within a combination of soil
amendment and weed biomass management.
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In the first season, the interaction between soil amendment and weed biomass
management had a significant effect on storage root yield (p<0.01); NPK WBR had the
highest storage root yield, with 11.6 t ha-1 and CP+PM WBI the lowest, with 5.4 tha-1. In the
second season, the effect of weed biomass management was significant, and WBR had 20%
higher storage root yield than WBI (p<0.01). The highest storage root yield was observed in
CP+NPK WBR with 8.9 t ha-1, and the lowest yield was found in control WBI treatments
with 2.6 t ha-1 (Fig. 1).
Vine yield was not affected by weed biomass management in both seasons. In the first
season, treatments receiving CP+PM had the highest vine yield with 19.5 t ha-1, and lowest
was found in control with 14.3 t ha-1 (Fig. 2). In the second season, PM had the highest vine
yield with 9.7 t ha-1 and CP had the lowest with 4.6 t ha-1 (p<0.001). Vine yield was 55%
lower in the second season compared to the first (p<0.0001).

Fig. 2: Vine biomass in 2016 and 2017 seasons for the soil amendment tested (CP = cowpea;
PM= poultry manure; NPK = inorganic fertilizer) averaging across weed biomass
management treatments. Different letters represent significant difference between soil
amendments within each season, “+” represents the significant difference between seasons
within each soil amendment.
Storage Root Nutritional Assessment
Storage root dry matter and starch concentration did not change across treatments. Dry matter
(DM) averaged 29.3% and starch concentration was 64.2% (as % of DM) (Supplementary
Table 1).
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In the second season, protein concentration decreased in the NPK WBR treatment,
having 0.58% protein concentration. PM WBI maintained the same protein concentration
from the first to the second season, resulting in the highest concentration with 1.27% protein
in the second season (p<0.05) (Supplementary Table 1). ß-carotene concentration varied as
an effect of time, decreasing from the first to the second season, exclusively in WBR
treatments receiving NPK in sole application or co-applied with PM or CP (p<0.05). Even
after this decrease, no significant difference was detected between treatments in both seasons
(Supplementary Table 1).
The sum of fructose, glucose and sucrose, herein referred to as total sugars, showed a
significant effect of time (p<0.0001) and soil amendment (p<0.001). On average, total sugar
concentration was 8% lower in the second season compared to the first (Supplementary Table
1). Total sugar concentration was similar between treatments during the first season, with an
average of 20.5%. In the second season, total sugar concentration was highest in CP with
18.1% and the lowest in PM with 13.4%.
Concentrations of iron and zinc in roots (root-Fe and root-Zn) were higher in the first
season than the second (p<0.001). In the first season, root-Fe was the highest in CP+PM
(21.1 mg kg-1), and lowest in control (19.3 mg kg-1). In the second season, the highest root-Fe
was found in PM (18.1 mg kg-1) and the lowest in CP (15.5 mg kg-1) (p< 0.001). WBI
treatments had higher root-Fe concentration than WBR (p<0.01). Root-Zn was similar across
treatments during the first season, averaging 10.1 mg kg-1. In the second season, the highest
root-Zn was found in PM with 10.6 mg kg-1, the lowest in CP+NPK with 8.8 mg kg-1
(p<0.01), and root-Zn was higher in WBI than in WBR (p<0.01) (Supplementary Table 1).
Soil available nutrients
The interaction of all independent variables (soil amendment, weed biomass management and
time) significantly affected soil available N, P and K (p<0.0001). Soil available N (aN) was
the highest at 30 days after planting (DAP) in all treatments (Fig. 3). Overall WBI had higher
aN than WBR (p<0.0001), while control and CP had consistently the lowest aN (p<0.0001).
In the first season, the highest aN at 30 DAP was found in CP+PM and in the second season
in PM, both under WBI conditions. At the end of both seasons (S1.140 and S2.140), aN was
similar across all soil amendments and weed biomass management.
Depending on the soil amendment and season, soil available P concentration (aP)
peaked at different time points, and was not consistent across seasons (Fig. 3). Control
treatment with WBI had higher aP than control in WBR, across all time points (p<0.0001).
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Fig. 3: Available N, P and K concentration (mg kg-1) during the experimental trial, for each soil amendment (control=non-amended,
CP=cowpea, PM=poultry manure, NPK=inorganic fertilizer) and weed biomass management (WBI=weed biomass incorporation, WBR=weed
biomass removal), and each sampling time (S1, S2, 1st and 2nd seasons respectively, at 0, 30, 60, 90 and 140 DAP respectively; F represents
fallow period)
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Despite the observed results in control treatments, no consistent effect of weed biomass
management was identified for the other treatments. Overall, treatments receiving PM had
the highest aP compared to the other treatments (p<0.0001).
Similar to aP, soil available K (aK) did not show a consistent spike in concentration at
any of the time points sampled (Fig. 3). In the first season, aK was the highest in PM and
PM+NPK treatments, while in the second season, the highest concentration was found in PM
and CP+PM. During the second season, WBI treatments maintained aK higher than WBR,
with the exception of PM+NPK, where WBI and WR are similar during the entire period
(p<0.05).
Both soil available Fe and Zn concentrations (aFe and aZn) varied as an effect of the
interaction between the independent variables (p<0.0001). For all treatments, we observed an
increase in aFe during the fallow period, and the concentration measured in the second season
was higher than the first season. For aZn, concentrations decreased and were lower in the
second than the first season. For both aFe and aZn the highest concentration was found in PM
treatments, during the period of this experiment (Supplementary Fig. 3).
Total soil nutrients
Total soil C concentration (TC) varied with time in all treatments (p<0.0001). TC increased
in control WBI, with 20% higher C concentration at S2.140 compared to S1.0. This
represented an accumulation of 2.2 g C kg-1 soil (Fig. 4). In the control, CP+PM and
CP+NPK treatments there was an increase in TC during the fallow period (from S1.140 to
S2.0) followed by a decrease during the second season (from S2.0 to S2.140). In these
treatments the TC measured at the end of second season were similar to the values in the
beginning of the experiment.
However, in treatments receiving CP WBR the TC at S2.140 was 17% lower than at
S1.0, which is equivalent to 2.5 g C kg-1 less soil C at the end of the second season compared
to the start of the experiment. Decreasing TC was also observed in NPK and PM+NPK, with
13% lower TC at S2.140 than at S1.0, representing less 2.1 g kg-1 in NPK and 1.9 g kg-1 in
PM+NPK, averaged within weed biomass management. No C recovery was observed in these
treatments during fallow, and the concentration remained lower after the first season.
Interestingly, we observed a significantly lower level of total C in the treatment PM+NPK
with WBI compared to with WBR, whereas in all other treatments the expected increase of
total C with WBI were observed.
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Fig. 4: Soil total elemental concentration (TC, TN, TP and TK) in seven soil amendments (i.e.,
Control = no amendment, CP=cowpea, PM=poultry manure, NPK= inorganic fertilizer, and
their combined application) and two weed biomass management (WBI = weed biomass
incorporation, WBR = weed biomass removal) treatments at four different time points (S1 =
first season, S2 = second season, respectively at 0 DAP and 140 DAP). Different letters
represent least-squared means tested significantly different (p<0.05) between time points,
within the same weed biomass management and soil amendment. Differences between weed
biomass management within the same soil amendment are represented by “*” (p<0.05).
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Throughout all sampling time-points, TC was the lowest for control in WBR (11.5 g kg1

) and highest for PM in WBI (14.2 g kg-1).
Soil total N concentration (TN) varied as an effect of the interaction between all

independent variables (p<0.01). In all treatments, TN decreased during the first season (Fig.
4). At the end of the first season TN was 27% lower on average than at the beginning of the
same season. After fallow (S2.0), we did not observe a decrease in TN, with treatments either
increasing or maintaining the N concentration relative to those of S1.140. Despite these
improvements, treatments WBI control, CP+PM and PM, and WBR CP+PM maintained TN
high until the end of the second season (S2.140), when soil N returned to similar values
measured at S1.0.
NPK treatment had 20% lower TN at S2.140 compared to the beginning of the
experiment (S1.0), PM+NPK had an 11% decrease in TN in the same period. This
represented a decrease of 0.25 g kg-1 of N at the end of the second season. During the
experiment, PM WBI had the highest soil N concentration with 1.1 g kg-1 and control WBR
had the lowest of 0.8 g kg-1 N in soil.
Soil total P concentration (TP) varied as an effect of the interaction between all
independent variables (p<0.05). During the experiment PM WBI had the highest TP
compared to the other treatments, with 0.49 g P kg-1 soil (Fig. 4). In both WBR and WBI, PM
increased TP by 23% after second season (S2.140) compared to S1.0. The same increase was
observed for CP+PM in WBI and PM+NPK in both WBI and WBR in the same period. The
lowest TP was found in control WBR with 0.33 g kg-1. Control WBI maintained similar
levels of TP in soil having higher TP than control WBR across all time points. Control WBR
had 13% lower TP at S2.140 than at S1.0.
Total soil K (TK) varied as an effect of the interaction between all independent
variables (p<0.05). During the trial the highest TK was observed in PM WBI with 1.8 g kg-1
and lowest in control WBR with 1.5 g kg-1 (Fig. 4).
Soil K increased in WBI PM and NPK treatments with 10% higher TK at S2.140 than
at S1.0, while these soil amendments in WBR did not cause changes in K concentration.
Particularly in PM treatments, WBI was higher than WBR at the end of the fallow (S2.0) and
the second season (S2.140), showing the effect of weed biomass management promoting TK
increase in PM fertilized treatments. K decrease was observed only in CP+NPK WBR with
10% lower TK at S2.140 than at S1.0.
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Relationship between soil fertility and plant performance
High storage root yield corresponded to lower vine yield in the first season. In the second
season, the relationship between root and vine yield was not significant (Table 2). Vine
biomass was higher with higher aP and P input; but this effect was mostly observed in the
second growing season. N input correlated positively with vine yield in both the first and
second seasons, and during the season, high aN corresponded to high vine yield. Despite
having positive correlation with aK at all time-points during the second season, vine yield did
not correlate with K input (Table 2).
Table 2: Spearman correlation coefficients between soil fertility and root or vine yield for the
first and second seasons.
Storage root Yield

Vine Yield

S1

S2

S1

S2

N input

-0.34 *

0.15 ns

0.31 *

0.42 **

aN - 0 DAP

-0.41 **

-0.01 ns

0.24 ns

0.18 ns

aN - 30 DAP

-0.42 **

0.06 ns

0.37 *

0.44 **

aN - 60 DAP

-0.33 *

0.05 ns

0.10 ns

0.47 **

aN - 90 DAP

-0.38 *

0.08 ns

0.39 *

0.27 ns

P input

-0.26 ns

0.34 *

0.18 ns

0.51 ***

aP - 0 DAP

-0.04 ns

-0.16 ns

0.22 ns

0.16 ns

aP - 30 DAP

-0.10 ns

0.03 ns

0.08 ns

0.48 **

aP - 60 DAP

-0.16 ns

-0.12 ns

0.26 ns

0.22 ns

aP - 90 DAP

-0.30 ns

0.07 ns

0.34 *

0.45 **

K input

-0.25 ns

0.20 ns

0.24 ns

0.25 ns

aK - 0 DAP

0.28 ns

0.02 ns

-0.10 ns

0.38 *

aK - 30 DAP

-0.14 ns

0.15 ns

-0.18 ns

0.43 **

aK - 60 DAP

-0.22 ns

0.09 ns

0.04 ns

0.45 **

aK - 90 DAP

-0.12 ns

0.05 ns

0.04 ns

0.44 **

Vine Yield

- 0.37 *

0.21 ns

‘ns’: p>0.05, ‘*’: p<0.05, ‘**’: p<0.01, ‘***’: p<0.001, S1=first season, 2016, S2=second season, 2017, aN = soil available N; aP = soil
available P; aK = soil available K concentrations; DAP = days after planting

Storage root yield was inversely related to aN in the first season at 30, 60 and 90 DAP
(Table 2). In the first season, treatments receiving high N input, such as CP+PM had high aN
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in soil at 30 DAP, having the lowest storage root yield at the end of the season. Whereas in
control treatments, the low N input and low aN measured during the first season resulted in
highest storage root yield (Fig. 5). In the second season, storage root yield did not correspond
to changes in aN.

Fig. 5: Relationship between storage root and vine yield with aN, aP and aK for the first and
second seasons, average of each treatment (soil amendment and weed biomass management),
vertical and horizontal lines are standard error of the mean according to the y and x axis,
respectively.
There was no significant relationship between aP or aK and storage root yield during the
first and second season. The correlation of nutrient input and storage root yield was observed
only for N and P input. In the first season, higher N input corresponded to lower storage root
yield, similar to aN. In the second season, P input was correlated positively with storage root
yield (Table 2).
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DISCUSSION
Relationship between soil available nutrient concentration and storage root yield
Available N concentration was negatively related to sweet potato storage root yield in the first
season, hence treatments that had best storage root yield were under low-N input. Organic
amendments were applied in soil to reach 90 kg K ha-1, as recommended by Varela (2017) and
Nedunchezhiyan et a. (2012). Therefore, in amendments with lower K concentration, such as
PM (1.9 % K), the N input reached more than 200 kg N ha-1 under WBI, exceeding N inputs
by cowpea and inorganic fertilizers. Due to a high N input rate, co-application of CP+PM
resulted in high soil N availability and the lowest storage root yield during the first season (Fig.
5), as CP+PM produced 40% less than non-amended control treatment in the first season. Other
studies have also found detrimental effect of high N input on storage root yields of sweet potato.
For example, Duan et al. (2018) observed 45% decrease in storage root yield when increasing
N input from 0 to 240 kg N ha-1 applied as synthetic fertilizer. Magagula et al. (2010) observed
40% sweet potato storage root yield decline due to a three-fold increase in N input applied as
poultry manure (746 to 2238 kg N ha-1). An explanation for this negative relation between
storage root and vine yield is that increased leaf N concentration, caused by excessive N
fertilization, stimulates leaf cell elongation and division and suppresses root enlargement
(Duan et al. 2018). Results from the first season also indicated a negative correlation between
storage root and vine yield, corroborating with the published literature.
In the second season, WBI treatments incorporated the sweet potato above-ground
biomass left on the soil surface after harvesting the first season as well as above-ground
biomass from the spontaneous plants that grew during fallow. Nutrient input from weed
biomass incorporation was lower in the second season compared to the first (Table 1). This
was caused by lower temperature and lower precipitation during the months the field was
fallowed in 2017 compared to the 2016 fallow. The cumulative effect of weed biomass
incorporation after two growing seasons led to an increase in available soil K concentration in
WBI treatments compared to WBR (Fig. 3): however, this was not translated into higher sweet
potato storage root yields. In fact, root yield in WBI treatments was lower than WBR. Walker
et al. (1989) reported that incorporating sweet potato above-ground biomass in continuous
cultivation limited the plants’ ability to uptake Ca, Mg and S due to allelopathic substances,
which might have affected plant growth. Additionally, Varela (2017) observed lower storage
root yield in K input higher than 100 kg ha-1, depending on the OFSP variety, suggesting the
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optimal input rate of less than 100 kg ha-1, considering that the other macronutrients are present
in soil.
Soil nutrient availability was similar between the two growing seasons; however, we
observed an overall lower storage root yield in the second compared to the first season. In this
study, the transplant slips used for planting the second season were cultivated during a drier
period with 65% less of rain than average for the period of May and July 2017 (Makunde et al.
2018). Consequently, they were smaller than the slips used in the first season, produced
between June and August 2016. Drier climate conditions decrease the quality of sweet potato
transplant slips, often limiting its growth, and hindering the production of planting materials
when needed by farmers (Okello et al. 2015). Another reason that may explain the reduced
yields may be related to lower temperatures observed in the second growing season. During
the first three months after planting the second season, the average minimum temperature
recorded was 19 °C, approximately 2 °C lower than the temperature measured during the same
growth stage in the first season. Lower precipitation events verified in the second season
compared to the first (Supplementary Fig 1) could not be linked to lower productivity
considering the irrigation implemented during the initial stages of crop development to secure
productivity. Temperatures between 21 and 26 °C (Nedunchezhiyan et al. 2012) along with
soil moisture at 80% field capacity are optimal conditions for root initial development
supporting high sweet potato yield at harvest (Belehu, 2003). Other authors also reported
seasonal effects on storage root yield in sweet potato cultivation due to differences in climatic
conditions. Motsa et al. (2015) described 67% reduction in storage root yield from the first to
the second season due to lower temperatures, despite adequate soil fertility conditions. They
attributed the reduced yields to a delayed plant growth and storage root bulking phase, with the
plants being harvested before the storage roots could reach maximum expansion.
There was positive correlation between available nutrients and vine yield in the second
season (Table 1). Under the same nutrient levels, proportionally to each treatment, the
production of vine was lower in the second than the first season (Fig. 5). Soil available nutrient
concentration might have supported plant yield producing vine biomass when facing limiting
conditions, such as low temperature and low quality of propagation slips. Published literature
indicates that plants can overcome the adverse effects of temperature stress through adequate
soil nutrient management (Waraich et al. 2012). However, the low temperature experienced in
the present field study did not reach the minimum threshold for sweet potato growth (10 °C;
Hahn, 1977). An alternative explanation is linked to the delayed plant development caused by
lower temperature during the second season. Had the sweet potato been harvested later in the
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season, it would have developed and the results could reflect similar findings as observed in
the first season, with higher biomass production and no correlation with soil available nutrients.
Soil fertility maintenance under locally-sourced organic amendments
After two growing seasons, the concentrations of soil TC and TN were 10% higher in WBI
than WBR, despite having similar values at the beginning of the first season. Weed biomass
incorporation can increase total soil nutrient concentration by bringing into the soil the
nutrients contained in the plant’s structures. Due to its stable biochemical nature and high C:N
ratio, weed biomass decomposition rate is slow, and the material accumulates in soil, mostly
as particulate organic matter. The addition of plant residues in soil can accumulate soil C, and
large portion of the C derived from residue remains initially as undecomposed plant material
(Mitchell et al. 2018).
Inorganic fertilizer decreased 14% TC content from the beginning of the experiment,
regardless of weed biomass management. Evidence from long-term trials show the continuous
use of inorganic fertilizer can result in SOM decreases, especially when yields, and
consequently C inputs, are not increased by the inorganic fertilizer addition and/or in
combination with high quality plant residues, such as leguminous crops (Khan et al. 2007).
Likewise, TN decreased in NPK and PM+NPK by 16%, whereas the higher N input in PM and
CP+PM treatments maintained TN after the experimental period. Inorganic fertilizer most
likely promoted higher mineralization of soil N, which was then susceptible to loss and may
explain the TN decrease measured at the end of the season. Higher N mineralization caused by
inorganic fertilization was reported by Kaupa and Rao (2014) showing that N mineralization
rate measured in inorganic fertilized treatments was 20% higher than in poultry manure
fertilization using the same N input (50 kg ha-1 N). Agbede et al. (2010) observed 10% decrease
in TN and soil organic C in sweet potato fertilized with NPK, while under poultry manure
fertilization TN remained unchanged and SOC increased by 30% in a field experiment in
southwest Nigeria. Differently from the present findings, other studies showed an increase in
soil organic carbon, total N and P resulting from the co-application of poultry manure and
inorganic fertilizer (Agbede 2010; Amusan et al. 2011).
Locally-sourced organic amendments such as PM in sole application or co-applied with
cowpea (CP+PM) maintained the initial contents of soil TC and TN, and increased soil TP by
the end of the second season. TP increases occurred due to the highest P input observed in all
treatments receiving poultry manure, including PM+NPK and CP+PM. Adeleye et al. (2010)
found a four-fold increase in soil available P after poultry manure fertilization in two Yam
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(Discocorea rotundata) seasons, in addition to increased concentration of organic C and TN.
The authors explained these soil fertility improvements by the very high concentrations of
nutrients comprised in poultry manure, similar to the works of Agbede and Adekyia (2011);
Ewulo et al. (2008); Agbede and Ojaniyi (2009). Compared to the use of other organic
amendments, such as crop residues, Amusan et al. (2011) found an increase in soil TN and P
due to manure application that was more than five times greater than when legume residue was
incorporated. Nevertheless, the higher N input in PM treatments did not result in proportional
soil N increase when compared to treatments that received lower N input, such as CP and
control. Although the amount of nutrient input has been shown to induce changes in soil
nutrient status, the type of organic amendment and temporal dynamic have larger effect on soil
nutrient changes (Liu et al. 2009). In the present study, we were not able to observe substantial
nutrient increases in soil as a result of larger nutrient input, as the increment becomes only
noticeable in the long-term (Brady and Weil, 1999).
Fertilizer and weed residue amendments for storage root yield, nutritional quality and soil
fertility
Overall, the storage root yield was lower than the national average of 11.9 t ha-1 (FAOSTAT)
and potential yield for this cultivar (19.3 t ha-1, Tumwegamire et al. 2014). Soil density can
affect storage root yield. Agbede (2010) observed significant lower root yield in soil with bulk
density of 1500 kg m-3 when compared to lower density soils. The physical constraint caused
in high density conditions can limit storage root expansion and promote the accumulation of
soil moisture that can be detrimental to sweet potato productivity (Nedunchezhiyan et al. 2012).
The soil density of the field trial of 1400 kg m-3, can also be a limitation for storage root yield
in the present study. Additionally, as mentioned above, lower temperatures can reduce sweet
potato growth rates (Motsa et al. 2015) and may explain the lower root yield in the second
season, as the harvest was possibly carried out before the storage root could reach maximum
expansion. Similarly, the accumulation of micronutrients in the storage roots is limited by the
delayed plant development; Motsa et al. (2015) and Alvaro et al. (2017) reported that ßcarotene concentration can increase from 150 to 180 DAP; while Zn and Fe concentration
stabilize between 120 and 180 DAP and after 90 DAP, respectively. It is most likely that the
second season harvest occurred before achieving maximum accumulation of micronutrients in
the storage roots. Therefore, concentrations of ß-carotene, total sugar and root-Fe decreased
from the first to the second season. Tuco-tuco (2016) and Varela (2017) observed higher
concentration of ß-carotene and protein in the storage root can vary depending on the OFSP
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variety and the K input ratio, in a study conducted within the same agroecological region as
this work.
Treatments receiving poultry manure alone or co-applied with inorganic fertilizer,
maintained protein and root-Zn concentrations throughout the seasons, having higher
concentration compared to the other treatments in the second season (Supplementary table 1).
Higher Zn concentration in grain crops is correlated with protein concentration, given the
important role of Zn in protein synthesis (Cakmak et al. 2010). Enhanced protein synthesis
could come as a beneficial result from both soil N and Zn being continuously available for
plant uptake in the poultry manure fertilized treatments (Fig. 3, Supplementary Fig. 3).
Moreover, higher K and Zn nutrition through foliar fertilization has been associated with root
quality improvements, such as increased root length, diameter and the concentration of
carotenoids, sugars and crude proteins in sweet potato storage roots. Zinc promotes growth
hormone synthesis, formation of starch and plant maturation while K is associated with
photosynthates transportation, hence a balanced supply of such elements can ensure higher root
quality (El-Baky et al. 2010).
Treatments receiving co-application of organic and inorganic fertilizers maintained
similar storage root yield in both seasons, having the highest results amongst treatments in the
second season. The combined application of organic amendments and inorganic fertilizers have
been shown to sustain higher maize yield while securing soil fertility in the long-term across
diverse agroecosystems in Sub-saharan Africa (Chivenge et al. 2011). Particularly for sweet
potato cultivation, Kaupa and Rao (2014) observed that the co-application of animal manure
and mineral fertilizer did not overload the soil with readily available N because these materials
release available N at different time points due to their different compositions. That is,
inorganic fertilizer supplied nutrients for initial crop establishment while animal manure
released nutrients for root production at later stages of crop development, producing stable and
higher storage root yield when compared to the sole application of fertilizer. Similarly, Agbede
(2010) reported that combined application of inorganic fertilizer and poultry manure at suboptimal rates ensured higher availability of soil nutrients increasing sweet potato yield by 83%,
while the sole application of each fertilizer produced less than 50% storage root yield increase
compared to non-amended control.
In the present study, the co-application of organic and inorganic fertilizers produced
storage root yield twice higher than control on the second season, similar to sole application of
either poultry manure or inorganic fertilizer. The lack of improved yield in co-application of
organic and inorganic, compared to sole application of fertilizers, might be the resultant from
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the high nutrient input rates used in this study. Nutrient input was higher than crop
requirements, and was not a limiting factor for root productivity, as observed in other studies
(Pincus et al. 2016; Chivenge et al. 2009). Co-application of organic and inorganic fertilizer as
well as the sole application of poultry manure or NPK produced higher storage root yield
compared to control. Yet, only the sole application of poultry manure ensured soil fertility
maintenance from the beginning to the end of the experimental period, having the highest
potential to be used as sustainable soil fertility management for sweet potato cultivation.
CONCLUSION
Excessive N input in the first season, resultant from co-application of cowpea residues and
poultry manure, promoted aboveground biomass growth while storage root yield was
significantly lower than unfertilized control. For this reason, N supply in sweet potato
cultivation needs attention, particularly to ensure sufficient K input when using organic
amendments with low-K and high-N content, such as in leguminous residual biomass and
animal manure.
Storage root yield was stable across seasons in treatments receiving co-application of
organic and inorganic fertilizer as well as the sole application of poultry manure or inorganic
fertilizer, in contrary to non-fertilized control where storage root decreased. Thus, fertilization
practices tested seem reliable to achieve and maintain best storage root yield and nutritional
quality. Only the poultry manure sole application and weed biomass incorporation treatments
were able to maintain soil fertility after two growing seasons. These results emphasize the need
to study the impacts of fertilizer type on the soil fertility status in the long-term, and are
important considerations for farmers recommendations.
In limited-resource setting, weed biomass is a low-cost and available alternative to secure
soil nutrient replenishment and increase total C. Further investigation is necessary to determine
the persistence of soil C in the long-term, the impact of weed and sweet potato vine biomass
incorporation as wells as the combination of species for incorporation on weed infestation and
storage root yield in subsequent growing seasons.
The selection of available soil amendment needs to consider their composition and
especially the input rate of the different nutrients in order to ensure a balanced supply of
nutrients for optimal performance of sweet potato cultivation in the short term and maintenance
of soil fertility in the longer-term.
Moreover, while the results of this study show beneficial effects of organic management
of soil fertility on maintaining plant productivity and soil fertility, there is need to assess the
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proposed practices in different agroecological regions, given their potential impacts driven by
precipitation level, temperature and soil types.
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Supplementary method description
Soil and plant analyses
Soil pH: After drying, soil samples were sieved to pass 2-mm mesh. A subsample of 5
g was oven dried at 105 °C for 24 hours to determine soil moisture content. Soil pH was
measured using a 1:1 ratio of deionized water to soil. Shortly, 10 g of soil was shaken for 30
min with 10 mL of deionized water followed by measurement with a glass-calomel electrode
pH meter, previously calibrated (Rayment and Lyons 2011).
Soil total C and N: soil samples were ground to pass a 0.45 cm mesh and analyzed with
an elemental analyzer (LECO CHN 2000).
Soil available N: For quantification of nitrate (NO3-) and ammonium (NH4+), 10 g of
soil was shaken for 1h with 50 mL of KCl (2 M) and filtered through Whatman No. 42
ashless filters. Ammonium and nitrate concentrations were determined colorimetrically in a
plate reader (Spark 10M Multimode Microplate reader, Tecan). In buffered alkaline
condition, NH4+ reacts with salicylate producing a blue-green solution measured at 650 nm
(Forster, 1995). NO3- reacts with Vanadium (III) chloride in acidic condition producing a
blue-pink solution measured at 540 nm (Doane and Horwáth 2003). Calibration curves of
known concentration were measured together with the samples.
Soil available P: phosphorus (P) was extracted from soil using a membrane anion
exchange resin (AER). Homogenized soil was shaken with 30 mL of nanopure water and the
AER for 16 h. The resin membrane was removed from soil solution, rinsed and P was eluted
shaking the resin with 30 mL of HCl/NaCl (0.1 M) solution for 2 h. Phosphorus was
measured by colorimetry after the reaction with Malachite solution. The absorbance of the
samples was measured in a plate reader at 610 nm together with a calibration curve with
known concentration to calculate the sample P content (Sharpley and Moyer 2000).
Soil available cations (K+, Ca2+, Mg+): were extracted shaking 5 g of soil with 25 mL
of ammonium acetate (1 M NH4(C2H3O2) pH 7) for 5 min. The solution was filtered
(Whatman n° 42) to a 50 mL centrifuge tube. Cations were quantified using Inductively
Coupled Plasma – Optical Emission Spectrometry (ICP – OES, Agilent Technologies, Santa
Clara, CA USA) ICP – OES (5100, Agilent Technologies, Santa Clara, CA USA) (Pansu and
Gautheryou 2006).
Soil available Zinc (Zn) and Iron (Fe): were extracted shaking 10 g of soil with 20 mL
of DTPA-TEA solution (0.1 M triethanolamine, 0.005M diethylenetriaminepentaacetic acid,
0.01 M calcium chloride, pH adjusted to 7 with 2 M HCl) for 2h. The solution was filtered
(Whatman n° 42) to 15 mL centrifuge tube to be measured using ICP – OES (Reed and
Martens 1996).
Soil total P, K, Ca, Mg, S, Na, Zn and Fe: homogenized soil samples were digested
using Aqua Regia solution (2 mL of nanopure water, 2 mL of nitric acid (HNO3 70%) and 6
mL of hydrochloric acid (HCl 37%) and heated in a digestion block at 120 °C for 90 min.
The digests were analyzed by ICP-OES.
Plant C and N: plant leaves and storage root were ground and sieved (<0.0545 mm)
and analyzed with an elemental analyzer (LECO CHN 2000).
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Plant P, K, Ca, Mg, S, Na, Zn and Fe: Ground plant samples were digested at 120 °C
for 90 min with 15 mL of nitric acid (HNO3 65%) and 3 mL of hydrogen peroxide (H2O2
30%). The digests were analyzed by ICP-OES.
Storage root nutritional quality (protein, !-carotene, starch, glucose, fructose):
indicators were measured in the international potato center (CIP) laboratory facilities in
Maputo. Briefly, root biomass was cleaned, peeled, and thin slices cut from the middle
section of each storage root. The storage root parts were freeze-dried and ground to be
analyzed using Near Infrared Reflectance Spectroscopy (NIRS) technology to determine
protein, starch, b-carotene, Fe, Zn, in storage root (Tumwegamire et al. 2011; Porras et al.
2014).
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Supplementary Table 1: Storage root quality indicators measured in treatments
receiving different soil amendments (control = no amendment, CP = cowpea, PM = poultry
manure, NPK = inorganic fertilizer) and weed biomass management (WBI = weed biomass
incorporation and WBR = weed biomass removal) harvested in the first and second seasons.
Different letters represent significant difference between least-squared means of soil
amendments and weed biomass management within season, + represents significant
difference between seasons within weed biomass management and soil amendment.
Statistical significance was tested at p<0.05 for all parameters evaluated.
1st season
2nd season
DM (%)
Control
29.48
27.34
CP
30.49
28.41
CP+PM
30.31
30.40
WBI
CP+NPK
29.25
28.37
PM
30.45
30.77
PM+NPK
27.79
28.68
NPK
29.51
28.91
Control
28.23
28.23
CP
28.50
27.63
CP+PM
29.57
28.96
WBR
CP+NPK
29.38
29.18
PM
30.59
30.08
PM+NPK
28.88
31.24
NPK
29.18
29.51
Starch (%)
Control
63.27
63.28
CP
64.23
62.76
CP+PM
63.72
65.25
WBI
CP+NPK
62.56
65.11
PM
66.38
65.69
PM+NPK
62.30
64.24
NPK
64.72
64.41
Control
65.14
63.31
CP
62.70
64.07
CP+PM
65.44
64.62
WBR
CP+NPK
64.21
65.13
PM
63.85
66.76
PM+NPK
61.45
66.35
NPK
63.14
64.22
Protein (%)
Control
3.39
2.08 ab+
CP
3.74
2.34 ab+
CP+PM
4.30
2.91 ab+
WBI
CP+NPK
3.21
2.13 ab+
PM
3.78
3.67 a
PM+NPK
3.57
3.40 ab
NPK
2.59
3.61 a
WBR
Control
2.96
1.83 b+
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CP
CP+PM
CP+NPK
PM
PM+NPK
NPK
!-carotene (mg 100g-1)
Control
CP
CP+PM
WBI
CP+NPK
PM
PM+NPK
NPK
Control
CP
CP+PM
WBR
CP+NPK
PM
PM+NPK
NPK
Total sugars (%)
Control
CP
CP+PM
WBI
CP+NPK
PM
PM+NPK
NPK
Control
CP
CP+PM
WBR
CP+NPK
PM
PM+NPK
NPK
-1
Root Fe (mg kg )
Control
CP
CP+PM
WBI
CP+NPK
PM
PM+NPK
NPK
Control
CP
WBR
CP+PM
CP+NPK
PM

2.54
3.35
2.61
2.95
3.21
3.58

1.96
2.39
2.24
3.19
2.54
1.78

13.75
15.60
14.42
13.12
12.89
17.70
17.58
18.62
18.06
15.38
17.61
12.80
15.59
17.61

15.45
13.73
10.76
14.17
8.12
15.76
14.05
14.98
15.81
9.61
8.16
10.08
10.56
9.67

21.29
19.97
19.53
21.89
17.77
20.63
19.55
20.46
22.90
18.90
20.92
20.23
21.28
21.92

17.72
18.10
15.43
16.74
13.39
15.69
14.65
17.85
17.64
16.26
16.86
13.54
14.30
16.08

abc+
a
abc+
abc+
c+
abc+
abc+
ab
abc+
abc
abc+
bc+
abc+
abc+

15.70
16.18
17.42
15.80
18.93
17.59
18.16
15.53
14.86
16.62
15.56
17.22

ab+
ab+
ab+
ab+
a+
ab+
ab
b+
b+
ab+
b+
ab+

19.91
20.22
21.93
20.53
21.12
21.39
18.95
18.70
19.15
20.21
18.34
20.55

ab
ab
a
ab
ab
ab
ab
ab
ab
ab
b
ab

ab
ab
ab
ab
ab
b+

+
+
+
+
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PM+NPK
NPK

20.53 ab
20.52 ab

16.77 ab+
16.15 ab+

Control
CP
CP+PM
CP+NPK
PM
PM+NPK
NPK
Control
CP
CP+PM
CP+NPK
PM
PM+NPK
NPK

10.16
10.27
11.10
9.99
10.90
11.99
9.74
9.75
9.55
10.31
9.39
9.91
10.39
11.07

9.33
9.44
9.84
9.28
11.03
10.10
11.02
8.95
8.87
9.24
8.77
10.17
9.52
9.34

Root Zn (mg kg-1)

WBI

WBR

ab
ab
ab+
ab
a
ab
a+
ab
ab
ab
b
ab
ab
ab+
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Supplementary Fig. 1: Precipitation and temperature at Umbeluzi research station.
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Fallow ends, soil preparation

Oct

First season planting (S1.0)

Nov

30 DAP sampling soil (S1.30)

Dec

60 DAP sampling soil (S1.60)

Jan

90 DAP sampling soil (S1.90)

Feb

140 DAP sampling soil (S1.140)

Mar

Fallow starts

1st Season
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2017
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Fallow soil sampling (F.120)
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Fallow ends
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Second season planting (S2.0)
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Supplementary Fig. 2: Timeline diagram indicating the length of fallow periods, cropping
seasons and the soil samplings performed during the experiment (DAP = days after planting).
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Supplementary Fig. 3: Available Fe and Zn concentration (mg kg-1) during the experimental trial, for each soil amendment (control=nonamended, CP=cowpea, PM=poultry manure, NPK=inorganic fertilizer) and weed biomass management (WBI=weed biomass incorporation,
WBR=weed biomass removal), and each sampling time (S1, S2, 1st and 2nd seasons respectively, at 0, 30, 60, 90 and 140 DAP respectively; F
represents fallow period
74
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Intercropping and crop rotation maintain soil fertility and orange-fleshed sweetpotato
productivity
Abstract
Orange-fleshed sweetpotato (OFSP) is an important staple crop for food and nutritional
security. Unfertilized OFSP cultivation is commonly performed continuously or in rotation
systems with maize and exports large amounts of nutrients after harvest. The lack of soil
nutrient replenishment in these systems threatens maintenance of soil fertility and crop
production in the long-term. This study evaluated the potential of intercropping system in
continuous and rotation schemes to recycle N, P and K through residual biomass incorporation,
that ensures sufficient soil available nutrient to maintain crop yield and nutritional quality of
storage roots while securing soil nutrient replenishment at the end of the growing season. Three
seasons of OFSP and maize cultivation were conducted continuously under intercropping and
sole cropping, while the rotation scheme was conducted in OFSP-maize-OFSP sequence in
both intercrop and sole cropping. Nutrients provided through residual biomass incorporation,
referred to as recycled N, P and K, corresponded to the nutrients taken up by OFSP, maize and
cowpea, in kg ha-1, incorporated in the soil at the end of the season. Soil available N, P and K
concentrations were quantified every 30 days and total C, N, P and K concentrations were
quantified at the end of each season together with crop yield. Plant !15N signature was used to
estimate the contribution of cowpea biomass on N input to OFSP and maize via Biological N
fixation. Root and grain yield were not affected by intercropping when climate conditions were
optimal for plant growth. However, a dry/cold season decreased OFSP and maize performance
by 50% in intercropping compared to sole cropping. In the third season, recycled N, P and K
was 65%, 48% and 62% higher in intercropping systems than sole cropping, and increased soil
total N and K concentration by 12% and 8% from baseline values to the end of the experimental
period. Soil available N concentration was 40% to 60% higher in OFSP-cowpea intercropping
than OFSP sole cropping. Furthermore, 10% to 24% of N found in OFSP in the third season
was derived from cowpea biomass incorporation, thus confirming the contribution of cowpea
incorporation on non-leguminous plant nutrition. These findings confirm the beneficial effects
of intercropping systems on soil nutrient status; however, the effects depend on the continuous
application of residual biomass through the seasons, which can be a limitation for farmers’
adoption.
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Introduction
Subsistence agriculture in sub-Saharan African countries is performed with little to no
application of soil fertilizer, thus, cropping systems rely extensively on inherent soil fertility,
but which is commonly low in many resource-limited rural communities and thus failing to
achieve sufficient plant productivity (Sanchez, 2015). Additionally, in southern Africa
agricultural production is constrained by droughts even when sufficient fertility is available
(Rusinamhodzi et al., 2011). The current intensification of climate change is projected to
cause longer dry spells alternating with extreme rainfall events (Cairns et al., 2013),
increasing the risk of losing agricultural produce, and extending food insecurity already faced
by resource-limited rural communities (Leichenko and O’Brien, 2001).
Sweet potato (Ipomoea batatas L.) is an important staple crop cultivated by smallholder
farmers that secures the intake of energy and micronutrients (Low et al., 2009). Biofortified
orange-fleshed sweetpotato (OFSP) varieties have a high concentration of vitamin A
precursor, b-carotene, and other micronutrients. In Mozambique, OFSP varieties were
adapted to local environmental conditions and have been disseminated as a food-based
strategy that successfully improved the diet quality of Mozambicans in a long-term campaign
organized by the International Potato Center (CIP) and their national government (Low et al.,
2017; Jenkins et al., 2015). Despite the health benefits, the crop removes substantial amounts
of nutrients from the soil after harvest; with a global average root yield of 13.5 t ha-1, OFSP
can uptake 740 kg of N, 100 kg of P and 750 kg of K per hectare (Silva et al. 2002 apud
Echer et al. 2009; Sreelatha et al. 1999 apud John, S. 2011; Grüneberg et al., 2015). Currently
only 4% of farmers in Mozambique apply fertilizer in their cropping systems and the national
soil deficit was estimated to be 32.9 kg ha-1 N, 6.4 kg ha-1 P and 25 kg ha-1 K per year for
agricultural systems (Folmer, 1998). Hence, if no soil fertility management is developed, the
increasing adoption of OFSP cultivation has the potential to further deplete soil fertility and
thus compromise the long-term success of nutritional security efforts.
A possible alternative soil fertility management for limited-resource farmers is the
adoption of agroecological principles that rely more on the incorporation of residual crop
biomass as nutrient source for the following crop. Agroecological practices are based on
processes such as internal nutrient cycling, biological N fixation and natural regulation of
pests and soil (Wezel et al., 2014). Thus, they capitalize on the use of locally-accessible
resources, existing knowledge and minimal use of external inputs, and therefore can be
suitable alternatives for resource-limited smallholder farmers. Among the known
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agroecological practices are: intercropping, crop rotation, use of organic fertilizers and crop
residue incorporation, agroforestry, reduced tillage, etc. (Wezel et al., 2014).
Intercropping systems are comprised of more than one plant species growing
simultaneously on the same area (Willey, 1990). Including leguminous plants in
intercropping systems increase soil N, due to additional N input from legume biomass (AduGyamfi et al., 2007). Leguminous species are able to symbiotically fix N2 from the
atmosphere, sparing available N for the non-leguminous crop (Rusinamhodzi et al., 2006).
Intercropping may result in improved crop yield and soil fertility through increased soil
organic matter, moisture and microbial diversity; however, the synergy between crop species
growing simultaneously can affect the success of the system (Dubey et al., 2019). For
instance, competition between plant species for resources can constrain plant growth and
decrease yield, particularly under dry climate (Duchene et al., 2016) and limited soil fertility
(Rusinamhodzi et al., 2012).
In Mozambique, intercropping maize with cowpea is an option to secure food
production in case the main crop, maize, fails to produce yield due to irregular rainfall and
hence is very attractive to farmers (Mucheru-Muna et al., 2010). Cowpea is a reliable crop
with high capacity to fix N2 and thrive under water scarce conditions (Makoi et al., 2009).
The use of root crops such as sweet potato in intercropping systems has been evaluated in a
few studies, with competition for light being a major limitation for root productivity since
sweet potato is sensitive to lack of light.
In crop rotation systems, different crop species are cultivated in the same area, but in
sequence. Rotating crops can benefit from residual nutrients left from one crop to the next,
especially in the case of N input from biomass incorporation of leguminous plants. (Altieri,
2015). The use of different plant species through time can also disrupt the life cycle of pests
and diseases and thereby supporting higher yields without relying on pesticide application
(Altieri, 2015). Nevertheless, in Mozambique unreliable yield of legumes planted in sole
cropping restricts the adoption of maize-legume rotation. Instead, rotations are commonly
performed with maize followed by other crop such as potatoes (Grabowski and Kerr, 2013).
Although crop diversification through time is efficient to avoid accumulation of pests, the
crop species choice must consider the inherent potential of nutrient removal through harvest
posed by each species. Maize has high N requirements and export a large proportion of
nutrients in grains. Hence, maize followed by high nutrient demanding crops, such as root
crops, result in soil nutrient depletion.
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Thus, the performance of agroecological systems depend on the conditions faced by
smallholder farmers including their access to resources, level of endowment, environmental
conditions and will ultimately affect farmer adoption (Ruzinamhodzi et al, 2016). Hence, in
order to investigate the feasibility of agroecological practices on OFSP cultivation we
assessed the performance of OFSP-legume intercropping in continuous cultivation and in
rotation scheme with maize.
This work aimed to investigate whether intercropping systems with legume biomass
incorporation maintain or improve soil nutrient concentrations and crop performance,
compared to sole cropping systems. The effects of intercropping were tested during three
seasons of continuous OFSP or maize cultivation and in OFSP-maize-OFSP rotational
scheme. We tested whether cowpea biomass combined with OFSP or maize in intercropping
systems provide N, P and K input to ensure sufficient soil available nutrient levels for OFSP
and maize yield maintenance, while securing soil nutrient replenishment during three
growing seasons. Additionally, this study evaluated the potential of symbiotically fixed N in
cowpea residual biomass to serve as N source for OFSP or maize in intercropping systems.
Material and Methods
Field trial
This study was conducted at the Umbeluzi Research Station of the Agronomic
Research Institute of Mozambique in Maputo province (26°02'57.4"S 32°21'33.3"E, altitude
9 m). The soil is an Eutric Fluvisol (FAO classification) derived from alluvial deposits of
around 0.5 m depth and with a flat relief. Texture of the top soil is sandy clay loam (54.7%
sand, 20.5% clay, 24.8% silt) and density of 1.4 g cm-3. Initial soil chemical assessment
indicated a pH of 7.2, electrical conductivity of 0.37 mS cm-1 (H2O, 1:2.5), cation exchange
capacity of 10.2 cmol kg-1, and calcium, magnesium, sodium and potassium contents of 1.92,
0.58, 0.15 and 0.15 g kg-1, respectively (extracted with ammonium acetate at pH 7). The
climate in the region is characterized by dry winter and wet summer. Monthly average
temperature and the sum of precipitation (Fig. 1) were recorded for the entire period of the
study by a meteorological station located at Umbeluzi (HOBO weather station starter kit).
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Figure 1: Precipitation and temperature at Umbeluzi research station recorded from
July 2016 to February 2018. Bar graph shows the monthly cumulative rain in mm, solid line
is the highest and dashed line is the lowest monthly average temperature in °C.
The field site was previously cultivated with maize from March 2016 to July 2016,
followed by a fallow period. In October 2016, the spontaneous plants growing from fallow
and the residual maize biomass were manually removed. The entire area was tilled with disk
harrow to a depth of 0.2 m, followed by the furrowing operation at 0.5 m depth and 0.9 m
apart. The plot area was 9 m x 4 m with a 2-m buffer zone to separate each plot. The
treatments were distributed in a randomized complete block design with 7 treatments and 3
replicates. The treatments included crop rotation, intercropping, and continuous sole cropping
systems, using three different plant species: Maize (Zea mays), orange-fleshed sweetpotato
(Ipomoea batatas (L.) vines, cultivar ‘Namanga’) and cowpea (Vigna unguiculate), details
are in table 1.
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Table 1: Plant species according to cropping systems and season.
Crop
sequence

Crop mix

Sole cropping
Continuous
Intercropping
Rotation

Sole cropping
Intercropping

Treatment

SP_SP_SP
C_C_C
MZ_MZ_MZ
SP.C_SP.C_SP.C
MZ.C_MZ.C_MZ.C
SP_MZ_SP
SP.C_MZ.C_SP.C

First season
3 Oct 2016
27 Feb 2017
OFSP
Cowpea
Maize
OFSP+Cowpea
Maize+Cowpea
OFSP
OFSP+Cowpea

Second season
25 Mar 2017
21 Aug 2017
OFSP
Cowpea
Maize
OFSP+Cowpea
Maize+Cowpea
Maize
Maize+Cowpea

Third season
25 Aug 2017
17 Jan 2018
OFSP
Cowpea
Maize
OFSP+Cowpea
Maize+Cowpea
OFSP
OFSP+Cowpea

OFSP = orange-fleshed sweetpotato, C = cowpea, MZ = maize

Plant density depended on the plant species; OFSP vines were planted at a density of
37000 plants ha-1 (0.9 x 0.3 m distance), maize seeds at 45000 plants ha-1 (0.9 x 0.25 m
distance) and cowpea seeds at 83000 plants ha-1 (0.9 x 0.13 m distance). In intercropping
systems, cowpea was planted on the same mounds as OFSP or maize but on the side of the
ridge in order to maintain the same plant densities between intercrop and sole cropping.
All treatments received a single application of inorganic fertilizer one day after planting
the first season, over the planting lines and covered with soil manually, at a rate of 25 and 90
kg ha-1 of P and K, respectively (using Triple Superphosphate and Potassium Sulfate). After
the first harvest, crop residual biomass (i.e., maize and cowpea stems and leaves and OFSP
vine) was incorporated in the soil using harrow disk, before planting the second and third
seasons. Hence, in the second and third seasons nutrient recycling corresponded to the
amount of nutrient incorporated in soil as plant residual biomass, herein referred to as
recycled N, P and K. The recycle nutrient was quantified by multiplying the concentration of
N, P and K (in g kg-1) in plant residual parts for each crop and the yield of these plant parts
(in kg ha-1). In intercropping systems, the sum of nutrient from OFSP and cowpea or maize
and cowpea residual biomass were considered.
Soil and plant sampling
Soil samples (0.2 m depth; n=3) were collected per subplot area of 8 m2 in the center of
each plot and composited into a single sample. Samples were collected one week before
planting and every 30 days during the season until harvest (140 days after planting). During
soil sampling, soil electrical conductivity (EC), moisture, and temperature were recorded for
the first 5 cm depth layer trough a Decagon 5TE probe (Decagon Devices Inc., Pullman WA,
USA) in each plot. After sampling, the soil was oven-dried at 40 °C at the Soils Laboratory
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of the University of Eduardo Mondlane, stored in plastic bags and then transported to ETH
Zürich for further analyses.
Maize and cowpea leaves were sampled 90 days after planting. Maize leaf was sampled
from the bottom opposite side of the female flower, and for cowpea the top four fully
extended leaves were collected. OFSP vines were collected one day before harvest, when a
subsample of 5 vines of 0.3 cm were collected from each plot. At 140 days after planting, the
crops were harvested and yield and plant stand measurements were performed within the four
inside ridges of the plot. OFSP and cowpea aboveground biomass were collected from 1 m2
delimited area inside the plot and weighed. After removing the OFSP vines from the whole
plot, the roots were dug and removed from the inner 8 m2 area of the plot and weighed. OFSP
storage roots were cleaned and sorted for marketable and non-marketable storage roots based
on criteria developed by De Haan et al. (2014) and the fresh was measured using a hanging
scale. Three to four marketable storage roots were sub-sampled for nutritional quality
analysis. Eight maize plants were randomly selected and weighed for aboveground and grain
yield.
Soil analyses
After drying, soil samples were sieved to pass a 2 mm mesh. A subsample of 5 g was
oven dried at 105 °C for 24 hours to determine gravimetric moisture content. Soil pH was
measured using a 1:1 ratio of deionized water to soil. Shortly, 10 g of soil was shaken for 30
min with 10 mL of deionized water followed by measurement with a glass-calomel electrode
pH meter, previously calibrated (Rayment and Lyons, 2011). For total C and N measurement
0.2 g (± 0.001 g) of soil sample, previously ground to pass a 0.45 cm mesh, were analyzed by
dry combustion on an elemental analyzer (LECO CHN 2000, Leco Corporation USA). Wet
digestion was performed on soil samples to measure total P and K. Briefly, homogenized soil
samples were digested using Aqua Regia solution (2 mL of nanopure water, 2 mL of nitric
acid (HNO3 70%) and 6 mL of hydrochloric acid (HCl 37%) and heated in a digestion block
at 120 °C for 90 min. The digests were diluted to 1:10 in ultrapure water and analyzed with
Inductively Coupled Plasma – Optical Emission Spectrometry (ICP – OES, Agilent
Technologies, Santa Clara, CA USA) ICP – OES (5100, Agilent Technologies, Santa Clara,
CA USA) (Pansu and Gautheryou 2006). Soil total C, N, P and K concentration measured at
the end of the third season was subtracted from the concentration measured at baseline and
used to determine the nutrient replenishment capacity of each treatment, herein referred to as
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soil nutrient storage. Thus, a negative number represents soil C, N, P or K depletion; positive
values indicate an increase in soil nutrient storage, while values close to zero represent
unchanged soil nutrient storage.
For quantification of nitrate (NO3-) and ammonium (NH4+), 10 g of soil was shaken for
1h with 50 mL of KCl (2 M) and filtered through Whatman No. 42 ashless filters.
Ammonium and nitrate concentrations were determined colorimetrically in a plate reader
(Spark 10M Multimode Microplate reader, Tecan, Switzerland). In buffered alkaline
condition, NH4+ reacts with salicylate producing a blue-green solution measured at 650 nm
(Foster, 1995). NO3- reacts with Vanadium (III) chloride in acidic condition producing a
blue-pink solution measured at 540 nm (Doane and Horwath, 2003). Calibration curves of
known concentration were measured together with the samples.
Plant-available phosphorus (P) was extracted from soil using a membrane anion
exchange resin (AER). Homogenized soil was shaken with 30 mL of nanopure water and the
AER for 16 h. The resin membrane was removed from soil solution, rinsed and P was eluted
shaking the resin with 30 mL of HCl/NaCl (0.1 M) solution for 2 h. Phosphorus was
measured by colorimetry after the reaction with Malachite solution. The absorbance of the
samples was measured in a plate reader at 610 nm together with a calibration curve with
known concentration to calculate the sample P content (Sharpley, 2000).
Soil available potassium (K+) was extracted shaking 5 g of soil with 25 mL of
ammonium acetate (1 M NH4(C2H3O2) pH 7) for 5 min. The solution was filtered (Whatman
n° 42) to a 50-mL centrifuge tube. Cations were quantified using ICP – OES (Pansu and
Gautheyrou, 2006).
Plant analyses
Plant samples were oven-dried at 40°C for 72h and ground using a ball mill. Plant C
and N concentrations were measured on 0.1 g of plant leaves and 0.2 g (± 0.001 g) of storage
root weighed in tin capsules and analyzed with an elemental analyzer (LECO CHN 2000).
Wet digestion was performed on plant and soil samples to measure total P and K.
Homogenized soil samples were digested using aqua regia solution (2 mL of nanopure water,
2 mL of nitric acid (HNO3 70%) and 6 mL of hydrochloric acid (HCl 37%) and heated in a
digestion block at 120 °C for 90 min. Ground plant samples were digested at 120 °C for 90
min with 15 mL of nitric acid (HNO3 65%) and 3 mL of hydrogen peroxide (H2O2 30%). The
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digests were analyzed by ICP – OES. Above ground nutrient concentrations were used to
determine the amount of C input from biomass incorporation, recycled N, P and K.
Storage root nutritional quality was measured in the International Potato Center (CIP)
laboratory facilities in Maputo. Briefly, root biomass was cleaned, peeled, and thin slices cut
from the middle section of each storage root. The plant parts were freeze-dried and ground to
be analyzed through Near Infrared Reflectance Spectroscopy (NIRS, NIRSystems, Silver
Spring, USA) technology to determine protein, starch, b-carotene, Fe and Zn in the storage
root (Tumwegamire et al., 2011; Porras et al., 2014).
Plant and soil !15N measurement
Soil nitrogen isotope ratio (!15N, ‰) was measured in soil samples collected at the
beginning of the experiment (baseline) to ensure the soil had homogeneous 15N signature,
according to Unkovich and Pate (2001). Briefly, 70 mg of dried ground soil was measured with
an isotope-ratio mass spectrometer (IRMS, Deltaplus XP, Finnigan MAT, Bremen,
Germany). The !15N represent the N isotopic composition in the soil sample in relation to the
composition of the atmosphere (=0.36637 atom% 15N) (Shearer and Kohl, 1986), according
to the equation 1:
Eq. (1): ! !" "(‰) =

#$%&‰!" ( *#&+,- . #$%&‰!" ( #/0
#$%&‰!" ( #/0

× 1000

Soil samples collected at baseline had an average !15N of 7.14 ± 0.63 stdev.
To determine the !15N of plants, cowpea and maize leaves sampled at 90 DAP and
OFSP collected at harvest in the first and third seasons were dried at 40 °C for 72h and
ground using a ball mill. Plant isotope N ratio was determined from 4 mg of sample using an
IRMS and the !15N calculated according to Eq. 1.
Proportion of N derived from atmosphere was calculated for cowpea, according to
Shearer and Kohl (1986):
Eq. (2): +",-.(%) =

1 !" (#$% .1 !" (&'()$*
1 !" (#$% .2

× 100

Where !15Nref is the !15N of non-fixing reference plant (i.e. sole maize), !15Ncowpea is
the !15N of cowpea and B if !15N of cowpea relying exclusively on atmospheric N2, - 1.51‰
as calculated by Nguluu et al. (2010).
OFSP and maize N derived from mineralization of cowpea plants biomass after
incorporation in the third season was assessed through the natural abundance technique (NA).
Based on differences in the δ15N from fixing and non-fixing plants the natural abundance
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method allows to estimate the N derived from fixation in legumes and its direct contribution
to N in non-legumes after the mineralization of leguminous plant N (Unkovich et al., 2008).
Namely, the proportion of N in OFSP and maize derived from cowpea biomass (PNdfc%)
was calculated according to Daudin and Sierra (2008):
Eq. (3): +",-0 =

1 !" (+,-. .1 !" (+,-/
1 !" (+,-. .1 !" (,$0

× 100

Where, !15Nnl-m is the !15N of non-legume (i.e. OFSP or maize) growing in sole
cropping where it has no N input from the legume and therefore reflects the isotopic
composition of soil available N; !15Nnl-i is the !15N of non-legume growing in intercropping
and taking N from both sources (i.e. soil mineral N and cowpea biomass mineralization) and
!15Nleg is the !15N of legume (i.e. cowpea) leaves collected from the intercropping plots,
serving as reference values.
The PNdfc in OFSP and maize, and PNdfa in cowpea biomass calculated in the first
and second seasons were used, for intercropping systems, to assess the N input derived from
biological N fixation, respectively on the second and third seasons. N input is referred to as
percentage of the recycled N through crop residual biomass incorporation.
Land equivalent ratio (LER) calculation
Total land equivalent ratio is used to assess the yield advantage of intercropping
compared to the sole cropping system. LER indicates the amount by which the combined
yield in intercropping systems differs from that of the sole cropping systems:
Eq. (4): 123 =

31
41

3

+ 42
2

Where YA and YB are individual yields of crop A and B in intercropping and SA and SB
are the yields of crop A and B in sole cropping. An LER > 1 indicates that the intercropping
system outperforms the sole cropping systems.
Statistical Analysis
All data were expressed as means and standard deviation. To test the effect of
intercropping on soil indicators (soil available N, P and K and total C, N, P and K) and
nutrient recycled (i.e. recycled N, P and K) the data was subdivided according to species
sequence (i.e. OFSP continuous, OFSP rotation and Maize continuous) and fitted to a linear
mixed effect model using lme function. Species mix (i.e. intercropping and sole cropping),
block and season were set as fixed effects. The random effect from the time-points selected
was accounted to correct for correlation of variability coming from sampling the same plot in
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different time points. The effect of mix and time were analyzed using Tukey test. Plant yield
was analyzed within each season and crop (i.e. OFSP, maize and cowpea) using linear model
to test the effect of treatment on plant performance, using Tukey test. Statistical significance
was tested at p < 0.05. When visual inspection of residual plots revealed that data deviated
from the assumption of homoscedasticity or normality, the data was log-transformed.
Spearman correlation analysis was performed to investigate possible relationships between
biomass nutrient input and nutrient storage as an average of the second and third seasons. All
statistical analyses were performed in R 3.3.2 (R Development Core Team 2017).
Results
Storage root nutritional quality and yield, and land equivalent ratio
Intercropping treatments had no effect on root yield in the first and third seasons, with
an average root productivity of 6.9 t ha-1 on dry weight basis (DWB) and 4.6 t ha-1 (DWB),
respectively (Fig 2). In the second season, OFSP intercropped with cowpea had 60% less root
yield than sole OFSP (p<0.05, Fig 2). The effect of intercropping on OFSP vine yield varied
depending on growing season: In the first season, vine yield averaged 15.5 t ha-1 (DWB)
without any treatment effect (p=0.74); In the second season, overall vine yield decreased
compared to the first and third seasons (p<0.003) and when intercropped with cowpea had
55% less vine production than sole OFSP (p=0.02). In the third season, OFSP in
intercropping systems produced 34% more vine biomass per hectare than sole cropping
(p<0.05, Supplementary table 1).
Nutritional quality indicators of OFSP storage roots also varied depending on growing
season: In the first season, no effect of treatment was detected on the concentration and
production per hectare of starch, 5-carotene, iron, protein, total sugars, and zinc
(Supplementary table 2 and 3). In the second season, although the concentration was similar
across treatments, when considering on a per hectare basis, intercropping systems decreased
starch, 5-carotene, and iron in storage roots compared to sole OFSP (p<0.05, Supplementary
table 3). In the third season, intercropping treatments had a higher concentration of protein,
total sugar, iron and zinc than in sole cropping (p<0.05, Supplementary table 2); yet, the
production of these indicators per hectare were similar across treatments (p>0.1,
Supplementary table 3). Nevertheless, in the third season, the concentration of 5-carotene in
intercropping systems was on average 3.3 mg 100 g-1, which is 40% (210 g ha-1) lower than
in sole OFSP systems (p = 0.007, Supplementary table 3).
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Intercropping treatments had no effect on maize grain yield in the first and third
seasons, with an average grain productivity of 5.4 t ha-1 on dry weight basis (DWB) and 4.9 t
ha-1 (DWB), respectively (Fig 2). However, maize grain yield decreased in the second season,
and more so in maize-cowpea intercropping, which had 60% lower grain yield than sole
maize (p=0.002, Supplementary table 1). Nevertheless, sole OFSP in rotation with sole maize
had higher grain yield than continuous sole maize cultivation in the second season (Fig 2).
Yield of cowpea aboveground biomass was highest in sole cowpea compared to OFSPcowpea and maize-cowpea treatments in the second and third seasons (p<0.05,
Supplementary table 1). The highest cowpea aboveground biomass productivity was
measured in the second season compared to all treatments (Fig 2, p=0.025). In the third
season, cowpea hardly grew in the OFSP-cowpea intercropping, and was 45% lower in
maize-legume intercropping compared to sole cowpea (p=0.004).

Figure 2: Yield, in dry weight basis (DWB), of OFSP root maize grain and cowpea
aboveground, in the first, second and third seasons. (SP_SP_SP = continuous sole OFSP,
SP_MZ_SP = OFSP sole OFSP in rotation with sole maize, SP.C_SP.C_SP.C = continuous
OFSP-cowpea, SP.C_MZ.C_SP.C = OFSP-cowpea in rotation with maize-cowpea,
MZ_MZ_MZ = continuous sole maize, MZ.C_MZ.C_MZ.C = continuous maize-cowpea,
C_C_C = continuous sole cowpea). Vertical lines are standard deviation of the mean.
Different letters represent significant differences between treatments means within the same
season and species (p<0.05).
Maize-cowpea intercropping had consistently higher Land equivalent ratio (LER) than
unit (Table 2). In OFSP-cowpea in rotation with maize-cowpea, LER was higher than unit
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during the first and third season and in continuous OFSP-legume intercropping the third
season performed poorly with LER lower than 1.
Table 2: Land equivalent ratio (LER) calculated for intercropping treatments on the
first, second and third seasons.
LER
SP.C_SP.C_SP.C
MZ.C_MZ.C_MZ.C
SP.C_MZ.C_SP.C

First

Second

Third

1.28
1.35
1.39

1.11
1.21
0.98

0.74
1.76
1.09

SP.C_SP.C_SP.C = continuous OFSP-cowpea, SP.C_MZ.C_SP.C = OFSP-cowpea in rotation with maize-cowpea intercropping,
MZ.C_MZ.C_MZ.C = continuous maize-cowpea intercropping

Effect of intercropping on nutrient recycling and soil available nutrient
Soil available N concentration varied significantly with time (p<0.001, Fig 3), starting
high at baseline in all treatments and decreasing towards the second season, but increasing
again in the third season (Fig 3). In the second season, none of the treatments altered recycled
N or soil available N concentration (Fig 4). In the third season, recycled N was higher in
intercropping than sole cropping (inset Fig 3). Therefore, soil available N concentration
increased in OFSP-cowpea (under both the continuous and the rotation systems) and maizecowpea intercropping systems, leading to higher concentrations of available N compared to
sole OFSP and sole maize at 30 DAP (Fig 3, p<0.03).
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Figure 3 Soil available N concentration at different time points (0, 30, 60, 90 and 140
DAP) in three seasons for all treatments (SP_SP_SP = continuous sole OFSP, SP_MZ_SP =
OFSP sole OFSP in rotation with sole maize, SP.C_SP.C_SP.C = continuous OFSP-cowpea,
SP.C_MZ.C_SP.C = OFSP-cowpea in rotation with maize-cowpea, MZ_MZ_MZ =
continuous sole maize, MZ.C_MZ.C_MZ.C = continuous maize-cowpea). Vertical lines
represent the standard deviation of means. Inset plots represent the recycled N through
biomass incorporation, in kg ha-1, in the second and third seasons. Significant difference
between intercropping and sole cropping is indicated by “i” (p<0.05).
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Treatment effect on soil available P concentration varied with time, particularly during
the first season as OFSP-cowpea intercropping decreased compared to the rest of the
treatments (p=0.03, Fig 4). On the second season, intercropping did not alter recycled P,
resulting in similar soil available P concentrations between intercrop and sole crop for all
species combination. In the third season, recycled P was higher in intercropping than sole
cropping systems for all treatments (inset Fig 4, p<0.03). However, sole OFSP in continuous
system had higher soil available P concentration than OFSP-cowpea intercropping at 30 DAP
in the first season (Fig 4, p<0.03). Maize-cowpea intercropping showed higher available P at
90 DAP in the first and third seasons (p<0.02) than sole maize.
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Figure 4 Soil available P concentration at different time points (0, 30, 60, 90 and 140
DAP) in three seasons for all treatments (SP_SP_SP = continuous sole OFSP, SP_MZ_SP =
OFSP sole OFSP in rotation with sole maize, SP.C_SP.C_SP.C = continuous OFSP-cowpea,
SP.C_MZ.C_SP.C = OFSP-cowpea in rotation with maize-cowpea, MZ_MZ_MZ =
continuous sole maize, MZ.C_MZ.C_MZ.C = continuous maize-cowpea). Vertical lines
represent the standard deviation of means. Inset plots represent the recycled P, in kg ha-1, in
the second and third seasons. Significant difference between intercropping and sole cropping
is indicated by “i” (p<0.05).
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Available K concentration was similarly affected over time as observed for P
concentration (p<0.01); soil available K concentration was highest in the first season and
decreased in the second and third for across all treatments (Fig 5). Furthermore, intercropping
had soil available K concentration similar to sole cropping for all species sequence across the
three growing seasons (Fig 5, p>0.05) despite showing in the third season higher K recycled
in intercropping than sole cropping systems (inset Fig 5, p<0.04).

Figure 5: Soil available K concentration at different time points (0, 30, 60, 90 and 140
DAP) in three seasons for all treatments (SP_SP_SP = continuous sole OFSP, SP_MZ_SP =
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OFSP sole OFSP in rotation with sole maize, SP.C_SP.C_SP.C = continuous OFSP-cowpea,
SP.C_MZ.C_SP.C = OFSP-cowpea in rotation with maize-cowpea, MZ_MZ_MZ =
continuous sole maize, MZ.C_MZ.C_MZ.C = continuous maize-cowpea). Vertical lines
represent the standard deviation of means. Inset plots represent the recycled K, in kg ha-1, in
the second and third seasons. Significant difference between intercropping and sole cropping
is indicated by “i” (p<0.05).
Biomass incorporated in the second season had C:N ratio was similar across treatments,
averaging 20 (p<0.05). In the third season, biomass incorporated in sole cropping had higher
C:N value averaging 26, while intercropping systems had an average of 15.
Direct contribution of intercropping on N supply through incorporation of leguminous
residual biomass
OFSP ! 15N signature was significantly affected by the interaction of season and
treatment (p = 0.029, Figure 4). At the end of the first season, the ! 15N of OFSP plants was
similar across treatments, with an average of 6.37 ‰ (Fig 6). From the first to the third
season, ! 15N in OFSP decreased in OFSP-cowpea intercrop (1.64 ‰), OFSP-cowpea in
rotation with maize-cowpea (1.22 ‰) and sole OFSP (0.81 ‰), while in sole OFSP in
rotation with sole maize it did not change across time (Fig.6). The same trend was observed
for maize, where ! 15N values decreased 1.63‰ from the first to the third season in
intercropping systems, and in sole maize it was similar across seasons (p<0.001, Fig. 6).
During the first season the proportion of N derived from cowpea (PNdfc, in %) varied from 8% to 26%, ( 18%) due to similar values of 15N measured in plants from intercropped and
sole cropping plants. In the third season, the percent of PNdfc in OFSP derived from cowpea
(PNdfc, in %) was 24% for OFSP-legume intercrop and 11% in OFSP-cowpea in rotation
with maize-cowpea. The percent of N in maize derived from cowpea (PNdfc, in %) was 35%
in the maize-cowpea intercropping.
Cowpea ! 15N decreased for all treatments, except sole maize, from the first to the
third season (p <0.001, Fig. 6). The ! 15N signature of cowpea decreased 3.98‰ in OFSPcowpea intercropping, 4.37‰ in OFSP-cowpea in rotation with maize-cowpea, and 1.48‰ in
sole cowpea (p<0.05). In maize-cowpea intercropping ! 15N in cowpea biomass remained
unchanged despite the values being 1.48‰ less in the third season compared to the first.
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In the first season the proportion of N derived from atmosphere (PNdfa) of cowpea was
similar across all treatments, averaging 33%. PNdfa values increased 1.4 to 3.3 times from
the first to the third season reaching 88% in OFSP-cowpea in rotation with maize-cowpea,
84% in OFSP-cowpea and 64% in maize-cowpea, while sole cowpea was 51% in the third
season.

Figure 6: Average !15N measured in legume, maize and OFSP leaves on the first (S1)
and third (S3) seasons in each treatment (SP_SP_SP = continuous sole OFSP, SP_MZ_SP =
OFSP sole OFSP in rotation with sole maize, SP.C_SP.C_SP.C = continuous OFSP-cowpea,
SP.C_MZ.C_SP.C = OFSP-cowpea in rotation with maize-cowpea, MZ_MZ_MZ =
continuous sole maize, MZ.C_MZ.C_MZ.C = continuous maize-cowpea). The S symbol
represents soil !15N measured at the beginning of the first season. Vertical lines are standard
deviation of the mean.
Recycled N was higher in intercropping systems than in sole cropping (Fig 3). The
biological N fixation (BNF) during the first and second seasons contributed for N input
directly from BNF on the second and third seasons respectively, via biomass incorporation.
Biological N fixation represented 2% and 19% of the total recycled N incorporated in the
second season in rotation and continuous cropping systems. On the second season, BNF
increased the contribution of N input, representing 44% and 72% from the total recycled N in
rotation and continuous cropping systems.
Soil nutrient replenishment
Total soil C concentration was 7% and 15% higher in the third season compared to its
baseline values in sole OFPS and OFSP-cowpea intercropping, respectively. For the
remaining treatments, total C concentration did not change over time (Fig 7).
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Total soil N concentration increased from the baseline to the third season in all
intercropping systems, but not in sole cropping. Soil total N in the third season was 12%,
22% and 7% higher than baseline values in OFSP-cowpea, OFSP-cowpea in rotation with
maize-cowpea and in maize-cowpea treatments, respectively (Fig 7).
Soil total P and K concentration decreased in sole OFSP, having the lowest
concentrations at the end of the second season across all time points. OFSP-cowpea
intercropping resulted in an increase of total soil K concentration, having 7.6% higher
concentration in the third season compared to baseline values (Fig 7). Sole maize did not alter
total soil P and K across the three growing seasons compared to baseline values (p>0.1).
However, at the third harvest, sole maize treatments had lower concentrations of total soil P
and K compared with maize intercropping (p<0.5).
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Figure 7: Total soil C, N, P and K concentration measured at baseline and at the end of
each season (SP_SP_SP = continuous sole OFSP, SP_MZ_SP = OFSP sole OFSP in rotation
with sole maize, SP.C_SP.C_SP.C = continuous OFSP-cowpea, SP.C_MZ.C_SP.C = OFSPcowpea in rotation with maize-cowpea, MZ_MZ_MZ = continuous sole maize,
MZ.C_MZ.C_MZ.C = continuous maize-cowpea). Vertical lines represent the standard
deviation of means. Significant difference between intercropping and sole cropping within
season and specie sequence (i.e. continuous and rotation) is indicated by “i” (p<0.05).
Different letters correspond to differences between time point within treatments by Tukey
test (p<0.05).
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The positive correlation between C input, recycled N, P and K and total soil C, N, P
and K storage (i.e. subtraction of soil total C, N, P and K concentration measured at the end
of experiment minus at baseline) was significant for N, P and K, but not for C (Fig 8).
Nevertheless, we observed an additional 1 t ha-1 of C input in intercropping systems as the
points shift to the right from sole crop for each treatment (Fig 8). Overall the continuous
systems have less C input than the rotation system.
Compared to sole cropping, the OFSP-cowpea intercropping systems, accumulated
more total soil P and K after three growing seasons and represent the treatments with high
recycled P and K (Fig 8). Similarly, intercropping systems received higher recycled and input
N and have higher N storage calculated for the period of this experiment.

Figure 8: Relationship between C input, recycled N, P and K (average of second and
third seasons) and soil nutrient storage (soil concentration at the third harvest – soil
concentration at baseline) using Spearman coefficient, for each element. (SP_SP_SP =
continuous sole OFSP, SP_MZ_SP = OFSP sole OFSP in rotation with sole maize,
SP.C_SP.C_SP.C = continuous OFSP-cowpea, SP.C_MZ.C_SP.C = OFSP-cowpea in
rotation with maize-cowpea, MZ_MZ_MZ = continuous sole maize, MZ.C_MZ.C_MZ.C =
continuous maize-cowpea).
Discussion
Recycled N, P and K and soil available nutrient concentration
The single application of inorganic fertilizer in the first season, added 25 and 90 kg ha1 of P and K to all treatments, respectively. Hence, soil available P and K concentrations did
not differ across treatments during the first season. However, when comparing across
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seasons, soil available P and K concentrations measured during the first season were higher
than the second and third seasons for all treatments. Thus, this initial peak was a result of the
inorganic fertilizer applied and did not last across seasons and was generally not fully
compensated for by biomass nutrient input.
Despite no N input in the first season, soil available N concentration increased from 30
to 90 DAP in all treatments. Soil cultivation and disturbance stimulate mineralization of soil
organic matter (Curtin et al., 2014) and can be the reason for the initial release of N in soil
even in the absence of nutrient input (Nishigaki et al., 2017).
After the incorporation of residual biomass at the beginning of second season, soil
available N, P and K concentrations were consistently lower during the second season
compared to the first and third season. The climate conditions during the second season were
cooler and drier, with soil moisture content consistently lower than during the first and third
seasons (Supplementary Figure 1). Lack of soil moisture due to low precipitation can limit
microbial activity and thus reducing mineralization of soil organic matter (Sanaullah et al.,
2012) and the concentration of soil available nutrients (Abera et al., 2013). Nevertheless, soil
available N concentration was higher in sole OFSP than the intercropping treatment during
the initial 30-60 DAP, despite having similar recycled N in the second season. In the
intercropping systems, the competition for soil available N between plant species can explain
the lower available N concentration in soil, particularly during early stages of plant growth
when leguminous species are not yet able to fix N2 because the nodules are not well
developed (Duchene et al., 2016). Rotation systems planted with maize, either in intercrop or
sole cropping, had consistently lower soil available N concentrations most likely due to
higher nutrient requirements of maize, particularly during the early stages of crop
development (Karleen et al., 1988).
In the third season, recycled N was 65% higher in intercropping than sole cropping
systems due to incorporation of leguminous residual biomass in addition to either OFSP or
maize. Similar observations were reported by Ahiabor et al. (2013) and Anyanzwa et al.
(2011) and confirm higher N input in intercropping systems due to leguminous plants with
naturally higher N content biomass. Similarly, soil available N concentration was 1.4 to 2.9
times higher in intercropping than sole cropping systems. The combination of cowpea residue
with that of OFSP or maize in intercropping systems resulted in a residue input with a lower
C:N ratio that can stimulate microbial activity to mineralize N, thereby increasing available N
(Kermah et al., 2018; Partey et al., 2014).
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Similarly, maize-cowpea intercropping increased recycled N and had lower biomass
C:N ratio compared to sole maize. However, available N concentration was not as high as in
OFSP-cowpea systems in the third season. The lower available N concentration in maize
systems are most likely a resultant from the higher N requirement of maize plants and the fast
uptake of N by the maize crop; at the same time, nutrient release seemed to be not enough to
increase N concentration at the same level as OFSP systems, particularly during initial
growth stages.
Crop yield and storage root nutritional quality
In the first and third seasons intercropping treatments maintained root yield at 5.7 t ha1,
which were at similar levels to those found in other studies evaluating the same cultivar
(Alvaro et al., 2017; Andrade et al., 2016), but lower than root yield reported by Munda et al.
(2019) and Andrade et al. (2017). In the second season, OFSP root yield was overall lower
than in the first and third seasons. Temperatures between April and July of 2017 reached
values below 21 ℃, which are lower than adequate for sweet potato development delaying
plant growth and decreasing its yield at harvest (Nedunchezhiyan et al.,2012; Motsa et al.,
2015). Moreover, the plants suffered from dry periods from the middle-end of the second
season (Fig 1), contributing to lower root productivity, similarly as described by Alvaro et al.
(2017) in northern Mozambique.
In addition to unfavorable conditions for OFSP growth, the lower precipitation and the
observed lower concentration of available N in the soil in the second season gave cowpea
plants competitive advantage due to its ability to symbiotically fix N2, consequently the rapid
aboveground growth of cowpea shaded the OFSP plants fairly quickly. Thus, in the second
season intercropping systems resulted in lower root yield than sole cropping. Shaded
conditions have shown to limit the production of root biomass in intercropping systems when
the leguminous plant grows taller than the neighboring crop (Mwanga and Zamora, 1988;
Egbe et al., 2009; Gitari et al., 2018).
OFSP in rotation with maize did not affect root yield, neither in intercrop or sole
cropping. Others have shown that crop rotation can be used as an alternative to suppress
specific pests in sweet potato root and improve root yield (Legg et al., 2017). Furthermore,
Guertal et al. (1997) reported increased sweet potato yield after 3-year rotation with sweet
corn. However, there is no evidence in the present study for root yield increase when
comparing continuous OFSP against OFSP in rotation with maize, either in sole or intercrop.
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Root quality was constrained in the second season, and intercropping had lower 5carotene concentration and production compared to sole cropping. Faber et al. (2013)
reported the damaging effects of dry climate conditions on root yield and 5-carotene
production in smallholder farmers’ fields. Despite having similar root yields across
treatments in the third season, 5-carotene concentration and production was lower in
intercropping compared to sole cropping systems. Ukom et al. (2009) and Vosawai et al.
(2015) found increased protein and 5-carotene concentration in sweet potato with higher
doses of N (between 0 and 80 kg ha-1 N) reporting that N input increase root nutritional
quality. Results presented in this work do not confirm this, since intercropping systems, with
higher soil available N concentration compared to sole cropping, had lower 5-carotene
concentration.
As a result of intercropping, legume aboveground biomass was highly suppressed by
OFSP vine growth in the first and third seasons. OFSP benefited from optimal climatic
conditions that allowed intense growth of vines, outcompeting the cowpea. In the field, this
was observed after 60 DAP, at which point both crops were growing without shading each
other (Supplementary Figure 2). Favorable weather and soil nutrient conditions have been
reported to promote better growth performance of sweet potato and increase its ability to
suppress neighboring plants (Aladesanwa and Adigum, 2008). Ossom et al. (2009) reported
that groundnut yield did not differ between sweet potato-groundnut intercrop and groundnut
sole cropping, whereas Egbe and Osang (2015) showed lower yield in both soybean and
sweet potato after two seasons under intercropping compared to sole sweet potato. The latter
study concluded that the competition between plant species reduced resource availability for
plant growth in intercropping.
Maize grain yield in intercropping was similar to sole cropping systems in the first and
third seasons. Dry and cold climate conditions during the second season decreased maize
grain yield in both intercrop and sole cropping. Nevertheless, maize grain yield was lower
under intercropping systems than sole cropping possibly as a result of intensified competition
between cowpea and maize. Cowpea biomass produced in maize-cowpea systems was higher
during the second season compared with first and third season suggesting that during the
second season cowpea plants were performing better than neighbor plants to compete for
resources. Under sufficient soil fertility, precipitation is the most important limiting factor for
crop production in southern Africa (Rusinamhodzi et al., 2011). In a field study with maizecowpea intercropping conducted in central Mozambique, Rusinamhodzi et al. (2012)
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observed maize productivity decrease after dry spells reducing the competition between
plants and leading to greater cowpea productivity. Nevertheless, sole OFSP in rotation with
sole maize produced higher grain yield compared to continuous sole maize, possibly due to
higher recycled N from OFSP residual biomass incorporation and lack of competition with
cowpea.
Biomass C input, recycled N, P and K and soil fertility maintenance
Intercropping systems were expected to present the highest soil nutrient accumulation
since they have higher quantities of biomass incorporation, allowing for improved nutrient
recycling compared to sole cropping systems. However, despite having low C input, sole
OFSP and OFSP-cowpea intercropping increased total C from the first to the third season
(Fig. 8). Baseline concentration of total soil C were the lowest in these treatments compared
to the rest of the treatments, which might have favored the accumulation of soil C. While in
the high C input treatments, such as OFSP-cowpea in rotation with maize-cowpea, total C
concentration was maintained throughout the duration of the experiment. Hence, no strong
relationship was detected between C input and soil C storage.
Intercropping treatments increased total soil N concentration from the beginning to the
end of the experimental period. The positive relationship in Fig 8 confirms that intercropping
treatments have higher recycled N and positive N storage, while sole cropping systems with
lower recycled N did not accumulate N. The additional incorporation of legumes in
intercropping systems is a main resource to increase the total N budget in the system due to
naturally high N content in these plants (Adu-Gyamfi et al., 2007). Around half of the
recycled N observed in intercropping systems is derived from direct N input via BFN on the
third season, after incorporation of residual cowpea, OFSP and Maize biomass.
The decrease of total soil P and K in sole OFSP is a result of the lowest recycled P and K
observed in this treatment, particularly in the third season (Inset Fig 4 and 5). This
relationship is confirmed by Fig. 8 where sole OFSP and sole maize had the lowest recycled
P and K, and the concentration of P and K measured in the soil at the end of the experiment
was lower than at the beginning. The lower amount of residual biomass production by sole
cropping systems compared to intercropping corresponded to lower recycled nutrient and
consequently less total soil nutrient accumulation. Anyanzwa et al. (2011) found that
fertilized treatments increased soil organic C and total N due to increased biomass production
and subsequent incorporation in the following cropping season regardless of cropping system
(i.e. intercrop or sole cropping).
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Contribution of leguminous residual biomass incorporation on N fertilization
Leguminous species source part of their N from the atmosphere through symbiotic
fixation of N2, thus leguminous plant biomass has lower values of !15N (i.e., closer to that of
air, which is standardized as 0‰) than non-leguminous plants. Furthermore, soils are
commonly enriched in 15N compared to the atmosphere, and thus have higher !15N values
(Unkovich and Pate, 2001). These conditions together provide the means to determine how
much N is sourced by the legume from N2 fixation and derived from legume-N in the
following crop.
In the first season, cowpea !15N ranged from 3.42‰ in intercrop to 5.44‰ in sole
legume. In N2-fixing plants, such as cowpea, the lower the values of !15N the more N is
sourced from symbiotic fixation and less from soil inorganic N (Craine et al., 2015). The
lower !15N values of cowpea in the OFSP-cowpea intercropping systems compared to sole
cowpea suggests that competition with OFSP for soil nutrients caused cowpea to depend
more extensively on N2-fixing. As a result, cowpea in intercropping had more than 90% of its
N derived from fixation while in sole cowpea this value was only 56%. Similar trend has
been reported in other’s work where N fixation by leguminous plants was higher in
intercropping systems (Makoi et al., 2009; Salgado et al. 2020).
In the first season, !15N in OFSP and maize biomass were similar between intercrop
and sole cropping and comparable to the !15N of soil, of approximately 7.6 ‰, indicating that
plants, as expected, sourced N mainly from the soil, even when the legume was intercropped.
In contrast, in the third season, the !15N of OFSP and maize plants were lower in
intercropping than sole cropping systems. This !15N decrease indicates that the symbiotically
fixed N2 in cowpea was taken up by maize and OFSP plants in intercropping, in both
continuous and in rotation systems, after incorporation and mineralization of leguminous
residual biomass. In OFSP and sole maize systems, the !15N of OFSP and maize plants
remained higher since the absence of leguminous residual biomass did not contribute to N
uptake by these crops. Sweet potato plants have been reported to successfully associate with
N2-fixing bacteria (Khan and Doty, 2009; Paula et al., 1991; Yoneyama et al., 1998), which is
the cause for lower !15N in OFSP leaves under the incorporation of OFSP residual biomass in
both sole OFSP and sole OFSP in rotation with sole maize (Fig 3). Nevertheless, the !15N of
OFSP plants grown in sole cropping were significantly higher compared to OFSP-cowpea
intercropping system in the third season, indicating that the incorporation of the legume
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residues is the main factor for decreasing the !15N of OFSP plants. It is important to note that
this decrease in !15N of OFSP by fixation is accounted for in Equation 3 by having the sole
cropping as the reference when calculating the N derived from the cowpea.
The decrease in !15N from the first to the third season suggests that OFSP and maize
plants were relying on N derived from cowpea biomass mineralization. Accordingly, 10%
and 24% of N found in OFSP planted in continuous and rotation intercropping schemes,
respectively, was derived from cowpea biomass. This variation in PNdfc resulted from higher
cowpea biomass yield observed in continuous intercropping compared to rotation
intercropping systems in the second season (Fig. 2), leading to increased influence of cowpea
on N input through biomass incorporation in continuous systems. In continuous maizecowpea systems, the contribution of cowpea mineralization to maize N uptake reached higher
values, as 35% of N in maize was derived from cowpea biomass, indicating that maize
systems can profit more from intercropping than OFSP. Although the N supply from cowpea
mineralization was not linked to higher OFSP root or maize grain yield, intercropping
treatments had higher productivity of OFSP vine and maize stalk biomass compared to sole
cropping in the third season (Supplementary table 1), possibly due to higher soil available N
derived from cowpea.
Salgado et al. (2020) reported that 39% of N found in tomato shoot was derived from
cowpea in tomato-cowpea intercropping systems over two growing seasons using the natural
abundance methodology. Oberson et al (2013) observed 46% to 60% of N in grass coming
from the leguminous species in a ryegrass- clover mix over a period of two years under
temperate climate conditions. Peoples et al. (2015) showed findings from different studies
that demonstrate contribution of legume N to non-leguminous plants varying from 0% to
more than 100% using the natural abundance method, far higher than other methodologies
that use 15N labeling. Limitations of the natural abundance technique include the fact that the
soil !15N signature measures the more stable forms of N in the soil, not accounting for the
signature of soluble N forms, that are available for plant uptake. Consequently, the decrease
in !15N in non-leguminous plants are considered to be caused only due to the uptake of N
derived from symbiotic fixing from the leguminous biomass applied, disregarding the amount
of N with low !15N signature already present in the soil (Peoples et al., 2015). Thus, the
estimates provided here form an upper-limit estimate of fixed N contributions.
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Summary and recommendations
Intercropping systems are recommended for its potential to lower risks of crop failure,
ensuring yield of legumes when non-legumes fail or vice-versa (Mucheru-Muna et al., 2010).
The present study further underpins this recommendation as we observed that under
unfavorable climate, cowpea’s ability to withstand dry periods, secured high yield, enough to
compensate for OFSP underperforming in intercropping systems (Table 2), while in the
seasons with enough precipitation OFSP outperformed cowpea (Fig. 2).
The trade-offs between continuous sole OFSP and intercropping or crop rotation
systems should consider the diversification of crop production. Despite the similar results of
OFSP yield (Table 3) between the systems, intercropping and crop rotation systems are an
alternative to diversify produce and thereby have a beneficial effect on smallholders’ diets
(TerAvest et al., 2019), which needs consideration as an important strategy towards
nutritional security.
However, in terms of storage root quality, the negative effect of intercropping on 5carotene production, on per ha basis, needs further investigation to determine if soil fertility
or crop cultivation can affect 5-carotene production. This is important to define
recommendations that secure nutritional quality of OFSP in rural communities.
The beneficial impact of intercropping on soil available N and the contribution of
cowpea biomass mineralization to OFSP fertilization demonstrated the potential of this
system, regardless of species sequence, to secure N supply to plants. Nevertheless, in the
present study, the incorporation of OFSP vine in sole cropping systems seemed to supply
enough N for plant yield, but was not sufficient to maintain total N by the end of the
experiment. Incorporating leguminous plants residual biomass in intercropping systems
seems to be essential to ensure N supply for plant growth (Kermah et al., 2018) while also
securing soil fertility (Anyanzwa et al., 2011); the latter is vital to support long-term crop
production and needs to be incorporated in recommendations to farmers. Therefore, the
overall effect of intercropping on soil indicators were positive compared to sole cropping
(Table 3). Furthermore, in sole OFSP in rotation with sole maize, there was no improvements
in soil available N nor nutrient storage resulting from incorporation of maize stalks after the
second season; hence, sole cropping in rotation schemes do not outperform continuous sole
cropping.
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Table 3: Performance of cropping systems regarding two plant and two soil measures to
assess overall systems performance. The symbols ‘=’, ‘+’ and ‘-’ indicates that performance
was neutral/unchanged, positive/beneficial or negative/detrimental, respectively, compared to
sole-OFSP continuous systems.
Continuous

Rotation

Rotation

Soil/Plant indicators

OFSP-cowpea

Sole-OFSP

OFSP-cowpea

Yield

=

=

=

Root nutritional quality

-

=

-

Available nutrient

++

=

+

Soil nutrient storage

+

=

+

Conclusions
We found beneficial effects of cowpea biomass incorporation on soil fertility indicators
in intercropping systems. These effects were observed regardless of whether intercropping
was performed continuously or in rotation with maize. Intercropping OFSP and cowpea
increased the concentration of available N compared to sole cropping. Cowpea biomass
mineralization contributed 10-24% of the N content found in OFSP biomass after cowpea
incorporation in previous cropping seasons. Nevertheless, these benefits on soil N were only
observed in the third growing season, indicating that the potential improvements of
intercropping on soil nutrients only become clear after consecutive cropping seasons.
Moreover, we found no evidence to support intercropping increased P and K supply,
considering the lack of treatment effect on soil available P and K concentrations during the
seasons.
Intercropping systems did not affect OFSP storage root or maize yield compared to sole
cropping when environmental conditions were optimal during the first and third season.
However, under unfavorable climate conditions in the second season, intercropping
treatments performed worse than sole cropping, when cowpea plants had competitive
advantage over OFSP and maize.
The rotation schemes between OFSP and maize did not increase root yield in the third
season. However, maize following OFSP had better yields compared to sole maize in the
second season, demonstrating the potential of rotation schemes to achieve better maize yield
during dry seasons.

105

Chapter 3

The positive relationship between recycled nutrients and soil C, N, P and K storage
confirms the increased potential of intercropping systems to sustain soil nutrient levels due to
more production of biomass causing greater incorporation of nutrients in the system. There is,
however, a need to evaluate the long-lasting effects of incorporation of combined biomass
produced in intercropping systems on soil ability to accumulate C, N, P and K.
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Supplementary material Chapter 3
Supplementary table 1: Yield, in dry weight basis (DWB), from the first, second and
third seasons for all treatments. Means are followed by standard deviation. P-values represent
difference between the treatments within the same season (comparing between rows) and
difference between the seasons within the same treatment.
Season
p-value
Treatment
First
Second
Third
(season)
OFSP root
SP_SP_SP
6.3 ±1.9
2.2 ±0.6
4.8 ±1.4
0.053
SP_MZ_SP
6.5 ±2.2
4.8 ±0.9
0.335
SP.L_SP.L_SP.L
7.1 ±2.6
0.8 ±0.5
3.5 ±1.4
0.010
SP.L_MZ.L_SP.L
7.9 ±2.4
5.2 ±1.3
0.055
p-value (treat)
0.361
0.036
0.448
OFSP vine
SP_SP_SP
14.8 ±2.7
4.5 ±0.3
3.8 ±2.9
0.002
SP_MZ_SP
17.3 ±5.4
5.9 ±0.5
0.058
SP.L_SP.L_SP.L
14.4 ±1.1
2.0 ±0.7
7.4 ±1.3
0.002
SP.L_MZ.L_SP.L
15.4 ±1.0
7.3 ±0.2
0.005
p-value (treat)
0.661
0.016
0.012
Maize grain
MZ_MZ_MZ
5.5 ±0.7
2.0 ±0.4
4.4 ±1.7
0.028
MZ.L_MZ.L_MZ.L
5.3 ±1.2
1.3 ±0.2
5.3 ±1.3
0.005
SP_MZ_SP
2.3 ±0.4
SP.L_MZ.L_SP.L
1.2 ±0.1
p-value (treat)
0.885
0.012
0.656
Maize aboveground
MZ_MZ_MZ
13.4 ±1.6
7.8 ±1.9
6.7 ±0.8
0.002
MZ.L_MZ.L_MZ.L
10.2 ±2.4
7.5 ±1.5
10.2 ±0.6
0.185
SP_MZ_SP
9.7 ±1.6
SP.L_MZ.L_SP.L
10.2 ±1.4
p-value (treat)
0.304
0.245
0.039
Legume aboveground
L_L_L
5.8 ±4
10.4 ±2.2
5.7 ±2.6
0.260
BL_BL_BL
1 ±0.9
7.6 ±0.6
0 ±0
0.000
BL_ML_BL
1 ±0.1
4.5 ±0.8
0 ±0
0.001
ML_ML_ML
2.2 ±0.5
6.2 ±1.8
3.1 ±1.5
0.074
0.079
0.025
0.004
p-value (treat)
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Supplementary table 2: Storage root concentration of nutritional quality indicators for the
first, second and third seasons. Average is followed by the standard deviation. P-values
represent difference between the treatments within the same season (comparing between rows)
and difference between the seasons within the same treatment (comparing between columns).
Season
p-value
Treatment
First
Second
Third
(season)
Dry matter (%, DWB)
SP_SP_SP
29.4 ±0.3
26.7 ±2.1
26.9 ±0.6
0.110
SP_MZ_SP
30 ±0.4
-26.9 ±0.9
0.057
SP.L_SP.L_SP.L
29.9 ±0.8
30.4 ±0.1
29.6 ±0.9
0.449
SP.L_MZ.L_SP.L
31.2 ±1.2
-29.1 ±1.3
0.177
p-value (treat)
0.180
0.094
0.055
Protein (%, DWB)
SP_SP_SP
2.5 ±0.5
2.7 ±0.4
1.8 ±0.2
0.008
SP_MZ_SP
3.3 ±1.2
-2 ±0.5
0.109
SP.L_SP.L_SP.L
3 ±0.5
4.1 ±0.7
3.4 ±0.3
0.036
SP.L_MZ.L_SP.L
3.6 ±0.6
-2.8 ±0.3
0.093
p-value (treat)
0.283
0.088
0.006
Starch (%, DWB)
SP_SP_SP
63.7 ±0.5
69.3 ±2.1
65.9 ±0.4
0.014
SP_MZ_SP
64.7 ±1.3
-65.3 ±1.9
0.084
SP.L_SP.L_SP.L
63.9 ±2.5
73.3 ±0.7
67.1 ±1.5
0.002
SP.L_MZ.L_SP.L
65.2 ±0.8
-66.7 ±1
0.188
p-value (treat)
0.607
0.119
0.203
Total sugar (%, DWB)
SP_SP_SP
21.4 ±1.2
15.8 ±2.5
15 ±0.7
0.016
SP_MZ_SP
19.5 ±2
-16.7 ±2.6
0.25
SP.L_SP.L_SP.L
20.4 ±1.8
11.6 ±1.2
12.8 ±0.3
0.002
SP.L_MZ.L_SP.L
18.5 ±1
-14.6 ±1.1
0.037
p-value (treat)
0.254
0.184
0.022
5-carotene (mg 100g, DWB)
SP_SP_SP
15.7 ±3.2
11 ±3.9
10.8 ±2.8
0.281
SP_MZ_SP
15.2 ±3
-11.8 ±0.3
0.354
SP.L_SP.L_SP.L
15.2 ±2
9.5 ±3.6
8.5 ±3.4
0.111
SP.L_MZ.L_SP.L
14.8 ±4.5
-7.5 ±3.4
0.03
p-value (treat)
0.985
0.719
0.451
Iron (ppm, DWB)
SP_SP_SP
19.6 ±0.6
16.2 ±0.5
15.1 ±0.8
0.002
SP_MZ_SP
19.9 ±2.6
-15.9 ±0.3
0.26
SP.L_SP.L_SP.L
19.4 ±1.3
17.2 ±1.2
18.4 ±1.7
0.078
SP.L_MZ.L_SP.L
20.5 ±1.4
-16.9 ±0.5
0.013
p-value (treat)
0.851
0.343
0.039
Zinc (ppm, DWB)
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SP_SP_SP
SP_MZ_SP
SP.L_SP.L_SP.L
SP.L_MZ.L_SP.L
p-value (treat)

9.5 ±0.5
10.1 ±1.4
10.1 ±1
10.4 ±0.8
0.705

8.7 ±0.3
-9.8 ±1.2
-0.225

9 ±0.5
9.2 ±0.2
10.9 ±0.6
9.7 ±0.2
0.008

0.175
0.557
0.302
0.283

Supplementary table 3: Storage root production of protein, starch, total sugars, 5carotene, iron and zinc on kg per hectare, for the first, second and third seasons. Average is
followed by the standard deviation. P-values represent difference between the treatments
within the same season (comparing between rows) and difference between the seasons within
the same treatment (comparing between columns).
Season
p-value
Treatment
First
Second
Third
(time)
Protein (kg ha-1, DWB)
SP_SP_SP
164.9 ±86.9
56.9 ±14.2
85.4 ±20.1
0.030
SP_MZ_SP
217.2 ±108.8
-93.5 ±2.4
0.108
SP.L_SP.L_SP.L
206.3 ±56.8
34 ±18.7
122.4 ±57.9
0.134
SP.L_MZ.L_SP.L
297.2 ±136.4
-147.2 ±46.4
0.369
p-value (treat)
0.076
0.283
0.408
Starch (kg ha-1, DWB)
SP_SP_SP
4022.7 ±1259.3 1490.1 ±349.2 3144.1 ±886.4
0.033
SP_MZ_SP
4240.3 ±1446.9
-3103.8 ±729.6
0.060
SP.L_SP.L_SP.L
4538.9 ±1718.8 611.4 ±363.4 2349.3 ±897.1
0.063
SP.L_MZ.L_SP.L
5178.6 ±1590.3
-3492.7 ±841.2
0.502
p-value (treat)
0.336
0.043
0.519
Total sugar (kg ha-1, DWB)
SP_SP_SP
1335.8 ±330.1
349.8 ±132.7
721.4 ±241.7
0.005
SP_MZ_SP
1277.9 ±495.7
-814.4 ±332.7
0.02
SP.L_SP.L_SP.L
1445 ±552.2
95.7 ±52.9
449.6 ±182.8
0.051
SP.L_MZ.L_SP.L
1455.8 ±394.8
-758 ±147.2
0.444
p-value (treat)
0.774
0.063
0.154
5-carotene (kg ha-1, DWB)
SP_SP_SP
1.01 ±0.45
0.23 ±0.04
0.49 ±0.01
0.001
SP_MZ_SP
0.99 ±0.39
-0.56 ±0.16
0.019
SP.L_SP.L_SP.L
1.1 ±0.49
0.07 ±0.02
0.27 ±0.04
0.008
SP.L_MZ.L_SP.L
1.12 ±0.3
-0.37 ±0.13
0.348
p-value (treat)
0.947
0.021
0.026
Iron (g ha-1, DWB)
SP_SP_SP
123.8 ±40.7
35.1 ±9.6
72.9 ±25.2
0.021
SP_MZ_SP
129.9 ±45.5
-75.9 ±21.5
0.064
SP.L_SP.L_SP.L
135.1 ±42.6
14.2 ±7.8
65.6 ±30.9
0.045
SP.L_MZ.L_SP.L
164.1 ±58.9
-89.2 ±24.5
0.373
p-value (treat)
0.189
0.039
0.758
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Zinc (g ha-1, DWB)
SP_SP_SP
SP_MZ_SP
SP.L_SP.L_SP.L
SP.L_MZ.L_SP.L
p-value (treat)

60.3 ±21.6
66.1 ±23.3
69.8 ±21
83.5 ±31
0.153

18.8 ±5.2
-8.1 ±4.5
-0.091

43.2 ±14.4
44.2 ±12.4
38.4 ±15.8
50.9 ±12.7
0.704

0.020
0.091
0.070
0.448
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Supplementary Figure 1: Soil moisture, temperature and pH measured every 30 days after
planting as an average of treatment. Vertical lines are standard deviations
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Supplementary Figure 2: Photo of OFSP-cowpea intercropping systems taken at 60 days after
planting the second season (credit: José Ricardo, 2017)
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Key findings
This thesis was set out to investigate the potential of locally-sourced organic
amendments to be used for soil fertility management in orange-fleshed sweetpotato
production. In this project, I tested a range of organic soil amendments and agricultural
practices to identify the best combinations that supply adequate soil nutrients to maintain
orange-fleshed sweetpotato root yield and nutritional quality, while securing soil nutrient
replenishment.
First, the field survey aimed to identify local farming practices and the production of
crop residue biomass with potential application in soil fertility management. This initial stage
of the project confirmed that none of the farmers in the surveyed communities apply
fertilizers in OFSP systems. This indicates that current cultivation of OFSP does not
replenish soil fertility, continuously exporting nutrients from smallholder farms. Therefore,
these systems contribute to soil nutrient depletion and will constrain the future of crop
production.
This survey also showed that the majority of farmers have crop residues left from their
cropping systems, and use it as fertilizer for cash crops. The trade-off of using crop residues
as cattle feed is not an issue in the communities surveyed, due to low cattle production in
smallholder farms in Mozambique (Amusan, 2010). Additionally, the majority of farmers use
agroecological practices, including the use of cereal-legume intercropping. This shows the
potential to use existing knowledge and practices to develop OFSP soil fertility management.
Although half of the respondents have poultry production in their farms, there is no structure
to collect and store the poultry manure which indicates that lack of infrastructure is one of the
limitations to use animal manure as fertilizer. The majority of smallholder farmers receive
extension assistance from governmental and non-governmental institutions, mostly focused
on seed and vine supply. Hence, with this existing relationship the extension service is a
possible pathway to raise awareness concerning soil fertility management and practices that
ensure soil fertility maintenance for long-term OFSP cultivation.
In the next step of the project I conducted two field experiments to investigate the
potential of organic amendments and agroecological practices to provide adequate levels of
nutrients to ensure OFSP root yield and nutritional quality, and soil fertility maintenance.
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The first field trial compared different soil fertility management, based on the
incorporation of: (i) organic soil amendments, (ii) inorganic fertilizer, (iii) their combined
application, and (iv) unfertilized OFSP cultivation, as traditionally performed by
smallholders. In the same experiment, I tested the effect of weed biomass incorporation
versus removal in addition to soil amendment application, to evaluate if weed biomass could
improve soil nutrient replenishment. Treatments receiving soil organic amendments, alone or
in co-application with inorganic fertilizers, were expected to supply soil nutrients to achieve
higher root yield compared to traditionally unfertilized cultivation, while securing soil
nutrient replenishment. By quantifying the changes in available soil N, P and K
concentrations during the OFSP seasons, I observed that the incorporation of poultry manure
led to higher concentration of N during the seasons compared to unfertilized treatments, it did
not translate into the highest root yields. Nevertheless, poultry manure fertilization
maintained root yield from the first to the second season of the trial, whereas unfertilized
treatments showed a decline in root yield from the first to the second season, producing 50%
less than fertilized treatments. These results show that soil fertility management was
important to ensure root productivity over time, while traditionally unfertilized cultivation is
less stable over time.
Soil fertility management with sole inorganic fertilizer or combined application of
poultry manure and inorganic fertilizer allowed for higher root yield and nutritional quality in
both the first and second seasons, compared to other soil fertility management, confirming
the expected effects of integrated soil fertility management (Chivenge et al., 2011; Kaupa and
Rao, 2014). However, after quantifying the changes in total soil C, N, P and K concentrations
between the beginning and the end of the experiment, I observed that OFSP fertilized solely
with poultry manure maintained the levels of C and N in soil, while co-application and
inorganic fertilization alone had depleted total soil C and N concentrations.
These results are significant in demonstrating that sole poultry manure incorporation is
able to maintain yield while securing soil fertility. Hence, it is suitable for soil fertility
management for OFSP cultivation. These results demonstrate that beneficial impact of coapplication of organic and inorganic fertilizers on root productivity need to be addressed in
the context of soil fertility maintenance, as they can mask its potential negative impact on soil
nutrient replenishment.
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Smallholder farmers commonly cultivate sole OFSP in continuous or in rotation with
maize. Both of these cropping systems have high potential to deplete soil nutrients,
considering the high nutrient exportation of OFSP and maize with their harvest. Additionally,
the lack of soil fertility management to replenish soil nutrients contribute to further soil
degradation and hamper sustainable crop production. To address this issue, in a second field
experiment, I investigated OFSP-cowpea intercropping systems compared to conventionally
sole OFSP systems in continuous and rotation schemes. This experiment aimed to determine
the potential of intercropping systems to provide sufficient nutrient supply to ensure
productivity and soil nutrient replenishment. Key findings indicated that incorporation of
cowpea in intercropping systems increased the concentration of available soil N to higher
values than observed for sole cropping. However, this effect was observed only after
incorporating cowpea and OFSP biomass for two growing seasons. This confirms that
although intercropping systems are able to increase N supply compared to sole cropping, the
cumulative effects will only become noticeable over time, which can constrain farmers’
adoption because they are more interested in solving immediate needs (Corbeels et al., 2014).
Nevertheless, cowpea biomass incorporation contributed to more than 10% of N uptake in
OFSP and maize in the third season.
Under favorable climatic conditions intercropping treatments produced similar OFSP
root yield as sole cropping, which indicates that OFSP can successfully grow, sharing the
resources with cowpea. In drier and cooler conditions, OFSP growth was suppressed due to
competitive advantage of cowpea and its ability to source N through symbiotic fixation of N.
Nevertheless, OFSP-cowpea is an option to diversify food production and decrease the risk of
lower production in challenging climate conditions.
In rotation systems, intercropping had similar effects on soil and plant indicators as
demonstrated for sole cropping, increasing N supply for plants during the third season and
maintaining OFSP yield compared to sole-cropping in rotational systems. This indicates that
maize rotation with OFSP does not have an effect on soil and plant indicators, proving to be a
feasible cropping system that offers higher diversity of produce.
In summary, this work shows that poultry manure fertilization and OFSP-cowpea
intercropping are two viable options to ensure stable storage root yield and nutritional quality
while replenishing soil nutrients. Interestingly, as identified in my preliminary survey,
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farmers use organic management of soil fertility through crop residue application, and
agroecological practices such as intercropping and crop rotation. However, these strategies
are used primarily for cash crop cultivation such as maize. This implies that although there is
potential to improve OFSP soil fertility using available knowledge and resources, it is
necessary to increase the awareness about the importance of soil fertility management for
OFSP, particularly since my results suggested potential soil nutrient depletion in traditionally
unfertilized OFSP cultivation.

Outlook and research needs
This research identified further research needs that could improve the OFSP cultivation
conditions.
1. Amount of nutrient input at the farm scale
Farmers have practical experience and are aware about the potential of crop residue as
nutrient sources for plant growth. When inquired about the use of crop residues, most farmers
indicated applying these to fertilize cash crops. However, the farmers could not precise the
amount of crop residue applied in each cropping system. This indicates that the application
seems to be erratic, not following any recommendation specific for selected cash crops. Thus,
a more precise depiction of the amount of crop residue produced and applied in farming
activities can allow for stronger conclusions regarding the feasibility to use these existing
practices for OFSP soil fertility management. With this information we would be able to
quantify if current fertilization with crop residues is sufficient to supply cash crops needs, and
investigate the possibility of expanding soil fertility practices to OFSP. When crop residue
production is sufficient to fulfill existing demands, the farmers’ acceptance for additional
uses for crop residues increases (Valbuena et al., 2015). However, if low crop residue
production, then the competition to use it for OFSP fertilization could be high and limit
farmers’ adoption.
2. Management of poultry systems
Although we confirmed with this research that poultry manure can be a successful
fertilizer in OFSP cultivation systems, survey results indicated that current scavenging
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poultry production limits the ability of farmers to collect and store manure to use it as
fertilizer. However, smallholders lack financial means to invest in infrastructure. Thus, public
policies should consider improving the conditions for farmers’ investing in poultry
production infrastructure as it has high potential to ensure crop productivity, improve soil
fertility and increase income (Mack, 2005).
3. Market for the production outflow
While conducting the field survey, farmers pointed out that the lack of market for
OFSP is one of the reasons for lower interest in adopting soil fertility management for OFSP
cultivation. Because OFSP does not have a place in the markets, farmers are not willing to
invest in the crop, even though this crop is largely recognized as an important and nutritious
food source. This means that improving OFSP market value would support smallholder
farmers’ decisions on the cultivation practices, including soil fertility management. Current
efforts to strengthen OFSP markets are an ongoing focus of dissemination projects carried out
by the International Potato Center and many other organizations (Jenkins et al., 2015). Thus,
the upcoming outcomes of such efforts have potential to increase the economic importance of
OFSP and interest of farmers to achieve stable yields using soil fertility management.
4. Nitrogen and potassium balance for high root-to-shoot ratio
Soil fertility management increased the concentration of soil nutrients available for
plant uptake during the season, compared to the traditionally unfertilized OFSP cultivation.
The expected potential for improving root yield due to increase in N, P and K concentration
with poultry manure fertilization and higher N concentration in OFSP-cowpea intercropping
was not met as I observed that the higher concentration of available nutrients was not directly
linked to higher root yield.
Root production in OFSP cultivation can be limited by many factors. High N and low K
supply stimulate vine growth and limit the accumulation of biomass in roots, (Khan, 1975,
Hahn, 1977). In my field experiments, I addressed this issue by applying a low dose of
organic amendments, that ensured the minimum recommended dose of K, 90 kg ha-1 K
(Nedunchezhiyan et al., 2012), to prevent excessive N application considering the high
concentration of N in poultry manure and cowpea residue. This strategy might not have been
sufficient since treatments receiving organic amendments had highest available soil N
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concentration, producing more OFSP vines and less root. However, considering the
beneficial impact of organic fertilization on soil nutrient replenishment, future research needs
to address the balance of N and K input in organic management of soil fertility. One
suggestion would be to evaluate if split application of different organic amendments is a
better option to supply N and K during the season.
5. Improvement of intercropping with leguminous crops
Intercropping systems confirmed that cowpea-OFSP cultivation are a low input
alternative to directly supply N for OFSP growth. However, the results from this research
indicated that when climatic conditions are favorable to OFSP development, the plant
overgrows and limits cowpea development, hence, cowpea biomass production at the end of
the season was minimal. Since cowpea has a faster growing cycle compared to OFSP,
cowpea should be removed between 60 to 90 DAP, when OFSP vine biomass growth
accelerates and covers the soil. Hence, in future research evaluating the feasibility of OFSP
intercropping systems the duration of leguminous plants cycle must be respected to allow for
optimal efficiency of the system.
Moreover, my intercropping experiments tested the incorporation of the total amount of
cowpea biomass remaining in the plot after 150 DAP, when we harvested OFSP and maize.
However, in field conditions, cowpea plants grew during the initial stages of this experiment
when OFSP vines were short (Supplementary material chapter 1, Figure 2). During this time,
it was possible the plant would have been regularly consumed by farmers. Hence, future
research should aim to reflect real smallholder farmers’ conditions, and consider their total or
partial consumption of cowpea leaves during the season to evaluate the effects of the
remaining cowpea biomass incorporation (i.e. remaining leaves, stalks and roots) on soil
fertility indicators and plant performance in the following season.
6. Considerations on soil type and length of observations
The results from this research confirm the importance of developing soil fertility
management that ensures nutrient replenishment to maintain soil fertility levels for future
cultivation and food production. Even in relatively fertile soil from our field experiments we
observed soil fertility depletion depending on the soil fertility management used. The coapplication of organic and inorganic fertilizer caused C and N depletion after two growing
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seasons. This effect shows that sustainable soil fertility management recommendations need
to consider the interaction between fertilizer quality, the soil and environmental conditions
faced. Moreover, the soil comprised in the present study is largely cultivated by the majority
of farmers in southern Maputo, however, it covers less than 10% of the Mozambican territory
(Mazuze, 1999). Thus, these results are representative of the area in which the experiment
was conducted, but further research should be carried out in low fertility soils in order to
demonstrate the potential of soil fertility management for farmers located in the central and
northern part of the country.
In another example, we observed higher nutrient input in intercropping treatment than
sole cropping due to the incorporation of leguminous residual biomass in addition to nonleguminous biomass, and this was related to higher concentration of nutrients in soil after
three growing seasons. This means that continuous input of nutrients through crop residual
biomass incorporation can maintain soil fertility, but it is depending on the amount of
biomass and, consequently, nutrient incorporation. Therefore, further research should
investigate the effect of organic management on soil fertility in long-term field trials, to
determine whether the soil nutrient replenishment is maintained over the course of many
cultivations, supporting soil fertility build-up. The short duration of these observations, while
valuable to point the directions and potential trends on soil fertility, need longer term
assessments to account for buffer capacity of this soil under continuous soil fertility
management.
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