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ARTICLE INFO ABSTRACT

Editor name: Mark van Wijk Context: Adaptation to climate stress is an unprecedented challenge facing cropping systems. Most adaptation
assessments focus on how adaptation options affect yields of a single crop under different weather or climate

Keywords: conditions. Yet, cropping systems often comprise more than one crop, and holistic assessments should consider

Heat stress all crops grown in a cropping system. One adaptation option is Conservation Agriculture that is commonly

ﬁt(?mmpp g defined around a set of three principles: minimum mechanical soil disturbance, permanent soil organic cover,
aize . . o .

Malawi and crop species diversification.

No tillage Objective: Here we estimated the statistical effect of Conservation Agriculture on cropping-system yields under

Rotation historical climate conditions.
Methods: The cropping-system yields considered all crops grown including maize (Zea mays L.) and legumes in
intercropping or rotation, or both. The climate conditions included conditions of heat stress for maize and
precipitation balances during the maize growing season. Heat stress for maize was studied using growing degree
days over 30 °C. Precipitation balance was the difference between precipitation and reference evapotranspira-
tion. Data included 6296 yield observations from on-farm trials in farmer plots conducted over 14 seasons
(2005-2006 to 2018-2019) in ten communities in Malawi. These yield data were coupled with daily weather
data. We studied three treatments: (1) a Control Practice treatment where the soil was tilled, crop residues were
removed, and there was no crop species diversification, (2) a No-Tillage treatment where the soil was not tilled,
crop residues were retained, and there was no crop species diversification, and (3) a Conservation Agriculture
treatment where the soil was not tilled, crop residues were retained, and there was crop species diversification
through legume intercropping. The use of maize varieties and legume rotation changed over time; however, the
treatments studied remained the same over the entire length of the on-farm trials period in all individual
communities.
Results and conclusions: Results of our study showed that heat stress for maize had a negative effect on cropping-
system yields for non-stress-tolerant maize varieties and no legume rotation, although the Conservation Agri-
culture treatment reduced this negative effect compared with the Control Practice treatment. With the use of
stress-tolerant maize varieties and legume rotation and Conservation Agriculture, our results suggest that heat
stress for maize did not have a negative effect on cropping-system yields.
Significance: Our results demonstrate how Conservation Agriculture can improve the adaptive capacity of
cropping systems and this provides urgently needed evidence on how farmers can adapt to climate stress.

1. Introduction demand for food and improving environmental sustainability (Godfray
and Garnett, 2014) whilst adapting agriculture to an increased severity
Humanity faces an unprecedented challenge in meeting growing and frequency of climate stresses (Challinor et al., 2014; Thornton et al.,
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2014; Challinor et al., 2016). As such, we urgently need better evidence
showing how cropping systems can adapt to climate stresses (Cooper
et al., 2008; Conway et al., 2019), especially in Southern Africa (Chal-
linor et al., 2007; Thierfelder et al., 2018; Nyagumbo et al., 2020). To
address these challenges one adaptation option is Conservation Agri-
culture that is commonly defined around three management principles:
minimum mechanical soil disturbance, permanent soil organic cover,
and crop species diversification through varied crop sequences and as-
sociations (FAO, 2019). In addition to the three principles, the func-
tioning of Conservation Agriculture can be enhanced by using good
agricultural practices, some of which include planting stress-tolerant
crop varieties and appropriate nutrient supply (Sommer et al., 2014;
Thierfelder et al., 2018).

The objective of our study was to test if changes in crop management
(based on Conservation Agriculture) can make cropping systems more
adaptive to climate stress. From on-farm trials in ten communities in the
Central and Southern Region of Malawi we combined 14 seasons of yield
data with daily weather data from geo-spatial datasets to answer the
following question: what is the statistical effect of a No-Tillage or Con-
servation Agriculture treatment on cropping-system yields (considering
all crops grown) compared to a Control Practice treatment given
growing season precipitation balance (precipitation minus reference
evapotranspiration) and given growing season heat stress for maize (Zea
mays L.)? The Control Practice treatment (CP) included tillage with crop
residue removal and no legume intercropping, the No-Tillage treatment
(NT) included no tillage with crop residue retention and no legume
intercropping, and the Conservation Agriculture (CA) treatment
included no tillage with crop residue retention and legume intercrop-
ping. We estimated this statistical effect separately for three crop man-
agement strategies that were practiced during different seasons: 1) a
crop management strategy of non-stress-tolerant maize and without a
legume rotation, 2) a crop management strategy of non-stress-tolerant
maize and with a legume rotation, and 3) a crop management strategy
of stress-tolerant maize and with a legume rotation.

Two main types of studies have examined adapting cropping systems
to climate stress at the plot scale, including studies that have analyzed
Conservation Agriculture. First, several meta-analyses have positioned
the yield effect of Conservation Agriculture (or at least two of its prin-
ciples) into different contexts such as soil texture, precipitation, or a
level of aridity (Rusinamhodzi et al., 2011; Pittelkow et al., 2015; Cor-
beels et al., 2020). These studies have highlighted where yield response
ratios are higher, such as in dry climates and on well-drained soils.
Climate is typically considered in these studies by using average growing
season (or annual) precipitation (Rusinamhodzi et al., 2011; Corbeels
et al., 2020) or by using an aridity index (mean annual precipitation
divided by potential evapotranspiration) (Pittelkow et al., 2015). Sec-
ond, the vulnerability of maize (or wheat, Triticum aestivum L.) yields to
climate stress has also been quantified (Barnabas et al., 2008; Lobell
etal., 2011; Lobell et al., 2012; Cairns et al., 2013b; Bowles et al., 2020;
Shew et al., 2020). Evidence also suggests that Conservation Agriculture
can provide adaptive capacity to maize under interactive water and heat
stress for maize (Thierfelder et al., 2017; Steward et al., 2018). Some of
these studies have coupled yield data from trials with daily weather data
(Lobell et al., 2011; Lobell et al., 2012; Steward et al., 2018; Shew et al.,
2020). The studies listed in this paragraph reported the yield of indi-
vidual crops, even if the cropping systems studied included multiple
crops.

Our study takes an alternative approach to the two main types of
studies listed before. First, the existing studies in the preceding para-
graph consider the yield of one crop even if this crop is embedded in a
multi-crop system. We provide additional insights by examining
cropping-system yield, considering all crops grown, namely maize and
legumes, with legumes either grown as an intercrop or rotation or both.
Studying cropping-system yield is important because multiple cropping
is a widespread land management strategy in tropical and subtropical
agriculture (Waha et al., 2020). Second, we examined how weather
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directly interacts with treatment in a statistical model using daily
weather data (converted into seasonal indicators of precipitation bal-
ance and heat stress for maize) as an explanatory variable, rather than
using weather variables as a contextual factor. Existing studies have
tended to use more aggregate measures of climate (such as annual
growing season precipitation). Our study provides an alternative
approach to studying weather and treatment interactions by using daily
weather data over the growing season to calculate explanatory variables
for climate conditions during the maize growing season. We combined
the use of cropping-system yields and climate stress indicators from
daily weather data into one study.

2. Methods
2.1. Experimental design

2.1.1. Overview

Yield data for our study came from rainfed (non-irrigated) on-farm
trials conducted between the years 2005 (season 2005-2006) and
2019 (season 2018-2019) in ten communities across six districts in the
Central Region and Southern Region of Malawi (Table 1). Across the ten
communities, average elevation was 691 m above sea level (range
491-1166) and average annual precipitation averaged 999 mm (range
739-1352). Soils were mostly Luvisols or Lixisols. We used yield data
from 118 community-season combinations, because the start date of the
on-farm trials varied by community. Table 1 reports additional contex-
tual details for each community.

In each community, six trial replicates were established on six
farmers’ fields in any one season, set up in walking distance to be a
maximum of 2 km apart. In any one season there were between 18 and
60 farmers in total across all communities participating in the on-farm
trials. There was a range in the number of farmers participating
because communities joined the on-farm trials in different seasons
(Table 4). As part of the on-farm trials, each farmer had one field with a
land area of 3000 m2. This one field was divided into three adjacent
(side-by-side) plots and each plot had a land area of 1000 m?. Each plot
contained one of the three treatments. Therefore, each farmer was a
replicate in the on-farm trials as they managed all three treatments in
one farm. Table 2 provides the summary features of the treatment-
strategies and Fig. 1 provides a general layout of the on-farm trials.

Maize was the primary crop in the on-farm trials and Table 3 reports
the legume planted as part of intercropping or rotation. In the Conser-
vation Agriculture treatment, maize was intercropped with either
pigeonpea (Cajanus cajan (L.) Millsp) or cowpea (Vigna unguiculata (L.)
Walp). If in rotation, maize was rotated with either groundnuts (Arachis
hypogaea L.), pigeonpea, or cowpea.

Each treatment was defined around the management of tillage, res-
idue, and intercropping. Each farmer simultaneously managed three
treatments in every season but over the time sequence of the on-farm
trials the use of maize varieties and legume rotation changed
(Table 4). To organize our analysis into comparable time sequences that
captured the evolution of the use of maize varieties and legume rotation
we defined three crop management strategies. In a specific season all
treatments were in one of three crop management strategies and each
strategy was defined around two management options: (1) the maize
variety planted and (2) if legume rotation was used. The three strategies
in our study included (columns 5 and 6 of Table 2):

1. A crop management strategy based on using non-stress-tolerant
maize varieties without a legume rotation.

2. A crop management strategy based on using non-stress-tolerant
maize varieties with a legume rotation.

3. A crop management strategy based on using stress-tolerant maize
with a legume rotation.

Our study entailed a side-by-side (paired) comparison for the
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Table 1
Contextual details of each community in the on-farm trials.
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Region Community District Latitude (Decimal Longitude (Decimal Elevation Soil texture Soil Koppen Annual precipitation
Degrees) Degrees) (masl) (0-30 cm) group climate (mm)

Southern Malula Balaka —14.96 34.99 605 Loamy sand Luvisols Cwb 747 (247)

Southern  Lemu Balaka —14.80 35.02 720 Sandy loam Luvisols Cwb 809 (231)

Southern = Herbert Balaka —14.88 35.05 635 Sandy loam Luvisols Cwb 739 (257)

Southern  Matandika Machinga —15.18 35.28 688 Sandy loam Luvisols Cwa 1168 (401)

Southern  Songani Zomba —15.34 35.39 788 Clay loam Lixisols Cwa 1132 (390)

Central Chipeni Dowa —13.76 34.05 1166 Sandy loam Luvisols Cwa 820 (184)

Central Chinguluwe Salima —13.69 34.24 657 Sandy clay Lixisols Cwb 798 (184)
loam

Central Mwansambo  Nkhotakota  —13.29 34.13 632 Sandy clay Lixisols Cwb 1178 (210)
loam

Central Zidyana Nkhotakota ~ —13.23 34.26 535 Sandy clay Luvisols Cwb 1352 (300)
loam

Central Linga Nkhotakota  —12.75 34.20 491 Sandy loam Lixisols Cwb 1256 (283)

Notes: Elevation, soil texture, and precipitation values adapted from Thierfelder et al. (2013). Precipitation values are average with standard deviation in parenthesis.
For Koppen climate, Cwb is temperate climate, dry winter, and hot summer, and Cwa is temperate climate, dry winter, and warm summer (Peel et al., 2007). Elevation
is in meters above sea level (masl). Soil group is the most probable Reference Soil Group based on the World Reference Base for Soil Resources (IUSS, 2006) using each

community’s latitude and longitude in SoilGrids (Hengl et al., 2017).

Table 2
Summary features of treatments and crop management strategies.
Treatment Tillage?  Retain Legume
residues? intercrop?

Strategy Stress- Legume
tolerant rotation?
maize
variety?

Control Yes No No No No

practice

No tillage No Yes No No No

Conservation No Yes Yes No No

agriculture

Control Yes No No No Yes

practice

No-tillage No Yes No No Yes

Conservation No Yes Yes No Yes

agriculture

Control Yes No No Yes Yes

practice

No-Tillage No Yes No Yes Yes

Conservation No Yes Yes Yes Yes

agriculture

Notes: Tillage was based on the ridge and furrow system where annual ridges
were formed approximately 75 cm apart. For the intercrop column, “No” means
maize was not intercropped with a legume, and “Yes” means maize was inter-
cropped with a legume. For the rotation column, “No” means maize was not
rotated with a legume (i.e., maize in one season then maize again in the
following season) and “Yes” means maize was rotated with a legume (i.e., maize
in one season then a legume in the following season, using a phased rotation).

treatments (Control Practice, No-Tillage, and Conservation Agriculture),
but no side-by-side (paired) comparison for rotation.

2.1.2. Treatments

There were three treatments in the experiment: Control Practice (CP)
treatment, No-Tillage (NT) treatment, and Conservation Agriculture
(CA) treatment. The two treatments that include some or all the three
principles of Conservation Agriculture include 1) a No-Tillage treatment
with no intercropping, and 2) a Conservation Agriculture maize-legume
intercrop treatment. Both the No-Tillage and Conservation Agriculture
treatments had crop residues retained in the plot as a surface mulch. The
definition of treatment in our study is unrelated to rotation (Section
2.1.4).

The Control Practice treatment refers to the use of tillage, based on
the ridge and furrow system, where annual ridges were formed
approximately 75 cm apart, and there was no intercropping. For the

Control Practice treatment, crop residues were typically grazed, burned
or removed from the plot for other uses such as composting, with some
remaining crop residues placed in the furrow before forming the ridges
in September or October of each year. The ridges were then re-built on
top of the few buried residues. The row spacing was 75 cm and the in-
row spacing was 25 cm to achieve a target plant population of approx-
imately 53,333 plants ha~! following the Sasakawa Global 2000 plant
spacing recommendation (Ito et al., 2007). Planting was done with a
hand hoe or pointed stick on the ridges. Weed control was achieved by
reforming the ridge, locally called banking, which scrapes the weeds off
during this action. Weeding was limited to two, seldom three, operations
and stopped when maize reached the tasseling/silking stage, so final
weed emergence and proliferation was often not fully controlled.

For the No-Tillage treatment, maize was direct-seeded into untilled
soil with a pointed stick (dibble stick) in rows spaced 75 cm apart and an
in-row spacing of 25 cm to achieve a target plant population of
approximately 53,333 plants ha!. Previous ridges were not maintained
and subsided over time. In the first season, crop residues were applied in
the form of maize stalks at a rate of 2500 kg ha!. From there onwards,
the crop residues were retained in the plot and manually spread evenly
over the soil surface (i.e., retained in the plot in situ). Initially, weed
control was achieved through an application of a mixture of 2.5 1 ha™!
glyphosate (N-(phosphono-methyl) glycine) and 6 1 ha™! of Bullet®
(25.4% Alachlor (2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)
acetamide) and 14.5% atrazine (2-Chloro-4-ethylamino-6-iso-
propylamino-1,3,5-triazine). This was applied as a pre-emergence her-
bicide after planting. In 2010, Bullet was replaced by the more
environmentally benign herbicide Harness® (acetochlor (2-ethyl-6-
methylphenyl-d11)) at a rate of 1 1 ha™" in the five communities in the
Central Region and from 2017 onwards in all communities. Weeds were
further hoe weeded when they reached 10 cm height or 10 cm in
circumference.

For the Conservation Agriculture treatment, maize was planted and
managed in the same way as in the No-Tillage treatment with the same
maize planting density but in the Conservation Agriculture treatment
maize was intercropped with either pigeonpea (Southern Region of
Malawi) or cowpea (Central Region of Malawi) (Table 3). In the Con-
servation Agriculture treatment, intercropping occurred when there was
the simultaneous presence of maize and a legume in a plot with the
legume planted between maize rows. The intercropped legumes were
planted between the maize rows at an in-row spacing of 40 cm for
cowpea or 50 cm for pigeonpea. For intercropped cowpea, 2 to 3 seeds
were normally planted per station and this was thinned to a single plant
(target population 33,333 plants ha™!). For intercropped pigeonpea, 5 to
7 seeds were normally planted per station and this was thinned to a
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Fig. 1. General layout of the on-farm trials conducted over 14 seasons (2005-2006 to 2018-2019) in ten communities in the Central Region and Southern Region of
Malawi. The three treatments of Control Practice, No-Tillage, and Conservation Agriculture were maintained across the entire period of the on-farm trials in different
crop management strategies (combinations of maize varieties and rotation). The start season and end season of each strategy differed by community (Table 4).
Control Practice = tillage and residue removal, No-Tillage = no tillage and residue retention, and Conservation Agriculture = no tillage, residue retention, and maize-

legume intercropping.

Table 3
Intercropping and rotation crops planted in on-farm trials.

Community Intercropped legume Rotational legume
Malula Pigeonpea Pigeonpea
Lemu Pigeonpea Groundnuts
Herbert Pigeonpea or cowpea Cowpea
Matandika Pigeonpea Pigeonpea
Songani Pigeonpea Pigeonpea
Chipeni Cowpea Groundnuts
Chinguluwe Cowpea Groundnuts
Mwansambo Cowpea Groundnuts
Zidyana Cowpea Groundnuts
Linga Cowpea Groundnuts

Notes: Farmers in Herbert rejected the pigeonpea after the first rotational season
due to limited selling options and a lack of interest in the crop. They opted for
cowpea thereafter.

single plant (target population 26,666 plants ha™!). Table 3 reports the
crop planted as the intercrop in each community. As in the No-Tillage
treatment a pointed stick was used to plant by making two small holes
for the seed and fertilizer at each planting station. Weed control was
achieved through the application of glyphosate at 2.5 1 ha™! post-
planting followed by manual weeding as in the No-Tillage treatment.

No residual herbicide (bullet) was initially applied to these plots. In later
seasons, the post emergence herbicide harness was also applied (as in
the No-Tillage treatment) to the Conservation Agriculture treatment as it
does not affect legumes.

The management of the three treatments has remained the same
since the on-farm trials commenced (apart from any minor changes
mentioned in this Section 2.1.2) and is based on the initial experimental
design (Thierfelder et al., 2013). We maintained the specific treatment
labels in this study although strictly speaking, when regular annual ro-
tations started in 2011, the No-Tillage treatment can also be regarded as
“Conservation Agriculture” according to the FAO (2019) definition. The
Control Practice is considered a control treatment so we could estimate
the statistical effect of the No-Tillage and Conservation Agriculture
treatments on cropping-system yields.

In all three treatments the quantity of crop residues that were either
retained in No-Tillage or Conservation Agriculture or removed in the
Control Practice from the plot were the quantity that was produced by
the farmer in situ. It was actively discouraged each season for farmers to
transfer crop residues from their Control Practice plot to their plots with
No-Tillage or Conservation Agriculture. But given that farmers managed
the day-to-day operations of the trials, it was inevitable that these
transfers occurred occasionally — one reason being that mice hunters
burned crop residues in the No-Tillage and Conservation Agriculture

Table 4
Start and end season for each crop management strategy in on-farm trials.
Stress-tolerant maize variety? No No No No Yes Yes
Legume rotation? No No Yes Yes Yes Yes
Community Start season End season Start season End season Start season End season
Malula 2008-2009 2011-2012 2012-2013 2018-2019 2013-2014 2018-2019
Lemu 2005-2006 2010-2011 2011-2012 2018-2019 2013-2014 2018-2019
Herbert 2007-2008 2011-2012 2012-2013 2018-2019 2013-2014 2018-2019
Matandika 2006-2007 2011-2012 2012-2013 2018-2019 2013-2014 2018-2019
Songani 2008-2009 2012-2013 2013-2014 2017-2018 2013-2014 2017-2018
Chipeni 2007-2008 2011-2012 2012-2013 2018-2019 2013-2014 2018-2019
Chinguluwe 2006-2007 2012-2013 2013-2014 2018-2019 2013-2014 2018-2019
Mwansambo 2005-2006 2010-2011 2011-2012 2018-2019 2013-2014 2018-2019
Zidyana 2007-2008 2012-2013 2013-2014 2018-2019 2013-2014 2018-2019
Linga 2005-2006 2010-2011 2011-2012 2018-2019 2013-2014 2018-2019

Notes: strategy is a combination of maize variety planted and use of legume rotation.
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treatments in search of mice, and these crop residues were then replaced
to not leave the plots in the No-Tillage and Conservation Agriculture
treatments uncovered. These occasional transfers were within the same
farm only and always in accordance with the principles of Conservation
Agriculture.

All three treatments received a uniform fertilizer application rate of
69 kg N ha~! which was supplied as 100 kg of N:P:K ha™! (23:21:0 + 4S)
at planting and 100 kg urea ha™! (46% N) at approximately three weeks
after planting (total nutrient content applied was 69 kg N ha™!: 21 kg
P,0s ha k0 kg K20 ha L 4 kg S ha™) to the maize. The rotated le-
gumes received a basal fertilization of 100 kg of N:P:K ha™! (23,21:0 +
4S) at planting only. This application rate followed the general recom-
mendations of the Malawian Government at the time the on-farm trials
commenced and was maintained in every season. Intercropped legumes
did not receive an extra dose of fertilizer, and therefore competed with
maize for the fertilizer applied to the treatment.

2.1.3. Varieties planted

The maize variety planted was the first management option that
defined each of the three crop management strategies studied. The on-
farm trials included both stress-tolerant and non-stress-tolerant maize
varieties. Before the 2013-2014 season only non-stress-tolerant maize
varieties were planted, and from the 2013-2014 season onwards both
stress-tolerant and non-stress-tolerant maize varieties were planted
(Table 4). From the 2013-2014 season onwards, all subplots in the
maize phase of the rotation were allocated one of five varieties, four
stress-tolerant maize varieties and one non-stress-tolerant maize variety.
Aland area of 100 m? was planted to each of the five varieties (Fig. 1). In
each of the three strategies, each farmer used the same maize varieties
on all plots in a season. The maize varieties planted were the result of the
rapid-cycle breeding program at CIMMYT that aims to deliver improved
varieties with tolerance to drought stress, heat stress, and low-nitrogen
stress to the Southern African region (Cairns et al., 2013a; Masuka et al.,
2017a; Masuka et al., 2017b; Setimela et al., 2017; Setimela et al.,
2018).

In total 11 maize varieties were part of the on-farm trials (Table 5). In
general, the four hybrids of PAN53, MH30, MH31, and SC719 have some
tolerance to both water and heat stress, the medium maturing PAN53
has been tested for water and heat stress. SC719 is a medium to long-
season hybrid from Seed Co selected under drought. The medium
maturing MH30 and MH31 have two parental lines that also went
through screening for water and heat stress. ZM523 and ZM309 are
Open Pollinated Varieties which are made up of many parental lines and
they went through screening for water stress before being released. In
general, the selected hybrids used are considered more tolerant to heat
and water stress than the Open Pollinated Varieties.

Legume varieties planted in the on-farm trials for both the inter-
cropped legume and the legume in the rotation included the CG7 variety
for groundnuts, pigeonpea variety ICEAP 00557, and cowpea variety
Sudan.

2.1.4. Rotation

The use of legume rotation was the second management option that
defined each of the three crop management strategies studied. Table 3
and Table 4 provide details on rotation management, including crop
planted and year started. For plots in rotation, there were two phases of
the rotation: (1) a maize phase where the crop planted in the current
season was maize and the crop planted in the subsequent season was a
legume, and (2) a legume phase where the crop planted in the current
season was a legume and the crop planted in the subsequent season was
maize. All phases of the rotation were present in each season. For the
plots in rotation, all plots were divided into two subplots and both
subplots had a land area of 500 m?. One subplot was for the maize phase
of the rotation and one subplot was for the legume phase of the rotation.

The planting density for the sole crop legume in the maize-legume
rotations was as follows. Rotated groundnuts (in Linga, Mwansambo,
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Table 5
Maize varieties planted by community and crop management strategy in the on-
farm trials.

Stress- No No Yes
tolerant
maize
variety?
Legume No Yes Yes
rotation?
Community
Malula DK8033, DKC8053 MH30,
DKC8053 PANS53,
ZM523,
MH31,
ZM309
Lemu DK8033, DKC8053 MH30,
DKC8053 PANS53,
ZM523,
MH31,
ZM309
Herbert DK8033, DKC8053 MH30,
DKC8053 PANS53,
ZM523,
MH31,
ZM309
Matandika DK8033, DKC8053 MH30,
DKC8053, PANS53,
DKC9089, ZM523,
SC627 MH31,
SC719
Songani DK8033, DKC8053 MH30,
DKC8053, PANS53,
DKC9089 ZM523,
MH31,
SC719
Chipeni DK8033, DKC8053, MH30,
DKC8053, DKC9053, PANS3,
SC627 DKC9089 ZM523,
MH31,
SC719
Chinguluwe DKC8053, DKC8053, MH30,
DKC9089 DKC9053, PANS53,
DKC9089 ZM523,
MH31,
SC719
Mwansambo DK8033, DKC8053, MH30,
DKC8053, DKC9053, PANS3,
SC627 DKC9089 ZM523,
MH31,
SC719
Zidyana DK8033, DKC8053, MH30,
DKC8053, DKC9053, PANS53,
SC627 DKC9089 ZM523,
MH31,
SC719
Linga DKC8053, DKC8053, MH30,
DKC9089 DKC9053, PANS3,
DKC9089 ZM523,
MH31,
SC719

Notes: Strategy is a combination of maize variety planted and use of legume
rotation.

Zidyana, Chipeni, Chiguluwe, and Lemu) were planted on ridges in the
Control Practice treatment with rotation on 75 cm row spacing and 20
cm in-row spacing (target population 66,666 plants ha™1). Rotated
groundnuts in the No-Tillage and Conservation Agriculture treatments
were planted on the flat at half row spacing of 37.5 cm x 20 cm (target
population 133,333 plants ha™1). For groundnuts, one seed was planted
per station. Rotated pigeonpea (Malula, Matandika and Songani) had a
row spacing of 75 cm by 50 cm in-row spacing (target population 26,666
plants ha™?) for all three treatments with one seed planted per station.
Finally, rotated cowpea (Herbert) were seeded at 75 cm row by 20 cm in-
row spacing (target population 66,666 plants ha™!) in the Control
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Practice treatment and were seeded at 37.5 cm row by 20 cm in-row
spacing (target population 133,333 plants ha™') in the No-Tillage and
Conservation Agriculture treatments. For cowpea, one seed was planted
per station. Flat planting in the No-Tillage and Conservation Agriculture
treatments tended to allow for a higher plant population for groundnuts
and cowpea whereas pigeonpea cannot increase its population due to its
growth habit.

2.1.5. Grain measurements

Maize yield was estimated from ten subsamples per treatment, each
subsample was taken from a land area of 7.5 m? (total harvest from a
land area of 75 m?). In later seasons, two subsamples were harvested per
maize variety. All maize was harvested separately at physiological
maturity and the fresh cobs and biomass weighed in the field. A sub-
sample was taken and weighed, dried, shelled, re-weighed and a grain
moisture measurement taken. The yield data was then converted into
maize grain yield in kg ha™! at 12.5% moisture content. Intercropped
and rotated groundnuts and cowpea were harvested at physiological
maturity (usually March-May of each year). Sometimes a second
cowpea crop could be seeded in Herbert if there was enough soil mois-
ture. Pigeonpea grain was harvested in August or September once pods
reached physiological maturity. Crop residues of both legumes were
maintained in the field.

All on-farm trials were managed on a day-to-day basis by the farmers
based on the study protocol regarding on-farm management, and this
was done in coordination with resident extension officers, either from
the Governmental extension services or from the non-profit, non-gov-
ernment regional organization Total LandCare. Researchers from the
Department of Research Services and the International Maize and Wheat
Improvement Center (CIMMYT) provided scientific oversight
throughout the whole duration of the on-farm trials. Maize planting was
done after the first effective rains in each community, which usually
occurred between the last week of November and mid-December in each
season. In some seasons, maize planting occurred only at the beginning
of January due to the late onset of the season or insufficient initial
precipitation. Maize was typically harvested in April or May of each
season.

2.2. Cropping-system yield calculation

For each treatment-strategy in Table 2, we calculated the annual
grain yield for all crops (kg dry matter ha ') and an annual cropping-
system yield in energy (gigajoules (GJ) ha™!). The cropping-system
yield was defined as the per hectare total grain yield from all crops
grown (maize or maize and legumes, depending on the treatment-
strategy) in a treatment-strategy-season. In plots under maize-legume
rotation, each phase of the rotation was represented simultaneously in
subplots (of equal land area) for either the maize phase or the legume
phase. And the cropping-system yield was calculated by summing the
yield across both subplots, either maize plus rotation legume, or maize
and intercropped legume plus rotation legume. Table SI.1 provides
additional details on the calculation of cropping-system yield. Existing
studies have also used gigajoules for cropping-system yield (Parihar
etal., 2016; Guilpart et al., 2017; Silva et al., 2017). The energy content
per 100 g of each crop equaled 353 kcal for maize, 316 kcal for cowpea,
301 kcal for pigeonpea, and 578 kcal for groundnuts (Smith et al., 2016).

2.3. Climate stress data and calculations

To examine how climate stress affected yields, we first obtained
weather data from two sources for each of the ten communities. Our
study used the word stress to describe a situation that may lead to de-
creases in crop growth and reproduction below the crop’s yield potential
(Osmond et al., 1987).

Daily precipitation data (in mm) between January 1st 2005 and
August 31st 2019 was sourced from the Climate Hazards Group InfraRed
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Precipitation with Station data (CHIRPS) dataset (Funk et al., 2015) that
has a spatial resolution of 0.05 degree x 0.05 degree. These CHIRPS data
have been compared with rain gauge data across the globe (Funk et al.,
2015) and specifically in Eastern and Southern Africa including in
Malawi (Dinku et al., 2018; Muthoni et al., 2019). In Africa, CHIRPS
data have been used in existing studies to test how yields respond to
changes in weather (Steward et al., 2018; Michler et al., 2019; Mutuku
et al., 2020).

Six weather parameters for each day between January 1st 2005 and
August 31st 2019 were sourced from the NASA Prediction Of Worldwide
Energy Resources (POWER) dataset (NASA, 2020) that has a spatial
resolution of 0.5 degree x 0.5 degree. The six parameters were: 1)
relative humidity (%), 2) atmospheric pressure at surface (kPa), 3) daily
minimum air temperature (°C), 4) daily maximum air temperature (°C),
5) wind speed at 2 m height, (m per second), and 6) incoming solar
radiation, based on daily MJ m2 The NASA POWER data have been
compared to daily data from ground stations across the globe (Stack-
house Jr, 2019), and specifically in Eastern and Southern Africa (Van
Wart et al., 2015). Data from NASA POWER have been previously used
in the study of yields and weather (Komarek et al., 2019; Nyagumbo
et al., 2020).

We computed precipitation balance and heat stress for maize using
the weather data to examine how they affect cropping-system yield.
Extension officers recorded planting and harvest dates in all 118
community-season combinations of data. The average days to maturity
for maize (length of growing season, days between planting and harvest)
was 137 days (range 104-190). The planting and harvest dates were
used to determine if a daily weather observation was part of the growing
season for calculating precipitation balance and heat stress for maize
over the growing season. We examined precipitation balances and heat
stress for maize over the growing season.

We calculated the precipitation balance for the growing season as
precipitation minus reference evapotranspiration using the Penman-
Monteith method (Zotarelli et al., 2010). Precipitation outside the
maize growing season was minimal (Fig. SI.2). Precipitation data came
from CHIRPS and all non-precipitation weather data came from NASA
POWER. Elevation data came from Thierfelder et al. (2013) and was
collected in each community. We computed precipitation balance as the
sum of all daily precipitation balances during the growing season. Our
precipitation balance is similar to the Standardized Precipitation
Evapotranspiration Index that uses the monthly (or weekly) difference
between precipitation and reference evapotranspiration (Vicente-
Serrano et al., 2010), but we use daily weather data. Reference evapo-
transpiration was calculated using a uniform surface of actively growing
vegetation (Zotarelli et al., 2010). Crops can experience several types of
water-related stress in response to the water balance or soil water
availability or both at different stages of crop growth and reproduction,
for brevity we use the phrase precipitation balance hereinafter to refer to
the range of precipitation balance values in our entire dataset across all
treatment-strategy combinations.

We calculated heat stress for maize using the sum of growing degree
days (GDD) above 30 °C during the maize growing season (Lobell et al.,
2011; Steward et al., 2018), labelled GDD3y. In our results, heat stress
refers to heat stress for maize. Growing degree days were estimated from
daily minimum and maximum temperatures at each community over the
growing season using eq. (1):

N 0 if T < Thuse
GDDypaseopr = »_DD,; DD = T, = Tpue i Tpae T, <Tpp o (D)
=1 Tapz — Thase if T, > Topl

In Eq. (1) t is an individual time step (hour) within the growing
season, Ty is the average temperature during this time step (determined
by interpolating between the minimum and maximum temperature with
a sin curve) and N is the number of hours between planting and harvest.
Using eq. (1) we calculated GDDj3p; that corresponds to Tpase = 30 °C,
and Top; = oo. All temperature data for calculating heat stress for maize
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came from NASA POWER. GDDj3g; is a measure of exposure to tem-
peratures above a threshold at which warming can be quite harmful to
the growth and reproductive processes of maize (Schlenker and Lobell,
2010), and this measure has been used in existing studies (Lobell et al.,
2011; Steward et al., 2018).

2.4. Statistical analyses

We used linear mixed-effects models to examine the effect of each
treatment on cropping-system yield, and how these treatment effects
depend on precipitation balance and heat stress for maize. We per-
formed the statistical analyses using the lmer function in the ‘lme4’
package (Bates et al., 2015) in R version 3.6.1 (R, 2020). We first
specified a global model that included all explanatory variables and
their interactions that we suspected may affect cropping-system yields
(eq. 2).

sqri(sysYld)=tmnt x poly(PB,2) x log,(GDD3y, + 1) +tmnt x log, (duration)+
(1| community /farmer)+ (1|mzVar)

(2)

In Eq. (2), sysYld = annual cropping-system yield in GJ ha~! and is a
numerical variable (sqrt = square root), tmnt = fixed effect for treat-
ment and is a nominal categorical variable with three classes (Control
Practice, No-Tillage, and Conservation Agriculture), PB = precipitation
balance (precipitation minus reference evapotranspiration) over the
growing season in mm and is a numerical variable, poly(PB,2) = a
second-degree orthogonal polynomial for precipitation balance,
GDDj3p, = our measure of heat stress for maize calculated as the sum of
growing degree days over 30 °C for the growing season and is a nu-
merical variable, duration = the total number of seasons a plot has been
in the on-farm trials and is a numerical variable, community = name of
community (nominal categorical variable), farmer = anonymized
farmer identification (nominal categorical variable), and mzVar = maize
variety planted (nominal categorical variable). We specified a random
effect for each community and the effect of farmer was nested in com-
munity to control for spatial auto correlation within the dataset. We also
included a random effect for the maize variety planted. We undertook
variable transformation and standardization to avert issues of model
scaling and non-symmetric distributions of variables, and to improve
convergence of the model’s fitting algorithm (Zuur et al., 2009). We
transformed numerical variables in eq. (2) using either a square root or
natural logarithm, based on the magnitude of the variable’s positive
skewness (Tabachnick and Fidell, 2007) (Fig. SI.1). We standardized all
numerical variables to have a zero mean and standard deviation of one
(i.e. p =0 and o = 1) across the entire dataset. The standardization was
done by pooling all observations for each variable across the entire
dataset. For the variables that we transformed we standardized the
transformed version of the variable.

Variable choices and their interaction terms in the global model were
made a priori based on existing research and our understanding of
Conservation Agriculture and climate within the on-farm trials. For
variable choice, maize-based studies in Southern Africa have shown that
precipitation balance and heat stress for maize interact (Steward et al.,
2018). An inverted U-shaped relationship can exist between yields and
precipitation (Rusinamhodzi et al., 2011). We therefore included a
quadratic term for precipitation balance using a second-degree orthog-
onal polynomial. The variable GDDg (as a linear term) has been used
to study heat stress for maize (Lobell et al., 2011). Duration was
included as existing research has shown that crop yield performance
under conservation agriculture can improve over time (Corbeels et al.,
2014; Thierfelder et al., 2015; Corbeels et al., 2020). Although we sus-
pected the variables in Eq. (2) may affect cropping-system yields in our
dataset, this suspicion needed testing. We estimated models separately
for each of the three crop management strategies (Section 2.1.1). One
regression was run for each strategy, i.e., the regression for each strategy
was considered by taking a subset of the entire dataset based on the type
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of maize variety and rotation.

Model selection aimed to identify a suitable and parsimonious
approximating model for predicting cropping-system yield. This selec-
tion involved trade-offs between model bias and model precision (Zuur
et al,, 2009). Model selection involved estimating eight candidate
models with Maximum Likelihood. Candidate models included combi-
nations of the global model: (1) a 2-way interaction between climate
(precipitation balance and heat stress for maize) and treatment, or a 3-
way interaction between climate and treatment, (2) a linear or quadratic
specification of precipitation balance, and (3) with or without duration
(and its interaction with treatment). We included candidate models
based on our understanding of Conservation Agriculture and how it may
interact with climate, rather than using an all-subset approach of the
global model. We used multi-model inference and compared candidate
models within each the three strategies based on each model’s Akaike
information criterion (AIC) with a correction for finite sample sizes
(AICc) (Akaike, 1974; Burnham and Anderson, 2002). Supplementary
Information: statistical analyses provides additional information on
model selection. We generated a 95% confidence set of models from the
candidate models based on a cumulative Akaike weight < 0.95. From
the candidate models we retained the model with the lowest AICc within
each of the three strategies. We used Restricted Maximum Likelihood to
estimate the retained models. Parametric bootstrapping procedures with
the ‘lmeresampler’ package were used to generate 95% confidence in-
tervals for estimated coefficients in the retained models using 10,000
iterations (Loy and Steele, 2016). Estimated coefficients were consid-
ered significant if the 95% confidence intervals did not overlap with zero
and if the P value was <0.05 using the Kenward-Roger approximation of
the degrees of freedom (Kenward and Roger, 1997). For model as-
sumptions, we inspected the normality of residuals with quantile-
quantile plots and inspected residual versus predicted values for the
homogeneity assumption (Zuur et al., 2009).

3. Results

Summary descriptive (non-inferential) statistics suggest that across
all communities and seasons average cropping-system yield and maize
yield was higher in the No-Tillage and Conservation Agriculture treat-
ments than in the Control Practice treatment (Table 6). The total energy
content of the cropping-system yield under rotation was on average 73%
maize and 27% legumes (range by treatment-strategy in Table SIL.3).
Cropping-system yields displayed substantial variation among
community-season. Cropping-system yields in the Control Practice
treatment had a higher coefficient of variation than in the No-Tillage or
Conservation Agriculture treatments. Average growing season precipi-
tation balance across all communities and seasons was —28 mm (range
— 401 to 431) (range across community-season in Fig. SI.3). Average
growing season GDDsg, across all communities and seasons was 3.0
(range 0-33.5) (range across community-season in Fig. SI.4). The non-
inferential statistics in Table 6 highlight considerable variation in
cropping-system yield among the treatments. Although statistical ana-
lyses are needed to test if treatment (and its interaction with climate)
had a significant effect on cropping-system yield.

For the statistical analyses, one candidate model was the suitable and
parsimonious approximating model in the strategy with non-stress-
tolerant maize and no rotation and in the strategy with stress-tolerant
maize and rotation. In other words, only one model was in the 95%
confidence set for these two crop management strategies. For the
strategy with non-stress-tolerant maize and rotation, there were four
models in the 95% confidence set of models and in this strategy we
retained the model with the lowest AICc (Table SI. 4). The proportion of
variance explained by the fixed effects (marginal R?) and random effects
(conditional RZ — marginal R%) was 0.216 and 0.378 in the strategy with
non-stress-tolerant maize and no rotation, was 0.168 and 0.316 in the
strategy with non-stress-tolerant maize and rotation, and was 0.187 and
0.347 in the strategy with stress-tolerant maize and rotation.
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Table 6
Descriptive summary (non-inferential statistics) for annual cropping-system yields and maize yields.
Stress-tolerant maize variety? No No No No No No Yes Yes Yes
Legume rotation? No No No Yes Yes Yes Yes Yes Yes
Treatment CP NT CA CP NT CA CP NT CA
Yield Summary statistic
Cropping system (GJ ha™!) N 285 285 285 457 458 458 1356 1356 1356
Average 54.0 72.6 75.2 33.4 47.1 48.3 33.2 44.3 47.0
Minimum 8.1 22.6 26.3 5.3 8.5 8.0 6.2 6.0 6.1
Maximum 135.2 138.5 147.2 101.6 130.1 94.7 103.8 126 112.8
Ccv 0.47 0.35 0.33 0.45 0.41 0.38 0.45 0.42 0.39
Maize (kg ha™1) N 281 281 281 457 458 458 1356 1356 1356
Average 3654 4896 4857 3327 4377 4215 3347 4131 4080
Minimum 545 1531 1669 285 613 317 121 291 232
Maximum 9148 9372 9959 9111 10,044 10,061 12,569 13,986 14,134
cv 0.47 0.35 0.34 0.49 0.44 0.45 0.53 0.47 0.48

Notes: CP = Control Practice (tillage and residue removal), NT = No-Tillage (no tillage and residue retention), and CA = Conservation Agriculture (no tillage, residue
retention, and maize-legume intercropping). N is number of observations. CV is coefficient of variation defined as the average for all communities and seasons divided
by standard deviation for all communities and seasons. Table SI1.2 reports yields for the individual legume crops.

Unexplained variance existed in our estimation of cropping-system
yields (Supplementary Information: statistical analyses).

Predicted cropping-system yields in the No-Tillage and Conservation
Agriculture treatments were significantly greater than in the Control

Practice treatment (Table 7). Precipitation balance had a significant
positive effect on cropping-system yield if under rotation (Fig. 2). But a
point occurred where cropping-system yields started to plateau or even
decline as precipitation balance increased. These points were significant

Table 7

Linear mixed-effects model results for predicted cropping-system yield.
Stress-tolerant maize ~ No No Yes
variety?
Legume rotation? No Yes Yes
Variable Coefficient ~ 95% confidence P value Coefficient ~ 95% confidence P value Coefficient ~ 95% confidence P value

interval interval interval

CP:intercept 0.104 —0.396-0.623 0.707 —0.439 —0.747 to —0.129 0.016** —0.567 —0.891 to —0.241
NT 0.762 0.635-0.888 <0.001*** 0.690 0.593-0.789 <0.001*** 0.595 0.531-0.659
CA 0.877 0.753-1.003 <0.001%*** 0.796 0.697-0.893 <0.001*** 0.735 0.671-0.800 <0.001%***
PB —0.274 —3.738-3.118 0.876 0.135 0.053-0.216 0.001*** 15.297 11.211-19.478 <0.001***
GDD3. —0.255 —0.346 to —0.163 <0.001*** 0.072 —0.023-0.166 0.136 0.153 0.099-0.206 <0.001***
NT:PB —2.228 —5.999-1.608 0.257 0.028 —0.080-0.134 0.612 1.416 —4.056-6.790 0.615
CA:PB 0.021 —3.763-3.933 0.991 0.151 0.044-0.260 0.006%** 6.464 0.918-12.004 0.022%*
NT:GDD3o+ 0.210 0.101-0.317 <0.001*** 0.040 —0.084-0.163 0.526 0.017 —0.054-0.088 0.633
CA:GDD3q 0.256 0.147-0.364 <0.001%*** 0.171 0.046-0.295 0.007*** 0.065 —0.007-0.136 0.073*
PB:GDD3o ., -3.117 —5.512 to —0.742 0.011** 0.112 0.029-0.193 0.006*** 11.307 6.026-16.502 <0.001%***
NT:PB:GDD3o.+ 0.029 —0.079-0.135 0.595 4.795 —2.300-11.729 0.181
CA:PB:GDD3q 0.122 0.016-0.228 0.026** 7.153 0.195-14.306 0.046**
PB2 —5.367 —8.152 to —2.548 <0.001%*** —6.575 —10.104 to —3.065 <0.001%***
PB2:GDDg - —5.299 —7.947 to —2.691 <0.001*** 2.545 —0.295-5.386 0.076*
NT:PB2 —0.345 —3.903-3.268 0.851 5.075 0.394-9.662 0.033**
NT:PB2:GDDs3q -1.749 —5.530-2.089 0.367
CA:PB2 —0.323 —3.890-3.251 0.860 3.031 —1.633-7.762 0.203
CA:PB2:GDD3q -0.277 —4.154-3.578 0.886
duration —0.305 —0.431 to —0.182 <0.001%**
NT:duration 0.017 —0.121-0.159 0.812
CA:duration 0.131 —0.009-0.269 0.070*
Random effects
o? 0.50 0.54 0.52

Too

ICC

Total observations
Marginal R? /
Conditional R?

0.14 farmer:community
0.17 community

0.16 mazvar

0.48

91 farmer

10 community

4 mzvar

855

0.216 / 0.594

0.11 farmer:community
0.20 community

0.02 mzvar

0.38

97 farmer

10 community

4 mzvar

1373

0.168 / 0.484

0.12 farmer:community
0.21 community

0.05 mzvar

0.43

96 farmer

10 community

6 mzvar

4068

0.187 / 0.534

Notes: CP = Control Practice (tillage and residue removal), NT = No-Tillage (no tillage and residue retention), and CA = Conservation Agriculture (no tillage, residue
retention, and maize-legume intercropping). PB = precipitation balance, PB2 = (precipitation balance)?, GDDso, = sum of growing degree days above 30 °C, and
duration is number of seasons in on-farm trials. All numerical variables are standardized to p = 0 and ¢ =1 across entire dataset. *P < 0.1; **P < 0.05; ***P < 0.01.
Nakagawa et al. (2017) conditional and marginal R? reported. Figs. SI.5-SL6 are plots for normality of residuals and homogeneity.
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Non-stress-tolerant maize without rotation

Non-stress-tolerant maize with rotation
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Stress-tolerant maize with rotation
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Precipitation balance: precipitation minus reference evapotranspiration (standardized)

Treatment [ control practice (CP) [ no-tillage (NT) [H conservation agriculture (CA)

Fig. 2. Predicted effect of growing season precipitation balance on cropping-system yield. Standardized units: p = 0 and ¢ =1, and the zero average translates to —28
mm for precipitation balance. Lines are for the predicted values of cropping-system yield for the retained models. Precipitation balance used a linear specification in
the strategy of non-stress-tolerant maize with rotation, and a quadratic specification (a second-degree orthogonal polynomial) in the other two strategies. Markers are
the raw data. All other numerical explanatory variables held constant at their average. Shading around each line is the 95% confidence interval.

in the strategies with non-stress-tolerant maize and no rotation and with
stress-tolerant maize and rotation. Heat stress for maize had a significant
negative effect on cropping-system yield in the strategy of non-stress-
tolerant maize and no rotation (Fig. 3). However, in this strategy the
negative effect of heat stress for maize was significantly less in the No-
Tillage and Conservation Agriculture treatments. For stress-tolerant
maize under rotation, cropping-system yields showed a significant in-
crease as heat stress for maize increased.

Fig. 4 and Table 7 report how precipitation balance and heat stress
for maize simultaneously affected predicted cropping-system yields. For
non-stress-tolerant maize and no rotation, heat stress for maize had a
significant negative effect on cropping-system yield. This negative effect
was more pronounced at higher and lower levels of precipitation

Non-stress-tolerant maize without rotation

Non-stress-tolerant maize with rotation

balance. For non-stress-tolerant maize and no rotation (top row of
Fig. 4), the interaction between precipitation balance and heat stress for
maize was significantly negative. Under rotation (middle and bottom
row of Fig. 4) heat stress for maize did not reduce cropping-system
yields, and legume yields appeared less effected by heat stress for
maize than maize yields (Figs. SI.7-SL.8). In the strategy of stress-
tolerant maize and rotation, as heat stress for maize increased
cropping-system yields increased, but heat stress for maize had no effect
on cropping-system yields in the strategy of non-stress-tolerant maize
and rotation. With rotation, there was an interaction effect where
cropping-system yields increased as heat stress for maize and precipi-
tation balance increased simultaneously. With rotation, the positive
interaction effect between heat stress for maize and precipitation

Stress-tolerant maize with rotation

Predicted cropping-system yield
(standardized)

4 0 1 2 3 10

1 2 3 1 0 1 2 3

Heat stress for maize: GDD 30+ (standardized)

Treatment H control practice (CP) [E no-tillage (NT) B conservation agriculture (CA)

Fig. 3. Predicted effect of heat stress for maize on cropping-system yield. Heat stress for maize is the sum of growing degree days above 30 °C for the growing season
(GDD3g, ). Standardized units: p = 0 and ¢ =1, and the zero average translates to 3 GDD3¢,. Lines are for the predicted values of cropping-system yield for the
retained models, with GDD3, using a linear specification in all three strategies. Markers are the raw data. All other numerical explanatory variables held constant at

their average. Shading around each line is the 95% confidence interval.
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Fig. 4. Predicted effect of growing seasons precipitation balance and heat stress for maize on cropping-system yield (energy). Heat stress for maize is the sum of
growing degree days above 30 °C for the growing season. CP = Control Practice (tillage and residue removal), NT = No-Tillage (no tillage and residue retention), and
CA = Conservation Agriculture (no tillage, residue retention, and maize-legume intercropping). Stress tolerant refers to type of maize variety. Rotation refers to a
maize-legume rotation. All variables are in standardized units with p = 0 and 6 =1 across the entire dataset, and the zero average translates to —28 mm for pre-

cipitation balance and 3 GDD3y, for heat stress for maize.

balance was significantly greater in Conservation Agriculture compared
with the Control Practice treatment.

4. Discussion

We examined how Conservation Agriculture affected cropping-
system yields given variation in growing season precipitation balance
(precipitation minus reference evapotranspiration) and heat stress for
maize. Related to the treatments, we found two main results: (1) the No-
Tillage and Conservation Agriculture treatments reduced the

detrimental effect of heat stress for maize on cropping-system yields,
compared to the Control Practice treatment (tillage and residue
removal), and (2) with rotation, as heat stress for maize and precipita-
tion balance simultaneously increased, cropping-system yields increased
at a faster rate in the Conservation Agriculture treatment than in the
Control Practice treatment.

Existing studies have shown that heat stress for maize can have a
negative effect on maize grain yields (Schlenker and Lobell, 2010; Lobell
etal., 2011; Steward et al., 2018). Existing studies have also shown that
Conservation Agriculture can reduce some of these negative effects for
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maize grain yields (Steward et al., 2018). Our results complement these
existing studies by showing that, with non-stress-tolerant maize varieties
and no rotation, the No-Tillage and Conservation Agriculture treatments
can reduce the negative effect of heat stress for maize on cropping-
system yields. Retaining maize residues as a mulch (in the No-Tillage
and Conservation Agriculture treatments) has been previously shown
to reduce soil temperatures and improve soil water content, compared to
no mulch (Lal, 1974; Doran et al., 1984; Horton et al., 1996). In addi-
tion, the Conservation Agriculture treatment included maize being
intercropped with a legume. Existing research has shown that inter-
cropping can reduce diurnal soil temperatures compared with maize
monocropping (Ghuman and Lal, 1992; Olasantan et al., 1996). The
studies mentioned above have shown that the reduced soil temperature
is beneficial for enhancing root growth and water and nutrient uptake
during heat stress for maize, thereby reducing some of the negative yield
effects of heat stress for maize.

With rotation, we found that cropping-system yields increased as
heat stress for maize increased, and this effect was stronger as precipi-
tation balance increased. We offer some possible reasons underlying this
finding. Because our study focused on directly measuring grain yield,
our possible reasons are based primarily on evidence for existing studies.
Our heat stress calculation was a calculation of heat stress for maize.

Legumes tend to have a greater tolerance to heat stress than maize
(Farooq et al., 2017; Sita et al., 2017). Our calculation of heat stress for
maize used a threshold of 30 °C as the base temperature (Section 2.3).
This calculation used the threshold that is specific to maize even though
most treatment-strategy combinations included one or more legumes.
The optimum temperature range for grain legume crops has been re-
ported as 10 °C to 36 °C, above which severe losses in grain yield can
occur (Farooq et al., 2017). For example, the heat stress threshold
temperature range for groundnuts has been reported as 30 °C to 35 °C
(Sita et al., 2017). In our study, the cropping systems that included le-
gumes have greater within-plot crop species diversity than those that did
not include legumes. This greater diversity may mean that the cropping
systems that included legumes can better maintain their functioning
under heat stress.

Existing studies have shown that incorporating legumes into maize-
based systems can improve soil physical, chemical and biological
properties, such as increased soil organic matter (Snapp et al., 1998),
improved soil nitrogen content through biological nitrogen fixation
(Snapp et al., 2010), improved soil carbon and aggregate stability
(Thierfelder and Wall, 2010b), and improved soil structure (Eze et al.,
2020). More generally, improved nutrient management can alleviate
heat stress (Waraich et al., 2012). Improvements in soil properties
associated with changes in tillage and residue management have also
been measured for other crops and regions (beyond maize in Southern
Africa), such as residue retention and no tillage significantly enhance
enzyme activity, nutrient availability and uptake at different growth
stages of wheat as compared to conventional tillage for wheat in India
(Jat et al., 2020a). More generally, combining crop rotation with no
tillage promotes a more extensive network of root channels and mac-
ropores in the soil (Hobbs et al., 2008). Legume intercropping has also
been shown to increase root biomass (Arihara et al., 1991). All these
improvements can increase the water holding capacity of soil and helps
water infiltrate to deeper depths. Related to improved soil properties,
Conservation Agriculture has also been shown to improve water-use
efficiency in South Asia (Gathala et al., 2015; Jat et al.,, 2020b).
Therefore, given the mixture of maize and legumes grown in the crop-
ping systems, the threshold temperature used, the role of stress-tolerant
maize varieties, and nutrient management, it may be plausible that
cropping-system yields in our study increased even as our measure of
heat stress for maize increased.

We also found that with rotation cropping-system yields were more
responsive to a simultaneous increase in precipitation balance and heat
stress for maize in the Conservation Agriculture treatment than in the
Control Practice treatment. The surface area exposed to heat and
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evapotranspiration was higher in the Control Practice treatment than in
the No-Tillage or Conservation Agriculture treatments. This greater
exposure was because the use of planting ridges in the Control Practice
treatment exposed the soil to more sunlight and wind. The predominant
practice in Malawi is to use planting ridges (Thierfelder et al., 2013) and
they have a bell-shaped structure. This greater exposure, in response to a
greater soil surface area, typically increases the drying of soil and
magnifies declines in precipitation balance because of greater evapo-
ration. If there are higher precipitation balances, soils in the Control
Practice treatment may also drain faster. This faster drainage may
expose crops to increased heat stress and means that the Control Practice
has insufficient soil moisture content to help the crop recover after heat
stress has ended. Existing studies have shown that practicing the prin-
ciples of Conservation Agriculture can slow down drainage and improve
infiltration rates (Thierfelder and Wall, 2010a; Eze et al., 2020). This
may mean that the onset of the negative consequences of heat stress are
faster in the Control Practice treatment than in the Conservation Agri-
culture treatment. Furthermore, in the Control Practice treatment the
formation of ridges and the annual shift of the ridge to the furrow area in
the next year implies that there is no possibility that the soil can develop
a continuous soil pore structure, unlike in no tillage. Often, the soil
develops a hoe pan underneath the ridges which further impedes root
proliferation. This reduces capillary uptake and slows water infiltration
rates (Thierfelder and Wall, 2009). In the No-Tillage and Conservation
Agriculture treatments, more soil moisture would most likely be
conserved under greater heat stress for maize. These responses will
differ by soil type and other contextual factors (Steward et al., 2018), but
across the ten communities our results suggest that the No-Tillage and
Conservation Agriculture treatments coped better with heat stress for
maize.

5. Conclusion

We examined how cropping-system yields were affected by the
principles of Conservation Agriculture, and the interaction of these
principles with precipitation balance (precipitation minus reference
evapotranspiration) and heat stress for maize under different combina-
tions of maize variety and rotation. Our study used data from on-farm
trials in ten communities and 14 seasons in the Central Region and
Southern Region of Malawi. Our study has two main conclusions. First,
practicing some or all the principles of Conservation Agriculture reduces
the negative effect of heat stress for maize on cropping-system yield.
This complements existing evidence that Conservation Agriculture can
improve the adaptive capacity of maize to heat stress. Second, a positive
interaction existed between precipitation balance and heat stress for
maize when maize was rotated with a legume. We examined all crops
grown in the cropping system rather than yields of only one crop (such
as maize) per se as ultimately we must consider how the whole cropping
system may contribute to climate adaptation. Our results suggest that
Conservation Agriculture can reduce some of the detrimental effects of
heat stress for maize on cropping-system yields, which is pertinent to the
looming challenges of climate stress facing farmers.
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