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Abstract

Food and nutrition insecurity in southern Africa call for improvements in traditional agriculture
systems. Conservation Agriculture (CA) based on minimum soil disturbance, permanent soil
cover and crop diversification has been implemented as a strategy to maintain yields while safe-
guarding the environment. However, less focus has been placed on potential synergistic benefits
on nutrition security. Maize-based systems may increase household income through selling
but may not lead to proportionate reduction in malnutrition. Crop diversification in CA systems
can have a direct impact on the nutritional status of farm households due to improved dietary
diversity. Here we assess how the integration of grain legumes, cowpeas and soybeans, in maize-
based CA systems either as intercrops or rotational crops affects maize grain yield and stability,
total energy yield, protein yield and surplus calories after satisfying the daily requirement per
household. The experiments were carried out from 2012 to 2020 (nine consecutive cropping
seasons) in six eastern Zambian on-farm communities using 966 observations. Results show
that intercropping compromises maize yields with marginal yield penalties of —5% compared
to no-till monocropping. However, intercropped yields were more stable across environments.
Total system caloric energy and protein yield were highest in intercropping systems due to
higher productivity per unit land area owing to the additive contribution of both maize and
legumes. Total system caloric energy and protein yield reached yearly averages of 60 GJ ha™'
and 517 kg ha™’, respectively, for the intercropping system as compared to 48 GJ ha™' and
263 kg ha™ in monocropped maize systems. Tillage-based monocrop resulted in the least stable
yields. Our results suggest that intercropping maize with grain legumes in CA systems is a prom-
ising option for smallholder farming households to improve dietary diversity, dietary quality
and stability of yields thus contributing to sustainable agriculture intensification while maintain-
ing food and nutrition security.

Introduction

Food insecurity and periodic famines are recurring features in sub-Saharan African countries
(Connolly-Boutin and Smit, 2016; OCHA, 2017). Together with the increasingly negative effects
of climate variability and change and solil fertility decline, they affect smallholder farming fam-
ilies leading to poverty and malnutrition (Wheeler and von Braun, 2013). One of the root causes
of this situation is the over-dependence of farmers on maize (Zea mays L.) as the main food
security crop. In Malawi, maize is the predominant crop [‘maize is life’ (Smale, 1995)] and farm-
ers consume close to 170 kg per person per year of maize porridge and close to 50% of the total
caloric intake comes from maize (Dowswell et al., 1996). In southern Africa, maize occupies 50-
80% of the arable land area with limited or unstructured incorporation of legumes in the farm-
ing systems either as rotations or intercrops (Snapp et al., 2002; Waddington, 2003; Kassie et al.,
2012). This strong focus on maize in the diet limits dietary diversity with associated negative
side effects of nutritional deficiencies, stunting and wasting especially with children (Manda
et al., 2016; Nyakurwa et al., 2017; Chakona and Shackleton, 2018).

Several attempts have been made to change sole reliance on calories from maize by intro-
ducing more diversified cropping systems. These can be summarized under different umbrella
concepts such as Integrated Soil Fertility Management (Vanlauwe et al., 2010); Conservation
Agriculture (CA) (Kassam et al., 2009); and Climate-smart Agriculture (Lipper et al., 2014).
All these concepts and frameworks have tried to increase the legume component in the farm-
ing systems with varying successes (Jones et al., 2014; Giller and Schilt-van Ettekoven, 2015).

Previous research shows that smallholder farmers in southern Africa grow, to a certain
extent, other crops than maize. In Zimbabwe, for example, groundnuts (Arachis hypogaea L.)
occupy 30% of the land area on some farms but not every year (Waddington et al., 2007). In
Malawi, where farmers grow crops on small land holdings of average 0.2-3 ha only (Ngwira
et al., 2013), there is strong pressure to first satisfy food security needs through maize before
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farmers pursue diversifying the agriculture systems. As farming is
the main source of livelihood for smallholder farmers in Malawi,
they are faced with several challenging and sometimes competing
demands: (i) they have to produce at least 1.25t of maize per
year per household from their land to become food secure
(Mazunda and Droppelmann, 2012); (ii) they need to grow add-
itional legumes to increase the protein in the diet to avoid
protein-energy malnutrition; and finally, (iii) there is need to
grow enough crops to be able to sell surplus produce in a poten-
tially available market to address other family needs (e.g., health
expenses, clothing, school fees, social needs, amongst others).

Land holdings sizes for southern African farmers are relatively
small and farmers prioritize maize production as their main staple
food crop to achieve food security first before they can consider
other crops. Also, maize markets in southern Africa are usually
well developed due to the high dependency on this crop whereas
markets for rotational leguminous crops are very volatile although
often higher returns on investments can be reaped. Seed compan-
ies in southern Africa mainly focus on hybrid maize seed produc-
tion where there is a greater likelihood of making profits, instead
of focusing on open-pollinated legume species. This affects avail-
ability of legume seed for smallholders.

In the last two decades, efforts have been made to promote CA
systems in southern Africa, based on minimum soil disturbance,
crop residue retention and crop diversification. The principle of
crop diversification is supposed to tackle monocropping in the
predominantly maize-based farming systems. The experience of
the last 15 years of promotional efforts to get more legumes
into the farming systems shows that in land constrained situa-
tions, farmers prefer growing legumes as intercrops, whereas in
abundant land situations, full rotations of maize with legumes
are preferred (Thierfelder and Wall, 2010). However, both strat-
egies have advantages and disadvantages.

Previous studies have often focused on the contribution of
maize to the overall farm productivity (Rusinamhodzi et al,
2011; Thierfelder et al., 2015; Steward et al., 2018) and typically
report the yields of single crops, such as maize (Nyagumbo
et al, 2020) and sometimes the companion legume. Rarely do
studies assess yields from a systems perspective by examining
cropping-system yields (considering both maize and legumes)
under the conditions of southern Africa. This can be achieved,
for example, by converting yields of both maize and legumes
into energy units (gigajoules) or protein yield in kilograms per
hectare. Some researchers have advocated for the expression of
agricultural yields in terms of the number of people nourished
per ha of cropland (Cassidy et al., 2013). This is important as it
sheds light on system contribution to nutrition demand especially
in regions such as southern African where many people are at
high risk of malnutrition especially children (Chakona and
Shackleton, 2018). However, the number of people fed per hectare
depends on the allocation of the cropland produce to human con-
sumption per household. For example, if part of the produce is
diverted for other uses such as livestock feed, then a decrease in
human nutrition supply from the grain is expected which must
be replaced by other nutritional sources.

In this study, we assessed the contribution of different maize
diversification strategies (either intercropping or rotating maize
with different grain legumes) in CA systems on human dietary
contribution and total systems yield through combined maize
and legume yields, assuming all produce is used for human con-
sumption. The diversification legumes in the maize-based systems
were cowpeas (Vigna unguiculata Walp) and soybeans (Glycine
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max L.). Cowpeas are mostly used in these areas for home con-
sumption (leaves and grain) and only little surplus is sold to an
emerging market for grain legumes. Soybeans on the other
hand were recently introduced to the areas and many organiza-
tions have accompanied its introduction with nutritional training
to foster human consumption. Due to its antinutritional charac-
teristics in its raw form, people were trained on cooking relish,
make soya fritters and tofu out of soybeans besides roasting it
for animal feed.

We converted maize and legume yields into protein and
energy units to make them more comparable and looked at the
combined contribution of both to systems’ yields. Further, we
assessed the effect of these diversification strategies on maize
grain yield and yield stability. We investigated 9 years of on-farm
trial data, conducted in six farming communities of eastern
Zambia with different rotation and intercropping strategies with
sole maize cropping as controls.

We tested the following hypotheses: (i) maize-legume rotations
increase productivity and yield stability in farming systems
exposed to drought; (ii) intercropping legumes leads to yield pen-
alties on maize but improve its yield stability; (iii) overall system
productivity is increased in intercropping systems as compared to
sole and rotational cropping with positive side effects on nutri-
tion; (iv) legume integration into maize-based farming systems
will raise farmers caloric yield per ha of cropland to above the
minimum daily caloric threshold level.

Materials and methods
Study area

The study was conducted from 2012 to 2020 i.e., in nine consecu-
tive cropping seasons in six target communities located in Sinda,
Chipata and Lundazi Districts of eastern Zambia. The names of
the communities are Kawalala, Kapara, Mtaya, Chanje, Hoya
and Vuu (Table 1).

Eastern Zambia lies between latitudes 10°-15° S, and longi-
tudes 30°-33° E (Mafongoya and Kuntashula, 2005) and forms
the eastern part of the county bordering Malawi. The area is
located in Zambia’s agro-ecological Region Ila with annual accu-
mulated rainfalls between 750 and 1000 mm. The rainfall patterns
are unimodal with the first rains starting in November and ending
in April of the following year. Rainfall can vary considerably and
recent droughts have led to rainfalls as low as 392 mm in selected
drought years (Fig. S1). The soils are moderately acidic with pH of
4.5-5.5 and soil organic carbon (SOC) levels below 1% (Simute
et al., 1998; Mafongoya et al, 2016). The plateau areas of
Eastern Province have increasingly become the backbone of
maize production in Zambia due to increased frequency of crop
failures in other areas such as the Southern Province. More infor-
mation on the study area is given in the supplementary materials.

Experimental design

Research in the six target communities was established on repli-
cated on-farm trials (Table 1). The basic trial design was based
on six target communities with farmer replicates in each commu-
nity. The number of replicates considered in the analysis ranged
between 24 and 36 replicates. These on-farm trial locations satis-
fied the following basic characteristics:
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Table 1. Land preparation method, geographical location, altitude, soil type, rainfall, main crop and companion crops planted in the six target communities in

Eastern Zambia.

Altitude Soil Rainfall® Main Companion
District Location Land preparation Latitude Longitude (m.a.s.l) type (mm) crop crop
Sinda Kawalala Animal traction systems —14.0953 31.4886 938 Luvisols 706 (236) Maize Soybean
Chipata Kapara Animal traction systems —13.3013 32.2931 739 Luvisols 657 (268) Maize Soybean
Lundazi Hoya Animal traction systems —12.0715 33.07986 1103 Acrisols 753 (129) Maize Soybean
Chipata Mtaya Manual systems —13.3438 32.31201 747 Luvisols 824 (269) Maize Cowpea
Chipata Chanje Manual systems —13.233 32.47892 917 Luvisols 801 (274) Maize Cowpea
Lundazi Vuu Manual systems —12.1602 33.02291 1096 Acrisols 903 (170) Maize Cowpea

“Numbers following the seasonal rainfall in parentheses represent the standard deviation of the rainfall; m.a.s.l = meters above sea level.

a. The treatments included a conventional tillage practice and
several no-tillage treatments with and without diversification
within the same farm.

b. The experimental design was randomised plots across farms
with farmer fields being the replicates of a trial in each com-
munity and there were four to six replicates in each target
community in each year.

c. The soil type and rainfall pattern between farmers in each
community were assumed to be less variable than between
communities.

d. Trials were established under rain-fed conditions and not
irrigated.

e. The test crop was maize, with treatments being intercropped
or fully rotated or both in the different communities (see
treatment description in Table 1 as well as below—-sections
Manual systems and Animal traction systems).

f. Trials were managed by farmers with an agricultural exten-
sion service officer and researcher oversight.

Trials were established in plots of 50 m x 10 m size at each
farmer field. Two types of management systems were investigated:
(a) manual planting systems (in Mtaya, Chanje and Vuu); and (b)
animal traction systems (in Kawalala, Kapara and Hoya)
(Table 1). Depending on the type of trial, the overall size of
trial replicates was either 2500 m* in the manual systems or
2000 m” in the animal traction systems (Fig. S2).

Manual systems
In manual systems, the treatments consisted of:

(1) Conventional ridge and furrow tillage (CRFM)-sole maize
planting in annually constructed ridges made at a row spacing
of 90 cm. Crop residues were removed in this treatment.
Maize was sown at a spacing of 90 cm x 25 cm (44,444 plants
ha™" target population). Depths of seed was approximately 5
cm throughout all sown maize treatments.

(2) No-tillage planting with a dibble stick (DiSM)--sole maize
planting in holes created with a dibble stick (a pointed
wooden stick for making holes in the ground) in untilled
soil. To avoid contact between seed and fertilizer, two holes,
spaced approximately 5-10 cm apart, were drilled, one for
seed and the other for fertilizer placement. Maize crop resi-
dues were added to the plots at an initial rate of 2-3 t ha™"
and retained in situ thereafter. Maize was sown at a spacing
of 90 cm x25cm (44,444 plants ha™' target population).
Seeding depth was the same as in CRFM.
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(3) No-tillage planting with a dibble stick and maize-legume rota-
tion (DiSML)--maize was sown in rotation with cowpeas and
both crops were grown in plots side by side in each year and
rotated every year. Both crops were sown in holes created
with a dibble stick in untilled soil. To avoid contact between
seed and fertilizer, two holes were drilled adjacent to each
other, one for seed and the other for fertilizer placement.
Maize and legume crop residues were retained as in the DiS
treatment. Maize was sown at a plant population of 90 cm x
25cm (44,444 plants ha™' target population) while cowpeas
were sown at 45cmx 15cm (target population of 148,148
plants ha™"). Seeding depth was the same as in CREM.

(4) No-tillage planting with a dibble stick and maize-legume inter-
cropping (DiSM/L)--maize intercropped with cowpeas and
both crops are sown in holes created with a dibble stick in
untilled soil. To avoid contact between seed and fertilizer,
two holes were drilled adjacent to each other, one for seed
and the other for fertilizer placement. Maize or legume crop
residues were initially added as in DiSM and retained in situ
thereafter following each rotational phase. Maize was sown
at a spacing of 90 cm x 25 cm (44,444 plants ha™" target popu-
lation) while cowpea spacing was at 45cm x 15cm (target
population of 148,148 plants ha™) and was sown in two
rows in the interrow spacing between maize rows, 7-10 days
after maize planting. Seeding depth was the same as in CRFM.

This trial design allowed for a simultaneous testing of both full
rotations and intercropping strategies as well as sole maize under
conventional agriculture and under no-tillage.

Animal traction systems
Similar to the manual systems, both tillage and no-tillage treat-
ments were present in this trial. Farmers used animal traction
to plant the trial. The conventional land preparation in the tilled
practice was through mouldboard ploughing using an animal
traction single furrow plough at a depth of 15 cm. In two commu-
nities (Hoya and Kawalala), farmers used an animal traction rip-
per, whereas in Kapara a more sophisticated animal traction direct
seeder from Fitarelli® was used. Both the ripper and the direct
seeder are basically used in the same manner and for the same
purpose. They are used to rip a shallow furrow of 10-15cm
depth in which farmers place seed and fertilizer either manually
or supplied by the seeder at 4-5 cm soil depth.

The individual treatments at each site were:
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(1) Conventional ridge and furrow (CPM)--sole maize was sown
on ridges formed by a ridger at a row and in-row spacing of
90 cm x 25cm (44,444 plants ha™'). Crop residues were
removed in this treatment. The seeding depths was approxi-
mately 5 cm.

(2) No-tillage animal traction ripline seeding (ATDSM)--sole
maize was sown in planting lines created using either a ripper
mounted on a plough beam or with a Fitarelli direct seeder in
untilled fields. Maize crop residues were added to the plots at
an initial rate of 2-3 t ha™' and retained in situ thereafter.
Sole maize planting in this treatment was at a spacing of
90 cm x 25 cm (44,444 plants ha™'). Rows were maintained
at the same position throughout the whole trial period. The
seeding depth was similar to CPM.

(3) No-tillage animal traction ripline seeding with a full rotation of
maize and a legume (ATDSML)--maize was sown in rotation
with soybeans and both phases of the rotation were present in
each year. Both crops were sown in planting lines created
using either a ripper mounted on a plough beam or with a
Fitarelli direct seeder in untilled fields. Maize or legume crop
residues were initially added as in ATDSM and retained in
situ thereafter following each rotational phase. Maize was
sown as to achieve a population of 44,444 plants ha™' i.e., at
90 cm x 25 cm row and in-row spacing, respectively. Soybeans
on the other hand were sown into lines 45 cm apart and an
in-row spacing of 5cm aiming at a plant population of
444,444 plants ha™'. In the soybean phase of the rotation,
maize residues were retained whereas in the maize phase, soy-
bean residues were retained with no additional mulch applied.
The seeding depth was similar to that of CPM.

Crop management

All crops were seeded with the first effective rains which usually
fell towards the end of November or beginning of December.
Occasionally, seeding could only happen at the end of
December. All plots (both maize and legume plots) were fertilized
with granular NPK fertilizer which was applied as basal dressing
annually at 165 kg ha™", supplying 16.5 kg N ha™", 14.4kg P ha™'
and 7.3kg K ha™'. Maize crops were further top-dressed at 4-5
weeks after planting with granular urea fertilizer at a rate of 92
kg N ha™'. The total nutrient content applied was therefore
108.5kg N ha™', 144kg P ha™' and 7.3kg K ha™" to maize.
Fertilizer was applied in manual systems between 5 and 10 cm dis-
tance to the maize in an additional hole whereas it was dribbled in
riplines without touching the seed to avoid scorching. The fertil-
izer depth was applied in 5-7 cm soil depths.

Soybeans in the animal traction systems were inoculated with a
strain of Bradyrhizobia bacteria at planting whereas cowpeas were
not inoculated. Different medium maturing commercial maize
hybrids (MRI624, SC 627, PAN53, DKC8053, KK501) were
sown according to farmer preference in each target community
with all farmers in a respective target community planting the
same cultivar. As the different cultivars were all from the same
maturity group and all selected for mid-altitude maize mega-
environments the variation introduced through maize varieties
was considered small. The cowpea variety Lutembwe and soybean
variety Lukanga were sown in all years except for 2019/2020
where Lukanga was replaced with Kafue due to unavailability of
the seed.

Weeds were controlled in all conventional treatments with the
plough or hoes at planting and subsequently with hand hoes
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when weeds were 10 cm tall or 10 cm in circumference depending
on the type of weeds present. In all CA systems, initial weed control
was achieved by applying glyphosate [N-(phosphonomethyl) gly-
cine] at 2.51 ha™ (1.0251 ha™' active ingredient) at seeding or
2-3 days after seeding to avoid the chemical burn of the crops. In
CA sole maize treatments, glyphosate was applied in combination
with Bullet® [25.4% Alachlor (2-chloro-N-(2,6-diethylphenyl)-N-
(methoxymethyl) acetamide) and 14.5% atrazine (2-chloro-4-
ethylamino-6-isopropylamino- 1,3,5-triazine)] as residual herbicide
at 31ha™". Remaining weeds were controlled with hand hoes when-
ever necessary (e.g., when weeds were 10 cm tall or 10 cm in circum-
ference depending on the type of weeds present).

Field methods, data collection and calculations

Rainfall

Rainfall was recorded at each farmer field every morning around 8
am after a rainfall event using rain gauges installed at the farmer
field and averaged across the community. Rainfall variability was
calculated as based on the normalized anomaly (Equation 1):

Xyear —X

N = (D

(o

where Xyc,, is the yearly (seasonal) rainfall received in each com-
munity, X is the long-term average for the respective community
and o is the standard deviation of rainfall across the seasons.

Harvest

Both maize and legume crops were collected at physiological
maturity by harvesting 10 samples of 5m by two rows (90 m?)
for maize and 10 samples of 5 m by four rows (90 m?) for legumes
per treatment. The fresh weights of maize cobs and legume pods,
as well as their biomass, were recorded in the field and subsam-
ples of 20 cobs or 500 g pods, respectively were weighed fresh,
dried, shelled and then weighed again for dry weight determin-
ation. At this stage, grain moisture content was obtained to cor-
rect the grain weight for standard moisture content. For
biomass, one stalk per each subsample was taken and chopped
into small pieces. From these chopped stems, leaves and tussles
a representative sample of approximately 500g was taken,
weighed fresh, dried, weighed again and biomass expressed on a
dry matter basis in kg ha™'. The final grain yield was thus
expressed in kg of dry grain yield in kg ha™" at 12.5% and 9.0%
moisture content for maize and legumes, respectively. The mois-
ture content was measured with a mini GAC® moisture tester
(DICKEY-John, USA).

Yield penalty calculation

Percentage yield penalty (YP%) of diversification i.e., intercrop-
ping and rotating maize with a legume was calculated annually
as the percentage difference between sole cropping yield (only
maize) and that of intercropping (maize with a legume) and rota-
tion (maize in rotation with a legume) yields at each farmer field,
respectively. Since crop diversification was done under no-tillage
only, we also used sole maize from no-tillage systems (i.e.,
DiSM and ATDSM). The following equation was used to calculate
YP% (Equation 2):

Xdiver — X,
YPo, = (Zdiver — 2ok} 109 )
Xsol
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Table 2. Calculation of total system energy and protein yield for different treatments in the manual-based and animal traction-based experiments.

Experimental

treatments®
Animal System protein yield
Treatment description Manual traction System energy yield (GJ ha™*)® (kg ha )¢
Conventional ridge and furrow OR mouldboard CRFM CPM (MZjie1g % Kcalmaize X 10)/GJcony MZieid X Prot%maize
ploughing; maize without legume rotation or
intercropping
No-tillage with dibble stick OR ripper OR direct DiSM ATDSM (MZyie1g X Kcalmaize X 10)/GJcony MZ;c1q % Prot%maize
seeder; maize without legume rotation or
intercropping
No-tillage with dibble stick OR ripper OR direct DiSML ATDSML (V2 X MZyje1q X Kcalmaize X 10 + V2 % (V2 X MZyje1g X Prot%maize) +
seeder; maize rotated with legume LEG otation X Kcaliegume % 10) (V2 % LEGrotation X Prot%iegume)
/GJConv
No-tillage with dibble stick OR ripper OR direct DiSM/L N/A (MZie1q % Kcalmaize X 10 + (MZyie1g % Prot%maize) +

seeder; maize intercropped with legume

LEGintercrop X Kcallegume X 10)
/GJConv

(LEGintercrop & PrOto/olegume)

“Treatment names are based on the names given in the text in the sections Manual systems and Animal traction systems and N/A means treatment is absent.

bMZyield, LEGintercrop and LEGiotation are yields of maize, intercrop legume and rotation legume, respectively while Kcalmaize and Kcaliegume are the kilocalories (kcal) per 100 g of maize and
legumes seed, respectively. GJcony is @ conversion factor that converts kcal to gigajoules (GJ), where 1 GJ is 238,845.897 kilocalories.

Prot%maize and Prot%iegume are percentage protein content of the grain for maize and involved legume, respectively.

where YP% is the percentage yield penalty, X iy is the yield of the
diversification (i.e., intercropping or crop rotation) treatment, X,
is the yield of the maize sole cropping. The main crop (maize) in
the diversification treatments needs to be maintained such that
the yield of the companion crops will be an added benefit.
Lower YP% (absolute values) are more desirable which means
that the diversification systems do not compromise the yield of
the main crop.

Nutritional value calculation

To evaluate the total system nutritional value (expressed in terms
of protein and total energy) of each cropping system, we included
grain yield of both the maize and the legume in calculation
depending on their involvement in different treatments and con-
verted calories into an energy unit. We used protein yield in kilo-
grams per ha (kg ha™") and giga joules per ha (GJ ha™") calculated
from the yield data. Percentage protein content for seed was
obtained from the Food Nutrition Table database (http://www.
foodnutritiontable.com/) which reports the percentage of protein
in unprocessed seed and maize, cowpeas and soybeans have been
reported to contain 10%, 28%, 36% protein, respectively. The
energy content of seed for maize and the legumes were obtained
from the GeNUS database (http:/projects.iq.harvard.edu/pha/
genus) where kcal per 100 g seed values of crops are reported.
In this database, the energy values for maize, cowpeas and soy-
beans have been reported to be 353, 316 and 428 kcal per 100 g
seed, respectively. Since the treatments differed in the crops
involved, the equations used in the calculation of total system
nutrition differed for the cropping systems and these are given
in Table 2. The expression of total system yield in terms of energy
and protein has been used in other previous research e.g.,
Madembo et al. (2020) and Dubis et al. (2020). Further, we
assessed how different cropping systems contributed to the
human daily caloric requirements based on the basic dietary
requirement of 2700 kcal per person per day (D’Odorico et al.,
2014). Based on this, we estimated that, per 365-day year, a single
human being needs about 985,500 kcal. Since the household size
in Eastern Zambia is on average five persons per household

https://doi.org/10.1017/51742170521000028 Published online by Cambridge University Press

(United Nations, 2017), the yearly caloric requirement per house-
hold would be 4,927,500 kcal which is equivalent to 20.6 GJ.
Surplus caloric yield per household per year was calculated as
the difference between the total system energy yield and the cal-
oric yield required per household per year. However, we assumed
no other trade-offs (such as selling for monetary income) of the
harvested grain in our calculations although we recognize that
there are competing needs and demands for this surplus amount.
In this study, we only consider the surplus caloric yield that could
potentially be consumed.

We excluded biomass from this assessment as its nutritional
value is not relevant for human consumption although some of
the cowpea leaves are consumed as relish by smallholders. It is
a welcome addition and source of vitamins to the cereal-based
diet.

Soil carbon sampling

We collected soil carbon samples in March 2018 (4 months after
crop establishment) from all trial locations, separated by each
treatment in two soil depths (0-10 cm, 10-20 cm). From each
treatment, six sampling points between maize rows were identi-
fied and soil samples were taken from each soil depth. A compos-
ite sample was made for each soil depth and treatment and
samples sent for carbon analysis to the Zambian Agriculture
Research Institute (ZARI). The Institute uses the Walkley and
Black Method for carbon analysis (Walkley and Black, 1934).

Statistical analysis

Maize grain yield, legume grain yield, yield penalty, grain yield
stability and total systems nutrition

Due to the peculiarities of the experimental units and set up,
manual-based and animal traction-based experiments were ana-
lyzed separately. All data were assessed for homoscedasticity
and normality using graphical assessment in R statistical environ-
ment (R Core Team, 2019). The effects of cropping systems on
maize grain yield and total systems nutrition were assessed
using mixed models for both manual-based and animal traction-
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based experiments. In these models, only cropping system was
regarded as a fixed effect while communities, farmer fields within
communities, plots within farmer fields within communities, and
seasons within communities were regarded as random effects to
account for grouping factors and repeated measures across years
in the same plot. A combination of communities and seasons
(i.e., 27 ‘communities x seasons’ combinations for each site) was
also regarded as a random factor in the statistical models and
this was named ‘environments’. The significance of the cropping
systems (fixed effects) was estimated using the Wald Chi-square
tests in the 1me4’ package (Bates et al., 2015) in R environment.
Where significance was detected, means were separated using
Tukey test with multiplicity adjustment as implemented in the
‘emmeans’ package (Lenth, 2019) in R. For the legumes, means
of the two manual-based systems that involved legumes (cowpeas
in DiSML and DiSM/L) were compared using an independent
samples t test following the Welch’s t test which assumes unequal
variances of the two systems since the Leven’s test was significant.
Since only one animal-traction cropping system (ATDSML)
involved legumes (soybeans) we could not conduct a separate
test for this rotational crop. The ¢ test assessments were carried
out in R using the ‘rstatix’ package (Kassambara, 2020).

Maize grain yield stability was assessed using Shukla’s stability
variance (but with a slight variation in the handling of variance
components as described further below) (&%) (Shukla, 1972)
(Equation 3):

o KW, KW,
5= K-2N-D K-DK-2N-D

where: &7 is the stability value for each cropping system,

Wi = 3(yy — 7. = y5 + 7.0 with .. = Zy/N, y. =2y /K
and y© = X;;;;/KN. The y; is the yield of cropping’system”i in
environment j, y,. is the mean yield of all years of cropping system
i, y.; is the mean yield of environment j, K is number of cropping
systems, N is total number of observations.

The variance components for the interaction of cropping sys-
tems and environments could assume a different value for each
cropping system. Cropping systems with lower values of stability
were regarded as more stable as they would be more correlated
to the mean of all cropping systems across all the environments.
This means that such cropping systems attain reasonable yield
based on the average of all environments thus performing fairly
well when implemented across those environments (Bonciarelli
et al., 2016). To explain this stability, best linear unbiased predic-
tors (BLUPs) were calculated based on the mixed models
described above and these were submitted to additive main effects
and multiplicative interaction (AMMI) analysis (Zobel et al.,
1988). The results were plotted on AMMI biplots for maize
grain yield stability (Gauch et al., 2008). The BLUPs were first
double centered to remove the main effects and then the principal
components of each treatment were calculated using singular
value decomposition, in the ‘vegan’ package of R (Oksanen
et al, 2013). To better understand the ordination of the treat-
ments and the environments hence their relationship, rainfall
and soil carbon (soil C; this includes both SOC and inorganic car-
bon as carbonates) were projected onto the ordination diagram
using the envfit() function (Borcard et al., 2018) in the ‘vegan’
package in R. We also calculated BLUPs for total system yield
in each year and subtracted the yearly caloric requirement per
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household and presented these to show the surplus caloric yield
per household per year.

Soil organic carbon

Effect of cropping systems and soil depth after 7 years of experi-
mental implementation on SOC was assessed using mixed models
for both manual and animal-traction systems. In these models,
cropping system and soil depth and their interaction were
regarded as fixed effects. Random effects were assessed as
described in the previous section, but the combination of commu-
nities and seasons (environments) was not included. Likewise, the
significance of the fixed factors was also assessed as described in
the previous section.

Results
Rainfall plays a critical role in crop performance

Rainfall was highly variable across the seasons in the different
communities (Fig. 1). Expressed in terms of an anomaly in rela-
tion to the long-term mean of each community, variabilities of up
to 200% were recorded for communities such as Mtaya in 2016
which was an El Nifio year. Normalized anomaly values ranged
from —150% to 200% (Fig. 1). Annual rainfall received ranged
from 392 mm received in Kapara in 2015 to 1629 mm received
in Vuu in 2020 (Fig. S1).

Maize and legume grain yield, yield penalty, grain yield
stability, and total systems nutrition and soil organic carbon

Manual systems
Cropping systems had a significant effect on maize grain yield,
total system energy and total protein yield (P <0.001 for all)
(Table 3). For maize grain yield, DiSML had the highest average
yield of 4012kg ha™' across all seasons (Fig. 2a). The control,
CRFM, attained the least yield averaging 3045 kg ha™' while the
other cropping systems ranged in-between. Considering crop
rotations, a mean grain yield benefit of 17.6% was recorded and
when considering intercropping, a mean grain yield penalty of
—0.2% was recorded for the maize (Table 4). Total protein yield
was highest in the DiSM/L system with a mean yield of 517 kg
ha™' which was 69% more than the control (Fig. 2b). Protein
yield penalty was highest under crop rotations with a mean of
—7% and was least under intercropping which had a mean benefit
of 59.7% (Table 4). The reason for a penalty is associated with the
full rotation which implies that only half of maize yield and half of
legume yield can be considered in the analysis as they are sharing
the same field biannually. For total system yield, the no-tillage
plus intercropping system (DiSM/L) attained the highest system
energy of 59.9 GJ ha™" while the no-tillage plus rotation system
had the least overall average system energy of 34.5GJ ha™!
(Fig. 3a). An assessment of the surplus calories per household
per year as a difference of best linear unbiased predictors of cal-
ories and the basic requirement per year showed that intercrop-
ping had the highest surplus calories in 44% of the years
(Fig. 3b). In the El Nifo season of 2016, the DiSM/L system
had a surplus caloric yield of more than 40 GJ ha™' which is
twice the basic requirement. The DiSML system yielded the
least surplus calories in 55% of the years.

Yield penalty for total system energy averaged —28.2% for crop
rotations and a benefit of 19% for intercropping was recorded.
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Fig. 1. Rainfall variability in relation to the mean for communities where (a) manual systems and (b) animal traction systems were practiced from the 2012 to 2020
seasons. LT avg. stands for the long-term seasonal rainfall for each community used in the calculation of the normalized anomaly.

Table 3. Mixed-effects model analysis of variance output for maize grain yield, total system energy, total system protein and soil organic carbon for manual and

animal traction experiments from 2012 to 2020 in all communities.

Experiment Source DF Wald chi-square P value
Manual Maize grain yield 3 434 2.02 x 1079%***
Total system energy 3 152.0 <2.20 x 107 16%*+
Total system protein 3 1415 <2.20 x 107 6***
Soil carbon (system) 3 6.4 0.092.
Soil carbon (depth) 1 1.8 ns
Soil carbon (system x depth) 3 2.1 ns
Animal traction Maize grain yield 2 61.3 4,96 x 10714+
Total system energy 2 37.4 7.63 x 10709***
Total system protein 2 24.8 4,09 x 10706***
Soil carbon (system) 2 1.6 ns
Soil carbon (depth) 1 1.6 ns
Soil carbon (system x depth) 2 0.4 ns

Significance codes: ns =not significant; * P<0.05; **, P<0.01; ***, P<0.001;., P<0.1.

Based on the Shukla stability variance, the DiSM and the
DiSM/L systems were the most stable since they had the least
Shukla variance values of 0.141 (se=0.047) and 0.125 (se=
0.074), respectively (Table 5). According to the AMMI biplot,
these two cropping systems are closely associated with more
environments as compared to the DiSML and CREFM which
means that they are capable of adjusting their yield in an
increased range of environments and to wider conditions
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(Fig. 4a) which leads to greater yield stability. Based on their pos-
ition on the ordination space, the two most stable systems also
performed well even under very low soil C making them more
suitable under poor conditions. However, these systems also per-
formed well under high rainfall especially the DiSM/L (Fig. 4a).

A Welch’s two-sample ¢ test comparison of cowpea grain yield
between the DiSML and DiSM/L systems was significant
[£(262.29) = —3.49, P<0.0001, n=288] (Fig. 5a). The mean
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Table 4. Effect of crop rotations and intercropping on maize grain yield, total system energy and total system protein penalty in all locations across all seasons

(2012-2020).

Maize grain yield Total system energy Total system protein
Rotation Intercropping Rotation Intercropping Rotation Intercropping
Experiment Community (%) (%) (%) (%) (%) (%)
Manual Chanje 18.1 -0.5 —29.2 15.5 —4.1 49.7
Mtaya 19.0 =5.0 —24.8 18.3 8.7 67.9
Vuu 15.7 5.1 —30.8 231 —6.7 61.5
Mean 17.6 -0.2 —28.2 19.0 -0.7 59.7
Standard 42 3.0 2.9 4.1 5.6 8.8
error
Animal traction Hoya -11.8 - —20.0 - 7.6 -
Kapara =22 = -26.3 = 135 =
Kawalala —-15.6 - -6.8 - 53.0 -
Mean —9.8 - -17.7 - 24.7 -
Standard 2.9 - 2.8 - 5.1 -
error

Note: in manual systems, the treatments were conventional tillage, no-tillage with maize only, CA with maize/legume intercropping and CA with maize-legume rotation. In the animal-traction
system, the treatments were conventional ploughing, no-tillage with maize only and CA with maize-legume rotation.

grain yield in the DiSML system was 785kg ha™"' (s.0.=553),
whereas the mean in DiSM/L system was 585 kg ha™" (s.0. = 405).

Animal traction systems

Maize grain yield, total system energy and total protein yield differed
significantly among the cropping systems (P < 0.001 for all). Maize
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grain yield was highest in the system with rotation i.e., ATDSML
which had a mean of 4298 kg ha™" and the control was the least
yielding with a mean of 3117 kg ha™" (Fig. 2c). The ATDSML sys-
tem, which was the highest yielding, outyielded the control by
40% in terms of total system protein yield (Fig. 2d). However, for
total system energy yield, the control and the ATDSML systems
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Fig. 3. Effects of different cropping systems on (a and c) average total system energy and (b and d) yearly average surplus calories yield per household expressed as
the difference of BLUPs of yearly caloric yield and the yearly caloric requirement per household for (a and b) manual systems and (c and d) animal traction systems
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caloric requirement per household. Cropping systems descriptions: CRFM =ridge and furrow; DiSM = dibble stick planting; DiSML = dibble stick planting plus maize-
legume rotation; DiSM/L=dibble stick planting plus maize-legume intercropping; CPM =mouldboard ploughing; ATDSM =animal traction ripline seeding; and

ATDSML = animal traction ripline seeding plus maize-legume rotation.

Table 5. Results of the assessment of cropping system stability using Shukla
stability variance (Shukla, 1972) for manual and animal traction land
preparations.

Experiment Cropping system®  Shukla variance  Standard error

Manual CRFM 0.391 0.105
DiSM 0.141 0.074
DiSML 0.375 0.081
DiSM/L 0.125 0.047

Animal traction ~ CPM 0.489 0.105
ATDSM 0.117 0.043
ATDSML 0.327 0.273

@Cropping systems descriptions: CRFM =ridge and furrow; DiSM = dibble stick planting;
DiSML = dibble stick planting plus maize-legume rotation; DiSM/L = dibble stick planting plus
maize-legume intercropping; CPM = mouldboard ploughing; ATDSM = animal traction ripline
seeding; and ATDSML = animal traction ripline seeding plus maize-legume rotation.

yielded the same while the ATDSM system yielded the highest mean
of 56.2 GJ ha™" (Fig. 3c). Reduced tillage system without diversifica-
tion i.e., ATDSM, had the highest surplus caloric yield in 67% of the
years while the one that involved rotations consistently yielded low-
est (Fig. 3d). Crop rotations had yield penalties of —9.8% and
—17.7% for maize yield and total system energy, respectively, with
respect to the no-tillage system with no diversification (ATDSM)
(Table 4). However, for total protein yield, there was a yield benefit
of 24.7% on the ATDSM system as compared to the ATDSML.
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The significantly lowest Shukla stability variance values
were observed for the ATDSM system with a value of 0.117
(se =0.043) while the highest value was observed for the control
(0.489, se =0.105) (Table 5). The association of the ATDSM sys-
tem, which was the most stable system, with many environments
may explain its high dynamic stability (Fig. 3b). This system was
associated with many environments that were high in rainfall but
low in SOC. The least stable system, CPM, was isolated on the
ordination space meaning that it had poor association with
most of the environments thus making it the least stable
(Fig. 4b). This means that implementing this system in different
environments investigated here would likely result in vyields
below average. However, the CPM also performed better in envir-
onments high in SOC (Fig. 4b).

For both manual and animal traction experiments; cropping
systems, soil depth and their interaction did not have a significant
effect on percentage of soil organic content after seven years of
experimentation (Table 3). However, for the manual systems,
there was a marginal effect of the cropping system with the crop-
ping system that involved crop rotations ie., DiSML attaining
0.71% organic C and the control attaining 0.49% organic C
(Fig. S3).

Discussion

Malnutrition is one of the major consequences of climate variabil-
ity due to overreliance on maize in the diet by smallholder farm-
ers which is less resilient against changes in climate unlike
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the best linear unbiased predictions of seven cropping systems for maize grain yield
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two digits of the year. Location names abbreviations: Ch=Chanje; Mt=Mtaya;
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sorghum and millet (Lobell et al, 2008). Most studies have
assessed the impact of different cropping systems including CA
on improving crop productivity (for example Thierfelder et al.,
2012 and Mhlanga et al., 2016), but less emphasis has been placed
on the effect of these cropping systems on dietary diversity and
hence nutrition security. Here, we assessed how different reduced
tillage-based cropping systems, with or without crop diversifica-
tion, affect maize productivity, maize yield stability, total system
yields in terms of caloric energy and protein with the aim of
quantifying the potential effect on food and nutrition security.

Effects of diversification on crop and system productivity and
soil carbon

In this study, comparison of the effects of different diversified sys-
tems to a monocropping control showed significant effects on
maize grain yield. Rotating maize with legumes such as cowpeas
and soybeans increased the yield of the maize compared to inter-
cropping or no diversification at all. The legumes involved in the
rotation and intercropping systems have a high N fixing ability
and thus supplement the applied mineral fertilizers leading to
improved vyields of the subsequent maize crop (Iannetta et al.,
2016). However, in annual systems, this benefit may be lost during
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the long dry season. Also, the residual N contribution of the legu-
minous intercrops might be small or non-existent in the initial
years, and, given the level of N fertilization might also compete
for N with the maize instead of using symbiosis, at least in the ini-
tial years. Besides suppression of pest and diseases (Li et al., 2019),
crop rotations may also enhance SOC under CA (Sapkota et al.,
2017), which was the case for one of the systems under analysis
when compared to monocropping. However, the contribution of
legumes in CA systems is also debated with variable results
found under different contexts (Cheesman et al., 2016; Powlson
et al., 2016; Corbeels et al., 2019). The involved legumes had a
vigorous growth habit and may have further suppressed weeds
leading to a reduction in their numbers over time (Mhlanga
et al., 2015). All these factors contributed to the success of diver-
sification in improving maize yield.

However, there is likely to be high competition for essential
resources such as nutrients, water and light between maize and
the companion legume in intercropping systems (Madembo
et al., 2020). This compromises the yield of the maize more in
the same year than in rotation systems hence leading to higher
yield penalties (Gebru, 2015). These results are consistent with
the findings of previous studies (Rusinamhodzi et al., 2012,
2020). Thus, intercropping systems benefit from complementary
practices to support maize yields and these include use of inor-
ganic fertilizers (Kim et al., 2019; Li et al., 2019) to compensate
for the competition between companion crops. Our data show
that intercropping coupled with no-tillage and residue retention
outyielded the tillage-based control without any diversification
which highlights residual benefits in the longer term. Despite
the competition presented by the companion legumes on the
maize, there are still some residual benefits from N fixation,
weed suppression, shading effects, temperature moderation and
reduced evaporation that they present. These synergies improve
maize yield more than sole cropped maize (Rusinamhodzi et al.,
2006; Li et al, 2019). The lack of a huge difference in SOC
among the systems and depths may be attributed to the slow
process in its build-up. SOC build-up is determined by organic
C input mainly through residue retention in the case of agricul-
tural systems and SOC mineralization (Li et al., 2020). The crop-
ping systems in this study are characterized by long dry off-season
periods which limit biomass production and hence relying mainly
on maize residues for organic matter build-up, yet the amount of
the residue is too low and as well of poor quality.

Intercropping and yield stability

Despite the small benefits on grain yield, intercropping systems
have shown to be more resilient in terms of grain yield stability
measured through the Shukla stability variance (Madembo
et al., 2020). Previous meta-analytic studies by Raseduzzaman
and Jensen (2017) also confirmed that intercropping cereals
with grain legumes lead to greater yield stability as compared to
sole cropping of both the cereal or the legumes. This means
that the intercropping systems in our trials could adjust their
yield more to the environment they are practiced in to attain a
yield that is close to the average of all environments (Bonciarelli
et al., 2016). This is an important attribute especially under highly
variable rainfall as presented in this study. Farmers can still
achieve reasonable yields across the environments even when
faced with drought or above normal rainfalls. The higher stability
of intercropping as presented by results in this study can be
explained by several mechanisms: for example, (a) intercropping
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system ripline system in rotation with maize.

leads to a greater niche complementarity of the involved crops (Li
et al., 2020). If both crops are of different rooting depths, as in our
case, the deeper-rooted cowpeas (Matsui and Singh, 2003) may
extract nutrients from deeper layers and recycle them to the sur-
face where they can be used by maize (Brooker et al., 2015); (b)
shifts from complementarity to facilitation in the uptake of P
have been shown in cereal-legume intercrops especially in low P
levels and this can explain the resilience of intercrops in our
study since the soils were low in P in general (Li et al., 2016);
(c) niche differences between the maize and cowpeas may be
attributed to the promotion of efficient use of light, nutrients,
water etc. (Stomph et al., 2020; Tillman et al., 2004); (d) cereal-
legume intercrops can also modify the dynamics of communities
of active rhizospheric bacteria promoting the proliferation of
Actinobacteria which harbours many plant growth-promoting
(PGP) bacterial species (Taschen et al, 2017). We can therefore
assume that PGP bacteria play an important role in crop develop-
ment in variable environments and moderating yield. Given all
these factors and mechanisms, such cropping systems are more
buffered under variable environmental conditions thus, making
them more stable.

Nutrition and dietary diversity

Our main interest in this paper was assessing cropping systems’
effects on food security and alleviating malnutrition which are
severe challenges in southern African households and children
are the most vulnerable (Chakona and Shackleton, 2018).
Imbalanced diets mainly from the excessive consumption of car-
bohydrates such as maize causes poor dietary diversity in current
cropping systems (Akombi et al., 2017) with associated stunting
and wasting (Murendo et al., 2018). Consumption of staple
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foods such as maize may increase energy availability but does
not improve nutritional outcomes (Rajendran et al, 2017).
Thus, the integration of leguminous crops of higher nutritional
value is important which can be achieved either by intercropping
or rotating grain legumes with maize (Snapp et al., 2002; Jones
et al., 2014). Dietary diversity and its positive effect on farm
households depend on the absolute grain yields and nutritional
content of the crops involved in the cropping systems (Snapp
and Fisher, 2015).

In this study, we assessed how the integration of grain legumes,
soybeans and cowpeas, in maize-based systems improves dietary
yield as compared to maize only. We focused on caloric energy
and protein as indicators of their contribution to system dietary
diversity. Since the basic daily caloric requirement per person
per day is 2700 kcal and household size in Eastern Zambia is
five persons, we estimated that each household would need
4,927,500 kcal per year which is equivalent to 20.6 GJ per house-
hold per year. Based on this we further estimated how much sur-
plus calories each cropping system would produce. Intercropping
cowpea with maize resulted in the highest caloric energy and pro-
tein yield as compared to integrating both crops in a rotation. In
addition, intercropping systems additively combine the energy
and protein yields of constitute crops in a piece of land each
year while in rotations the contribution must be halved to accom-
modate both crops. This means that nutritional yield per unit
land is higher per year in intercropping as compared to rotations.
Maize is generally higher in carbohydrate and lower in protein
than legume grain. Legumes are also high in other essential
micronutrients such as zinc, vitamin A and iron (Messina,
1999). This means that integrating maize and a legume in a crop-
ping system in the form of intercropping may increase the dietary
diversity of a household thus reducing malnutrition. The
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intercropping system had the highest surplus caloric yield after
satisfying the required household yield per year. Thus, farmers
who practice intercrops will likely have more to trade-off for
other uses without affecting the household food security (Kim
et al., 2019). Since agriculture is a major income activity for small-
holder farmers in southern Africa, marketable surplus produce
will allow for higher monetary returns for other needs through
selling (Herforth and Harris, 2014). This kind of agriculture inter-
vention can help alleviate malnutrition through two pathways: (a)
increased caloric production and (b) increased income (Kumar
et al., 2015), thus it improves access to food while at the same
time improving dietary quality and diversity.

However, a study that used data from southern and eastern
Africa showed that on-farm cropping diversity does not always
imply dietary diversity at the household level (Sibhatu et al.,
2015). When production diversification is already high, there is
a poor association with dietary diversity due to earlier income
benefits from specialization (Chege et al., 2015). The relationship
between production and consumption is more complex as there
are other factors such as markets, alternative sources of nutrition
and off-farm income sources that need to be considered (Flora,
2009).

Implications and potential adoption constraints

The results of this study show a lot of benefits of diversifying
maize monocropping systems although attempts to incorporate
more legumes into the cropping systems have so far failed to a
large extent. The reasons for lack of widespread adoption of rota-
tional legumes or intercropping are manifold and range from lack
of availability of legume seed, lack of markets for sell and uncer-
tainties in existing markets (e.g., soybeans and pigeonpeas have
large price fluctuations). Besides this, farmers lack new knowledge
on how to grow legumes as intercrops without competition in
maize-based systems and have a great fear of food insecurity
(maize is the staple food crop and if the land area is small, farmers
believe they need to harvest enough maize to remain or become
food secure). Traditionally the Zambian government has favored
maize in farm input support programs (FISP) and only recently
a partial shift in this approach is happening. In addition, pest
and diseases are more frequent in legumes: cowpeas are heavily
affected by aphids whereas soybeans suffered from leaf diseases.
However, with increased emphasis by various initiatives in the
last decades, including new policies on diversification in Zambia
and emerging markets for such crops, there is a great push
from different ends to mainstream legume rotations and
intercropping systems as part of sustainable intensification in
smallholder farming systems of Zambia.

Conclusion

Smallholder farming systems in southern Africa are predomin-
antly based on maize monocropping with limited crop diversifica-
tion. This has resulted in low maize yields leading to food
insecurity and malnutrition. Here, we carried out on-farm trials
across six target communities in eastern Zambia to assess how
crop diversification through intercropping and maize-legume
rotations in CA systems could alleviate these problems through
the improvement of maize productivity, yield stability and contri-
butions of energy and protein to household food and nutrition
security. Results of this study show that: (a) intercropping may
lead to reduced maize yield due to competition between
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companion crops, but crop rotations will likely lead to improved
yield in the year after the legume; (b) intercrops stabilize maize
grain yields across different environments; (c) diversification
increases caloric energy and protein yields which are specifically
enhanced if maize is intercropped with a grain legume as com-
pared to rotation or no diversification.

We conclude that intercropping maize with grain legumes in
CA systems is a practicable option to improve dietary diversity,
dietary quantity and for stabilizing maize yields in smallholder
farming thus contributing to sustainable intensification of agricul-
ture systems with positive side benefits on food and nutrition
security. Intercrops increase surplus caloric yield and provide
additional grain for marketing to also improve incomes.

Limiting to this study is that we only focused on benefits on
productivity and nutrition whereas economic benefits of these
systems have been left out in this assessment. It can be assumed
that if the opportunity costs are too high with respect to labor,
capital and other variable costs, then it may be unlikely that
these systems will be adopted and traditional practices continued
over the medium- to long-term, no matter the nutritional or other
side-benefits.

We recommend a more rigorous assessment of other factors
that affect the relationship between production diversity and diet-
ary diversity such as market transactions and economic benefits to
fully understand how the investigated cropping systems affect
household dietary diversity and nutrition as well as influencing
adoption.
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