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A B S T R A C T

Smallholder farming in southern African needs climate-smart agricultural approaches to adapt to current climate
stress and climate variability, and increasing risk of these under future global climate change. There are a range
of climate-smart systems that have been proposed and conservation agriculture (CA) based on minimum soil
disturbance, crop residue retention and crop rotation is one of them. A CA trial established in 2007 in Malawi
was used during cropping -seasons 2015–2016 (El Niño) and 2016–2017 (La Niña) to assess the performance and
resistance of different CA maize systems under climate-related stress at anthesis, a climate sensitive growth
stage. Large in-situ rainout shelters were used to simulate increased daytime temperatures and in-season
droughts of 18–19 days and 27 days. CA systems better resisted climate stress around anthesis than conventional
tillage practices as CA systems showed greater resistance to drought than conventional practice. This was ex-
pressed by higher CA maize grain yields, biomass yields or harvest index under conditions of natural (El Niño) or
19 day simulated drought. However, under 27 day drought simulation the resistance benefit of CA was no-longer
significant. Crop diversification improved the resistance of CA systems to climate stress, more so when di-
versification was over time (rotation) than in space (intercropping). In all years CA systems substantially out-
yielded conventional practice, this highlights the benefits of medium-term (eight years) CA management before
the rainout shelter experiment started. Our results from natural and simulated drought conditions confirm that
CA systems can increase adaptive capacity to an increased risk of climate stress associated with projected global
climate change. We show that large-scale rainout shelters are a useful means of accelerating our understanding
of how long-term agricultural management practices can enhance resistance to climate stresses.

1. Introduction

Global food security is increasingly affected by declining soil ferti-
lity and the impact of climate variability (Wheeler and von Braun,
2013). This is particularly the case for sub-Saharan Africa (Lobell et al.,
2008) where increasing temperatures and more erratic rainfall are
predicted by 2050 (Cairns et al., 2013; Tesfaye et al., 2015). Already,
around 40% of maize-producing regions in sub-Saharan Africa experi-
ence occasional drought stress leading to yield reductions of 10–25%
with 25% of maize production suffering from frequent drought that
causes losses of up to 50% of the harvest (Fisher et al., 2015). Tem-
peratures in southern Africa are likely to rise by an average of 2.6 °C
(Cairns et al., 2012) and rainfall seasons are predicted to start later,
shortening the cropping seasons that will be characterized by stronger
and more irregular rainfall events, although there is considerable

variability in change impacts predicted between input levels, regions
and maize mega environments (Tesfaye et al., 2015)

In response to current and future climate risk, the concept of cli-
mate-smart agriculture (CSA) has been developed, acknowledging the
need to adapt current farming systems to the impacts of climate-related
stresses (Campbell et al., 2014; Lipper et al., 2014). Climate-smart
agriculture is a concept that aims to: a) increase productivity and
profitability of farming while b) enhancing the adaptation (resilience)
to climate related stresses and c) reducing the negative side effects of
climate by sequestering more carbon and reducing greenhouse gas
emissions (FAO, 2013). The concept of CSA is not a technology per se
but a suite of technologies, approaches and management practices that
together make a landscape climate-smart (Scherr et al., 2012). This
framework has been embraced by many countries in sub-Saharan Africa
and an increasing level of investment is expected within the next
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decade (Bell et al., 2018). Organizations such as the New Partnership
for Africa’s Development (NEPAD) have formulated a target to reach
25million farmers by 2025 with climate-smart agriculture technologies
and approaches through its Alliance for Climate-smart Agriculture
(ACSA). However, there is very limited direct data available to show
how increased climate risk (e.g. drought and heat stress) will affect
specific cropping system performance in Africa and there is urgent need
to generate such evidence.

Conservation agriculture (CA) is one cropping system highlighted
under the umbrella of CSA which is based on the three principles of a)
minimum soil disturbance; b) crop residue retention and c) crop di-
versification through rotations and intercropping systems (Kassam
et al., 2009; Thierfelder et al., 2017). CA has been tested in southern
Africa in on-station and on-farm long-term trials to better understand
the mechanisms that could underpin its resistance to climate-related
stresses (Thierfelder and Wall, 2010a; Thierfelder et al., 2017). Re-
gional results from on-farm and on-station studies of soil infiltration,
moisture, aggregation and biological activity show that CA systems
have significant benefits over conventional tillage based practices
(Mupangwa et al., 2007; Thierfelder and Wall, 2009; Nyamangara
et al., 2014). Longer term benefits in crop yields have been monitored
after 2–5 cropping seasons (Thierfelder et al., 2015; Mupangwa et al.,
2016) and increases in soil carbon have been observed in some cases
(González-Sánchez et al., 2012; Ligowe et al., 2017) while questioned
in others (Cheesman et al., 2016; Piccoli et al., 2016; Powlson et al.,
2016). A recent meta-analysis of maize yield response ratios using a
large number of trials has shown that there is an increase in the
adaptive capacity of CA systems over conventional control treatments
especially on sandy and loamy soils (Steward et al., 2018).

Both on-farm and on-station field trials have significant limitations
in relation to detailed research on climate related effects, droughts and
heat stresses cannot be simulated well in vivo or predicted. This means
that currently research gaps persist on how CA systems adapt to the
effects of climate change at critical stages of plant development (e.g.
germination, flowering, tassling, silking and grain filling). One strategy
to artificially create moisture limiting conditions within a standing crop
is to use rainout shelters to shield the crop from rainfall at critical times
during the cropping season (Yahdjian and Sala, 2002; Lucas et al.,
2008; Kant et al., 2017). Building physical structures to “generate” or
“simulate” drought and heat stress has the advantage that climate stress
can be induced at times when it is physiologically critical for crops
during the growing season. For maize, this is during the period of an-
thesis and silking (also referred to as the anthesis silking interval) when
maize is particularly sensitive to climate-related stresses (Cairns et al.,
2012, 2013). Rainout shelters have the advantage that they can be put
on and being removed to “switch on” a drought and “switch it off”
again simulating an in-season dry-spell.

Previous work has often focused on shelters that are small (3.76 m2,
Yahdjian and Sala, 2002; 4m2, Aanderud et al., 2011) manipulating
only the upper surface of the soil profile (e.g., 0–30 cm, Yahdjian and
Sala, 2002; 2 cm, Aanderud et al., 2011). Larger rainout shelters are
required to effectively manipulate the soil moisture profile for crops
such as maize which can have maximum root depths of 89–157 cm
(Ordóñez et al., 2018) because soil moisture will increasingly penetrate
from the sides with increasing depth.

The aim of this study was to monitor the effects of climate-related
stress factors in-situ with rainout shelters that are big enough to allow
for realistic field monitoring. Our hypotheses are: a) CA systems better
resist climate related stress around anthesis than conventional tillage
practices as expressed by greater yields and/or harvest index; and b) CA
systems are more resistant to climate stress when they incorporate crop
diversification in time (rotation) or space (intercropping).

2. Methods

2.1. Location and experimental design

A long-term CA trial was established in 2007 at Chitedze Research
Station (CRS), Malawi (latitude -13.9738°, longitude 33.6527°, altitude
1147m.a.s.l.) on a sandy clay loam soil (Chromic Luvisol, for more
details see Table 1) where rainfed cropping is standard practice. The
site was under maize (Zea mays L.)- pigeonpea (Cajanus cajan (L.)
Millsp.) trials prior to cropping season 2005/2006. In cropping season
2006/2007 it was planted to a uniform fertilized maize crop, before it
was converted into the conservation agriculture long-term trial in 2007.

Rainfall at Chitedze follows a unimodal distribution typically
starting in November and ending in March. Annual rainfall, beginning
with the growing season in November, over the period 2005–2015 ha s
a mean value of 828 ± 119.9 (SD) mm with a minimum of 578mm
and maximum of 1016mm. This study took place across two growing
seasons 2015–2016, a very strong El Niño year with 463mm rainfall,
and 2016–2017, a weak La Niña year with 861mm rainfall.

The experiment consisted of eight management treatment plots in a
randomized complete block design with four replications. Plots were
24m×12.75m, accommodating 18 rows of maize.

The management treatments manipulated with rainout shelters in
this study were:

1) CP (conventional control plot): Maize was planted as a continuous
monocrop in a ridge and furrow system prepared by hand hoes with
no surface crop residues (Fig. A.1A in Supplementary material);

2) NT (no-tillage, crop residue mulching and maize monoculture): Maize
was direct-seeded as a continuous monocrop using dibble sticks with
crop residues retained from the previous season (Fig. A.1B in
Supplementary material);

3) CArot (no-tillage, crop residue retention and crop rotation): Maize was
direct-seeded as a continuous monocrop using dibble sticks with
crop residues retained from the previous season. Maize rotated with
cowpea, both phases of the rotation alternated annually across two
plots in each replicate block (Fig. A.1C in Supplementary material);
and

4) CAint (no-tillage, crop residue retention and intercropping): Maize and
cowpea were direct-seeded using dibble sticks with crop residues
retained from the previous season. The cowpea intercrop was seeded
between maize rows (Fig. A.1D in Supplementary material).

We consider maize monoculture as an undiversified cropping
system with only maize planted in both space and time, intercropping

Table 1
Soil properties at the Chitedze medium-term conservation agriculture trial as
measured at the end of the 2011–12 cropping season (see Ligowe et al., 2017,
note for some parameters presented here data were collected but not pub-
lished). OM=organic matter, pH=pH determined in water (1 soil: 2.5 H2O),
P= available phosphorous, N=mineralizable nitrogen and K, M and Ca=
exchangeable potassium magnesium and calcium.

OM pH P N K Mg Ca Clay Silt Sand
g kg−1 ug g−1 g kg−1 cmol

kg−1
cmol
kg−1

cmol
kg−1

% % %

40.53 5.96 33.01 2.09 0.58 3.25 15.95 37.5 6.9 55.7
35.32 5.83 22.48 1.78 0.42 2.50 11.49 39.6 5.9 54.6
32.15 5.69 14.60 1.53 0.35 1.99 10.09 39.6 7.1 53.2
24.14 5.64 7.79 0.85 0.26 1.65 8.50 38.1 8.4 53.6
17.56 5.54 4.04 0.56 0.22 1.39 6.39 37.4 7.7 54.9
31.23 4.68 9.25 1.56 0.45 1.85 7.83 37.0 7.5 55.5
24.62 4.68 8.15 1.33 0.23 1.58 7.33 39.5 6.0 54.5
22.9 4.63 6.98 1.02 0.18 1.40 6.60 36.8 10.5 52.8
15.72 4.45 3.68 0.65 0.15 1.30 6.43 41.8 6.5 51.8
8.13 4.45 2.83 0.25 0.10 1.18 6.25 39.3 6.5 54.3
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to be a diversified system in space and rotation to be a diversified
system in time.

2.2. Crop management

The commercial maize variety DKC 90-89 was planted in both
seasons. The variety is a flint type, early to medium maturity hybrid
(115–120 days to harvest) with yield potential of up to 10 tons ha−1

and tolerance to disease (grey leaf spot (Pyricularia grisea Sacc.), maize
streak virus, blights, rust and cob rot). Maize was planted in 24m long
rows spaced at 75 cm with 25 cm between planting stations. Two seeds
were planted per station and thinned to a single plant when seedlings
were approximately 10 cm tall. The target maize population was 53,000
plants ha−1. Maize was planted when 30–50ml of rainfall was received
over a two day period after the 15th November, in both seasons this was
December (Table A.1 in Supplementary material).

Legumes in rotation were cowpea, variety Sudan, planted at one
seed per station in rows spaced at 75 cm with stations spaced at 10 cm
(target population 133,333 plants ha−1). Groundnuts, ICRISAT variety
CG 7, were planted one seed per station in rows spaced at 37.5 cm with
stations spaced at 15 cm (177,777 plants ha−1). The cowpea variety
Sudan, was also planted in the intercropped treatment in 75 cm rows
between maize lines, two seed per station, and 50 cm between stations
(53,333 plants ha−1).

All treatments received top-dressings of 100 kg ha−1 basal N-P-K
fertilizer (23-21-0+ 4S) approximately two weeks after planting and
100 kg ha−1 urea approximately five weeks after planting based on the
recommended fertilizer rate for Malawi.

Weeds were removed three times per season across all treatments
using shallow hoeing or hand removal. No herbicides were applied on
the trial in both cropping seasons. The insecticides, Cypermethrin
200EC and Dimethoate, were applied using knapsack sprayers to con-
trol aphid outbreaks on cowpeas only, no other chemicals were sprayed
during in the duration of the trial.

As per treatment, all crop residues were retained and spread over
the surface of experimental treatments at the end of the growing season.
They were re-distributed before planting as some had been moved by
strong winds during the dry winter season.

2.3. Rainout shelter construction, timing and climate

In August to September 2015management treatments were divided
into two sub-plots, in one of each sub-plot pair a rainout shelter was
erected giving a total of four shelters per treatment and 16 in total. The
following season in September 2016 a further four shelters were built in
the alternate phase of the CArot treatment.

Rainout shelters were 24.5m long by 3.7m wide (90m2) and
2–2.5m tall (Fig. 1) accommodating five rows of maize. Shelters were
covered by transparent polythene sheets used in commercial horti-
cultural polytunnels.

To simulate a pre-anthesis drought in the 2015–16 shelter covers
were erected for 19 days beginning 43–62 days after planting (DAP)
maize (Fig. 2), then removed again. In 2016–17, to increase the effect
size of the drought simulation on soil moisture, rain shelters were split
into two equal halves (45m2 split sub-plots), one half was erected for
19 days between 43 and 62 DAP and the other half erected for 27 days
between 43 and 70 DAP.

Soil moisture was measured using monitoring tubes installed at
depths of 0.1, 0.2, 0.5 and 1.0 m with 16 replicates of each depth in
open areas and 20 replicates within rainshelters. Soil moisture was
recorded using a ML3 ThetaProbe (AT Delta-T Devices, Cambridge) 18
and 19 days after rainout shelters were erected in 2016 and 2017 re-
spectively. The location of monitoring tubes within shelters caused is-
sues for the 2016–17 split-plot design, so soil moisture was determined
by oven drying 100 g soil samples at 105 °C until weight remained
constant.

Temperature and humidity were recorded in open areas and shelters
at a height of 1.25m using shaded and naturally aspirated DS1921 G
Thermochron and DS1923 Hygrochron iButtons. Climate data were
compared for a 13 day period after rainout shelters were erected. Two
measures of growing degree days, GDD8,30 (Tbase=8 °C and
Topt=30 °C) and GDD30+ (Tbase =30 °C and Topt = ∞) were used to
calculate temperature as relevant to maize production using the for-
mula:

Fig. 1. Cross-sectional diagram of a rainout shelter. Length is 24.5 m. Crop measurements were only taken from the central three rows of the shelter. Photographs of
shelters are provided in Fig. A.2 in Supplementary material.

Fig. 2. Cumulative rainfall and major events for the strong 2015–16 El Niño
(dotted line) and weak 2016–17 La Niña (solid line) experimental growing
seasons.
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where t is an individual time step (hour), Tt is the average temperature
during this time step and N is the number of hours in day. The former,
GDD8,30, predicts maize development rates (Kiniry and Bonhomme,
1991), whereas GDD30+ presents a risk of heat stress to maize by ex-
posure to temperatures which are considered harmful to growth and
reproductive processes (Schlenker and Roberts, 2009).

2.4. Maize performance

Mean anthesis date was taken as 50% tasseling in maize crops. At
physiological maturity, maize yield samples were harvested from three
rows by 6m from each sub- and/or split-sub plot. To minimize edge
effects in drought simulation sub-plots, maize samples were taken from
the central three maize rows and 2m from the end of rows. In-keeping
with the design of long-term performance monitoring at the trial, an
additional nine samples of 5m × 2 rows were collected from open sub-
plots (without rainout shelters). These samples had to be 2m or two
rows from the edge of the sub-plot. A sub-sample of 10 cobs per plot
was dried and shelled to calculate grain moisture and yield at 12.5%
moisture content. Dried maize stalks were weighed at harvest without
maize cobs and recorded as above ground maize biomass. The harvest
area of samples was used to extrapolate yields to an area basis. Yields
were averaged across all sub-samples for each sub-plot. The biomass
values used in harvest index calculations included cob stones, cob
leaves and biomass stovers.

2.5. Statistical analyses

The interaction of simulated anthesis drought (rainout shelters) and
soil depth on soil moisture were analyzed using linear mixed-effects
(LME) models with a nested random effect of treatment within re-
plicate. The effects of drought simulation on temperature and humidity
variables were analyzed using LME models with a random effect for
replicate block. In LME models parameter 95% confidence intervals
were bootstrap estimated using 10,000 replicates.

Linear models were used to test for differences between days to
anthesis between treatments and for interactions between drought si-
mulation and management treatments on biomass and grain yields,
harvest index (HI) and response ratios (yields or HI of treatment divided
by control within replicates). Dependent variables were transformed to
correct residual heteroscedacity between treatments if required.

Posthoc contrasts between open and covered treatments were per-
formed using bootstrapped Welch two-sample t-tests with 10,000 re-
plications, p-values were adjusted for multiple testing using the false
discovery rate (FDR) correction.

3. Results

3.1. Management effects on maize anthesis timing

An incidental, but important, result of the experiment was that we
found “CA” treatments (NT, CAint and CArot) reached anthesis sig-
nificantly earlier than CP treatments (Fig. 2, Table A.2). Mean maize
anthesis date in “CA” compared to CP was 6.2 days earlier in 2015–16
(64.3 vs. 70.5 DAP) and 9.2 days earlier in 2016–17 (69.8 vs. 79.0 DAP).

3.2. Drought simulation effects on soil moisture, temperature and humidity

Drought simulation significantly reduced available soil moisture
with increasing depth (Table A.3 in Supplementary material). The effect
of drought simulation was weaker in the 18 day 2015–16 El Niño
season where conditions were drier, compared to the 19 day drought

simulation in the weak 2016–17 La Niña.
Growing season rainfall in El Niño was low at 463mm (Table A.5 in

Supplementary material), thisis 55.9% of the 2005–2015 average and
115mm lower than any other year in this period. Rainfall was
111.8 mm in the week before shelters went up (35–42 DAP) and
48.0 mm was diverted away from covered plots. After 18 days the
drought simulation had significantly reduced soil moisture compared to
open controls at depths 0–50 cm with percentage soil moisture reduc-
tions of 19.0–36.0% corresponding to absolute soil moisture reductions
of 3.5–7.1%. However, drought simulation did not significantly reduce
soil moisture at 100 cm where mean absolute values were only 0.2%
different.

In La Niña growing season rainfall was 858.8mm with 41.2mm
falling in the week before shelters went up (35–42 DAP) and diverted
rainfall was 199.8 mm was 19 day split sub-plots and 308.6 mm for 27
day split sub-plots. The 19 day drought simulation significantly reduced
soil moisture compared to open controls at depths of 0–100 cm with
percentage reductions in soil moisture of 54.5% at the surface and
18.7% at 100 cm corresponding to absolute soil moisture reductions of
14.1% and 4.3% respectively. After 27 days of drought simulation
gravimetric readings of soil moisture showed significant reductions at
depths of 0–100 cm with percentage reductions in soil moisture of
54.5% at 0–5 cm and 18.7% at 95–100 cm corresponding to absolute
soil moisture reductions of 14.1% and 4.3% respectively.

During drought simulation periods maize exposure to daily max-
imum temperatures was typically within the range 30 °C–40 °C (Fig. A.3
in Supplementary material) with shelters increasing daily temperature
maxima by 2.7 °C; mean by 1.9 °C and minima by 0.7 °C (Table A.6 in
Supplementary material). Drought simulators approximately doubled
daily exposure to growing degree days above 30 °C (GDD30+), but the
effect size was small, an increase of 0.7 (Table A.6 in Supplementary
material). Drought simulation effects on growing degree days between
8 °C and 30 °C (GDD8,30) were also significant, again with a small effect
size increasing daily GDD8,30 by 0.4.

3.3. Maize yields under drought simulation

In the 2015–2016 El Niño, pre-anthesis drought simulation had no
significant effect on maize performance indicators (Figs. 3A, 4 A). In
open sub-plots the average maize grain yield of the CP control was
1555 kg ha−1, this was substantially and significantly lower than any of
the treatments (NT = 4627 kg ha−1, CArot=4850 kg ha−1 and
CAint=5671 kg ha−1; Tables 2 and A.7). When considering response
ratios, all treatments outperformed CP under open or drought simula-
tion conditions (Fig. 4A), but this was not significant in linear regres-
sion models (Table 3) and in posthoc tests only CArot under 18 day
drought simulation was significantly higher than parity with the control
(Fig. 4).

El Niño maize biomass yield for open CP was 2021 kg ha−1, sig-
nificantly lower than any of the open treatments (NT=4345 kg ha−1,
CArot=4879 kg ha−1 and CAint=4330 kg ha−1; Tables A.7 and A.8
in Supplementary material). Posthoc tests showed under 18 day
drought simulation maize biomass yields were significantly higher in
CArot compared to NT (Fig. 3C). Considering response ratios, all
treatments outperformed the control under open or drought simulation
conditions (Fig. 4C). In linear regression models this was significant for
CArot and CAint, but not NT (Table A.9 in Supplementary material) and
posthoc tests showed only biomass yields in the CAint 18 day drought
simulation and CArot open treatments were significantly higher than
parity with the control (Fig. 3C).

The maize harvest index (HI) for CP in open and drought simulation
conditions was significantly lower than in any CA treatment plots.
There were no differences in HI between treatments within open or
drought simulation treatments.

In La Niña the 19 day pre-anthesis drought simulation had no sta-
tistically significant effect on maize grain yields, but the 27 day drought
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simulation significantly reduced grain yields by 1788 kg ha−1 (Fig. 3B,
Table 2). This was reflected in the response ratio of grain yields across
treatments which were significantly higher under 19 day, but not 27
day, drought simulation (Table 3). Posthoc tests showed all treatments
under 19 day drought simulation performed significantly better than CP
with the open CArot treatment outperforming all others (Fig. 3B).
Treatments in the open condition also significantly outperformed CP
(Fig. 3B, Table 2). There were no significant differences between
treatments or between treatments and control under the 27-day
drought simulation.

La Niña Biomass yields were significantly higher in the CArot
treatment under both 19 and 27 day drought simulations compared to
CP, CAint and NT whereas yields under CAint and NT did not differ from
CP (Fig. 3; Table A.8).

Whilst there was no difference maize HI between CP compared to
treatment plots (Tables 2 and A.7), the response ratios of HI were sig-
nificantly higher than parity in both NT and CAint (Table 3). Only HI
under CArot showed a significant interaction with drought simulation
declining by −0.14 after 27 days (note that this treatment maintained
high biomass production under drought simulation). Posthoc tests
showed the harvest indexes in open treatments were significantly
higher than CArot and CP under 19 day drought simulation and all
treatments and CP under 27 day droughts simulation (Fig. 3F).

4. Discussion

Drought simulations at the Chitedze CA medium-term trial in the
two cropping season 2015–2016 (El Niño) and 2016–2017 (La Niña)
had significant effects on available soil moisture, moisture distribution
in the soil profile and exposure to temperatures above 30 °C (heat
stress) between open and covered areas. The effect of 18–19 day

drought simulation was much greater in La Niña due to large differ-
ences in rainfall between seasons. Very low grain yields observed in
some of the 29 day drought simulation yield samples suggest that this
level of moisture stress was nearing a threshold beyond which yields
collapse.

To discuss the resistance of maize yields to climate stress we focus
on the final yield because this experiment was designed to only reliably
detect difference in soil moisture within and outside the shelters and
not smaller differences between different treatments. We assume that
effects on yields from treatment interactions with drought simulation
are due to known mechanisms including greater infiltration and avail-
able soil moisture, common in CA systems with rotation and residue
cover (Mupangwa et al., 2008; Govaerts et al., 2009; Thierfelder and
Wall, 2009, 2010b; Castellanos-Navarrete et al., 2012; TerAvest et al.,
2015). Data from eastern and southern Africa (n= 39 datasets) showed
CA systems increase infiltration rates by 67% compared to conventional
controls (Wall et al., 2014). Continous organic soil cover (i.e. crop re-
sidues) is critical to achieving enhanced water inflitration rates and no-
till soils without cover can have lower infiltration rates (Wall, 1999;
Govaerts et al., 2005; McHugh et al., 2007). Continous organic soil
cover can also buffer soils against extreme temperatures minimizing
another potential cause of yield limitation related to climate stress
(Kassam et al., 2012). Greater infiltration rates are complemented by a
greater soil mositure holding capacity in CA soils compared to tilled
soils (see a review of the literature in Verhulst et al., 2010). Enhanced
soil moisture availability under CA systems, due to increase soil
moisture infiltration rates and holding capacity, results in greater re-
sistance to in-seasonal dry-spells and this translates into increased grain
yield at harvest (Mupangwa et al., 2008; Thierfelder and Wall, 2009,
2010b).

Whilst all experimental plots received adequate NPK fertilizer,

Fig. 3. Treatment effects (groups separated by
vertical dashed lines) on maize performance
indicators (grain yield A & B, biomass yield C &
D, and harvest index E & F) under open (white
boxes) and drought simulated conditions (or-
ange/blue boxes) for the 2015–16 strong El
Niño (left panels A, C & E) and 2016–17 weak
El Niña events (right panels B, D & F). Boxplots
were generated using bootstrapping with
10,000 replications, the central line of the plot
is the is median, “x” is the mean, the upper and
lower hinges of boxes are the interquartile
range (IQR), whiskers extend to the largest
value no further than 1.5 times the IQR and
outliers beyond the whiskers are plotted as
points. Letters compare treatments within a
panel, if treatments share the same characters
they are not significantly different according to
pairwise t-tests (p < 0.05, FDR adjusted),
n= 4 per treatment (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article).
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effects on yield stress resistance at the Chitedze long-term trial could
arise from increased available P (Table 1) in CA systems (Waraich et al.,
2011). In 2010–11 available P was three times higher in the upper soil
profile in CA systems compared to the conventional control where
available P was low (unpublished data collected by Ligowe et al.,
2017). A non-target finding of this experiment was that the time to
anthesis was shorter in CA and delayed in CP systems (6.2 and 9.2 days
less under CA in 2015–16 and 2016-17, respectively). This is likely due
to plants under CA systems making optimal use of soil moisture and
finalizing all physiological growth stages without moisture stress in-
duced delays, which was previously found for maize and sorghum
(Craufurd et al., 1993; Craufurd and Peacock, 1993; Otegui and
Bonhomme, 1998). There is limited published literature available on
the interaction of drought and CA management on crop events, but
studies of no-till effects on cotton production found a better resistance
to dry-spells with cotton plants flowering for longer and producing
higher yields under water stress compared to tilled plots (Naudin et al.,
2010). A lower maize grain yield under conventional tillage might be a
result of stress at anthesis, which influenced kernel number develop-
ment after anthesis and ultimately the expression of grain yield (Otegui
and Bonhomme, 1998; Fischer et al., 2014). In addition, enhanced
availability of P in the upper soil profile as has likely added to early
anthesis in CA and a delayed anthesis in the conventional tilled prac-
tice.

El Niño drought simulation had limited effects on soil moisture as
both open and covered crops were exposed to a natural drought, as such
there were no significant yield effects of drought simulation on crop-
ping systems and we do not further focus on the effect on drought si-
mulation during this season. However, all CA system still outyielded
conventional practice in both open and covered areas and the effect size

of these differences were greater than in the following La Niña. Rainfall
was particularly low around anthesis in 2015–2016 (Fig. 2) so the
significantly higher grain and biomass yields, and harvest index under
eight year old CA treatments can still be considered as evidence for the
enhanced resistance of CA systems to climate stress around anthesis as
compared to conventional practice. In particular, the harvest index (HI)
is considered an important stress indicator as drought will directly af-
fect the commercial parts of maize (the grain) and the lower the harvest
index the less grain can be found in the plant in comparison to the
whole plant (Craufurd et al., 1993). Climate stress at anthesis in the CP
treatment could therefore be expressed as reduced HI compared to CA
treatments. This was the case when considering absolute yields, but not
response ratios in 2015–2016.

The La Niña drought simulation had a much stronger effect on soil
moisture and maize performance. Whilst the 19 day drought simulation
had no effect on grain or biomass yields, it did reduce harvest index and
the 27 day simulated drought significantly reduced both grain and
biomass yields, and harvest index. With 19 days of drought simulation
grain yield RRs significantly increased providing evidence that CA
systems better resisted climate stress around anthesis. In normal years
where rainfall is fairly well distributed at the onset of the cropping
season, an in-season dry-spell, as represented by the La Niña 19 day
drought simulation, will specifically favour CA systems as there will be
enough soil moisture in reserve to “buffer” the dry spell (Thierfelder
and Wall, 2010a). Under 27 days of drought simulation, there was no
evidence for an enhanced climate stress resistance under CA systems,
but is important to note that treatment yields were still significantly
higher than CP.

In both season the likely reason for a lower grain yield under CP was
a delay in anthesis, a strong indicator for climate stress at a critical

Fig. 4. Treatment effects (groups separated by
vertical dashed lines) on the response ratios of
maize performance indicators (grain yield A &
B, biomass yield C & D, and harvest index E &
F) under open (white boxes) and drought si-
mulated conditions (orange/blue boxes) for the
2015–16 strong El Niño (left panels A, C & E)
and 2016–17 weak El Niña events (right panels
B, D & F). Boxplots were generated using
bootstrapping with 10,000 replications (see
Fig. 3 for interpretation of boxplots). Letters
compare treatments within a year, if treat-
ments share the same characters they are not
significantly different according to posthoc
pairwise t-tests (p < 0.05, FDR adjusted), if
there are no letters in a plot panel then there
was no significant difference between treat-
ments. Asterisks “*” above a boxplot indicate
the treatment was significantly different from
parity with the control (i.e., one) in posthoc
tests, n= 4 per treatment (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article).

P.R. Steward et al. Agriculture, Ecosystems and Environment 277 (2019) 95–104

100



growth stage for maize, which influenced kernel number and ultimately
the expression of grain yield. Less stress was experienced in CA systems
before and during anthesis which was measured as earlier anthesis and
a more favourable grain development. Further research is necessary to
better understand the mechanisms for different cropping systems under
climate stress.

Previous research has highlighted the need for diversification and
groundcover in CA, through intercropping or crop rotation, to increase
productivity and enhance soil organic carbon (SOC) which in turn en-
hances water holding capacity and buffers against drought (Govaerts
et al., 2009; Thierfelder and Wall, 2010b; Powlson et al., 2016). Here
we find evidence to support the role of diversification through rotation,
but less so for intercropping, in enhancing the resistance of CA yields
under drought stress (diversity resistance hypothesis). In El Niño, bio-
mass yields under drought simulation in the diversified CA rotation
treatment (CArot) were higher than both undiversified “CA” with maize
monoculture (NT) and conventional practice (CP), whereas NT did not
differ from CP. In La Niña CArot had higher yields than NT and CP for
grain with 19 day drought simulation and for biomass for both drought
simulations, biomass yields in NT did not differ from CP. Response
ratios (RRs) provided further evidence that diversified CA systems are
more resistant to climate stress with yield RRs in diversified, but not
undiversified, treatments usually significantly higher than parity with

CP (outperforming CP) under 18–19 drought simulation. RRs indicated
treatments outperformed CP for CArot grain yields in both seasons and
for biomass in La Niña, and for CAint biomass yields in El Niño and
grain yields in La Niña.

Drought simulation, not only reduced soil moisture it also increased
daytime temperature with an effect in-line with predicted future in-
creases in temperature due to global climate change (Burke et al., 2009;
Cairns et al., 2012, 2013). Whilst these increases in temperature dou-
bled exposure to heat stress under drought simulation, the effect size
was small and it should be noted that maize exposure to extreme
temperatures during the experiment was relatively low. The combined
effect of heat and drought cause a non-linear decline in maize yields in
African maize-growing areas and pose a serious threat to crop pro-
duction (Schlenker and Lobell, 2010; Lobell et al., 2011) and meta-
analysis has shown that CA systems are able to resist heat stress better
than conventional tillage practices, especially on sandy and loamy soils
(Steward et al., 2018). The fact that drought simulation increased
temperatures as well as reducing soil moisture was a benefit, as there is
some uncertainty as to the effects of global climate change on rainfall
patterns in southern and eastern Africa (Oldenborgh et al., 2013), but
heat stress is expected to be the strongest factor on crop yields for the
next decades (Burke et al., 2009) with anticipated negative effects on
physiologically reproductive stages (Gourdji et al., 2013).

Table 2
Maize grain yield and harvest index as predicted by an interaction between treatment and drought simulation in linear regression models. Parameters: CP =
tillage+ crop residues removed+maize monoculture, NT = no-till + crop residue mulching+maize monoculture, CArot = NT + cowpea rotation, CAint = NT +
cowpea intercrop, C18/C19/C27=18/19/27 day drought simulation, DV=dependent variable, DF= degrees of freedom and SE= standard error.

DV Season Model Parameter Estimate SE t value Pr (> t) Sig

Grain Yield 2015–16 DV log10(Grain) Intercept (open, control) 7.099 0.196 36.131 0 ***
F 10.51 NT 1.34 0.278 4.822 0 ***
DF 7 and 24 CArot 1.335 0.278 4.803 0 ***
p-value 0 CAint 1.526 0.278 5.492 0 ***
R.adj 0.68 + C18 −0.017 0.278 −0.061 0.952

+ (NT x C18) −0.134 0.393 −0.341 0.736
+ (CArot x C18) 0.091 0.393 0.232 0.818
+ (CAint x C18) −0.195 0.393 −0.496 0.624

2016–17 DV Grain Intercept (open, control) 3272.4 389.3 8.406 0 ***
F 4.906 NT 2364.5 550.6 4.295 0 **
DF 11 and 36 CArot 4931.1 550.6 8.956 0 ***
p-value 0 CAint 2511.7 550.6 4.562 0 **
R.adj 0.85 + C19 −740.3 550.6 −1.345 0.187

+ (NT x C19) −516.5 778.6 −0.663 0.511
+ (CArot x C19) −943.3 778.6 −1.211 0.234
+ (CAint x C19) −595.2 778.6 −0.764 0.45
+ C27 −1788.2 550.6 −3.248 0.003 **
+ (NT x C27) −1598.9 778.6 −2.053 0.047 *
+ (CArot x C27) −3342.7 778.6 −4.293 0 ***
+ (CAint x C27) −933.8 778.6 −1.199 0.238

Harvest Index 2015–16 DV Harvest Index Intercept (open, control) 0.311 0.034 9.173 0 ***
F 4.28 NT 0.141 0.052 2.731 0.012 *
DF 7 and 23 CArot 0.123 0.048 2.576 0.017 *
p-value 0.004 CAint 0.13 0.048 2.721 0.012 *
R.adj 0.43 + C18 0.049 0.048 1.024 0.316

+ (NT x C18) −0.022 0.071 −0.311 0.758
+ (CArot x C18) −0.018 0.068 −0.261 0.797
+ (CAint x C18) 0.046 0.068 0.673 0.508

2016–17 DV Harvest Index Intercept (open, control) 0.42 0.028 15.024 0 ***
F 7.1 NT 0.064 0.04 1.612 0.116
DF 11 and 3 CArot 0.068 0.04 1.731 0.092
p-value 0.001 CAint 0.055 0.04 1.396 0.171
R.adj 0.61 + C19 −0.109 0.04 −2.763 0.009 *

+ (NT x C19) 0.022 0.056 0.397 0.694
+ (CArot x C19) −0.025 0.056 −0.44 0.663
+ (CAint x C19) 0.077 0.056 1.378 0.177
+ C27 −0.096 0.04 −2.427 0.02 *
+ (NT x C27) −0.068 0.056 −1.219 0.231
+ (CArot x C27) −0.138 0.056 −2.463 0.019 *
+ (CAint x C27) −0.034 0.056 −0.608 0.547
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The yield benefits of CA as compared with the conventionally tilled
treatments without residue retention at this trial were striking, em-
phasising the importance of the eight years of no-till and crop residue
mulching management prior to the start of drought manipulations in
this experiment. This is in-keeping with literature demonstrating the
yield improvements under CA with increasing time since reduced or no-
till implementation (Rusinamhodzi et al., 2011; Brouder and Gomez-
Macpherson, 2014; Corbeels et al., 2014; Thierfelder et al., 2015). As
such, it is important to frame the findings of this study in the temporal
context of the trial; CA benefits are unlikely to be apparent when CA has
only been practiced for a few seasons and yield benefits are usually
measured after two to five cropping seasons, as found in a recent cross
regional study (Thierfelder et al., 2015).

The need for evidence-based climate-smart solutions for smallholder
crop production under current and future climatic stresses is clear.
Waiting for the occurrence of natural droughts to test the climate re-
sistance of a farming method may not be an efficient strategy, especially
in areas where droughts are rare or unpredictable. Here, we have
practically demonstrated rainout shelters can be used to quickly es-
tablish crop performance under climate stress by controlling rainfall in-
situ. This method can greatly increase the rate at which we accumulate
evidence for the resistance of a farming method. Rainout shelters, for
example, could be used to evidence crop varietal performance under a
range of climates on a specific soil type in a single year. Drought si-
mulators could also be used to establish the climatic thresholds under
which adoption of climate-smart practices can buffer crop performance
against drought and/or thermal stress. Crop and system performance
could be explored under novel climate envelops that do not currently
exist, but may do so in future with climate change, this would provide
evidence to future proof agricultural decision making.

5. Conclusion

CA systems better resisted climate stress around anthesis than
conventional tillage practices as CA systems showed greater resistance
to drought than conventional practice. This was expressed by higher CA
maize grain yields, biomass yields or harvest index under conditions of
natural (El Niño) or 19 day simulated drought. However, under 27 day
drought simulation the resistance benefit of CA was no-longer sig-
nificant. Crop diversification improved the resistance of CA systems to
climate stress, more so when diversification was over time (rotation)
than in space (intercropping). In all years CA systems substantially
outyielded conventional practice, this highlights the benefits of
medium-term (eight years) CA management before the rainout shelter
experiment started.

Large scale rainout shelters proved effective in reducing soil
moisture in-situ, they should be used to quickly fill in the substantial
knowledge gaps that exist for the effect of time on climate resistance in
those farming practices where benefits to accrue over time.
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p-value 0.001 CAint 0.745 0.442 1.686 0.11
R.adj 0.587 + C18 1.096 0.675 1.623 0.123

+ (CArot x C18) −0.721 0.92 −0.783 0.444
+ (CAint x C18) 0.283 0.92 0.308 0.762

2016–17 F 8.504 NT −0.179 0.149 −1.202 0.24
DF 9 and 27 CArot 0.195 0.149 1.309 0.202
p-value 0 CAint −0.197 0.149 −1.322 0.197
R.adj 0.652 + C19 0.455 0.211 2.159 0.04 *

+ (CArot x C19) 0.205 0.298 0.687 0.498
+ (CAint x C19) 0.062 0.298 0.207 0.838
+ C27 −0.057 0.211 −0.269 0.79
+ (CArot x C27) −0.098 0.298 −0.329 0.745
+ (CAint x C27) 0.277 0.298 0.93 0.361

RR (harvest index -1) 2015–16 F 3.619 NT 1.086 0.57 1.906 0.074 .
DF 6 and 17 CArot 0.981 0.494 1.987 0.063 .
p-value 0.017 CAint 1.029 0.494 2.085 0.052 .
R.adj 0.406 + C18 −0.264 0.754 −0.351 0.73

+ (CArot x C18) −0.156 1.028 −0.152 0.881
+ (CAint x C18) 0.417 1.028 0.405 0.69

2016–17 F 4.458 NT 0.484 0.183 2.642 0.014 *
DF 9 and 27 CArot 0.229 0.183 1.251 0.222
p-value 0.001 CAint 0.806 0.183 4.397 0 ***
R.adj 0.464 + C19 −0.191 0.259 −0.736 0.468

+ (CArot x C19) 0.28 0.367 0.764 0.452
+ (CAint x C19) −0.315 0.367 −0.859 0.398
+ C27 −0.452 0.259 −1.745 0.092 .
+ (CArot x C27) 0.008 0.367 0.022 0.983
+ (CAint x C27) −0.059 0.367 −0.162 0.873

P.R. Steward et al. Agriculture, Ecosystems and Environment 277 (2019) 95–104

102

http://www.maize.org


Chitedze LT trial has been initiated and financially supported by the
International Fund for Agriculture Development (IFAD) from
2007–2012 which is hereby recognized.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.agee.2018.07.009.

References

Aanderud, Z.T., Schoolmaster, D.R., Lennon, J.T., 2011. Plants mediate the sensitivity of
soil respiration to rainfall variability. Ecosystems 14, 156–167. https://doi.org/10.
1007/s10021-010-9401-y.

Bell, P., Namoi, N., Lamann, C., Corner-Dollof, C., Girvetz, E., Thierfelder, C., Rosenstock,
T., 2018. A practical Guide to climate-smart agricultural technologies in Africa.
CCAFS Working Paper no. 224. CGIAR Research Program on Climate Change,
Agriculture and Food Security (CCAFS), Copenhagen, Denmark. https://ccafs.cgiar.
org/es/node/55719#.Ws86xa6FOHs.

Brouder, S.M., Gomez-Macpherson, H., 2014. The impact of conservation agriculture on
smallholder agricultural yields: a scoping review of the evidence. Agric. Ecosyst.
Environ. 187, 11–32. https://doi.org/10.1016/j.agee.2013.08.010.

Burke, M.B., Lobell, D.B., Guarino, L., 2009. Shifts in African crop climates by 2050, and
the implications for crop improvement and genetic resources conservation. Global
Environ. Change 19, 317–325. https://doi.org/10.1016/j.gloenvcha.2009.04.003.

Cairns, J.E., Sonder, K., Zaidi, P.H., Verhulst, N., Mahuku, G., Babu, R., Nair, S.K., Das, B.,
Govaerts, B., Vinayan, M.T., Rashid, Z., Noor, J.J., Devi, P., San Vicente, F., Prasanna,
B.M., 2012. Maize production in a changing climate: impacts, adaptation, and miti-
gation strategies. In: Sparks, D. (Ed.), Advances in Agronomy. Academic press,
Burlington, pp. 1–58. http://aciar.gov.au/publication/mn158.

Cairns, J.E., Hellin, J., Sonder, K., Araus, J.L., MacRobert, J.F., Thierfelder, C., Prasanna,
B.M., 2013. Adapting maize production to climate change in sub-Saharan Africa.
Food Secur. 5, 345–360. https://doi.org/10.1007/s12571-013-0256-x.

Campbell, B.M., Thornton, P., Zougmore, R., van Asten, P., Lipper, L., 2014. Sustainable
intensification: what is its role in climate smart agriculture? Curr. Opin. Environ.
Sustain. 8, 39–43. https://doi.org/10.1016/j.cosust.2014.07.002.

Castellanos-Navarrete, A., Rodríguez-Aragonés, C., de Goede, R.G.M., Kooistra, M.J.,
Sayre, K.D., Brussaard, L., Pulleman, M.M., 2012. Earthworm activity and soil
structural changes under conservation agriculture in central Mexico. Soil Tillage Res.
123, 61–70. https://doi.org/10.1016/j.still.2012.03.011.

Cheesman, S., Thierfelder, C., Eash, N.S., Kassie, G.T., Frossard, E., 2016. Soil carbon
stocks in conservation agriculture systems of Southern Africa. Soil Tillage Res. 156,
99–109. https://doi.org/10.1016/j.still.2015.09.018.

Corbeels, M., Sakyi, R.K., Kühne, R.F., Whitbread, A., 2014. Meta-analysis of crop re-
sponses to conservation agriculture in sub-Saharan Africa. CCAFS Report No. 12.
CGIAR Research Program on Climate Change, Agriculture and Food Security
(CCAFS), Copenhagen. https://ccafs.cgiar.org/publications/meta-analysis-crop-
responses-conservation-agriculture-sub-saharan-africa#.Ws864q6FOHs.

Craufurd, P., Peacock, J., 1993. Effect of heat and drought stress on Sorghum (Sorghum
bicolor). II. Grain yield. Exp. Agric. 29, 77–86. https://doi.org/10.1017/
S0014479700020421.

Craufurd, P., Flower, D., Peacock, J., 1993. Effect of heat and drought stress on Sorghum
(Sorghum bicolor). I. Panicle development and leaf appearance. Exp. Agric. 29,
61–76. https://doi.org/10.1017/S001447970002041X.

FAO, 2013. Sourcebook on Climate-Smart Agriculture, Forestry and Fisheries. Food and
Agriculture Organization of the United Nations. http://www.fao.org/climate-smart-
agriculture/72611/en/.

Fischer, R., Byerlee, D., Edmeades, G., 2014. Crop yields and global food security: will
yield increase continue to feed the world. ACIAR Monograph No. 158. Australian
Centre for International Agricultural Research, Canberra, Australia.

Fisher, M., Abate, T., Lunduka, R.W., Asnake, W., Alemayehu, Y., Madulu, R.B., 2015.
Drought tolerant maize for farmer adaptation to drought in sub-Saharan Africa: de-
terminants of adoption in eastern and southern Africa. Clim. Change 133, 283–299.
https://doi.org/10.1007/s10584-015-1459-2.

González-Sánchez, E.J., Ordóñez-Fernández, R., Carbonell-Bojollo, R., Veroz-González,
O., Gil-Ribes, J.A., 2012. Meta-analysis on atmospheric carbon capture in Spain
through the use of conservation agriculture. Soil Tillage Res. 122, 52–60. https://doi.
org/10.1016/j.still.2012.03.001.

Gourdji, S.M., Sibley, A.M., Lobell, D.B., 2013. Global crop exposure to critical high
temperatures in the reproductive period: historical trends and future projections.
Environ. Res. Lett. 8, 024041. https://doi.org/10.1088/1748-9326/8/2/024041.

Govaerts, B., Sayre, K.D., Deckers, J., 2005. Stable high yields with zero tillage and
permanent bed planting? Field Crops Res. 94, 33–42. https://doi.org/10.1016/j.fcr.
2004.11.003.

Govaerts, B., Sayre, K.D., Goudeseune, B., De Corte, P., Lichter, K., Dendooven, L.,
Deckers, J., 2009. Conservation agriculture as a sustainable option for the central
Mexican highlands. Soil Tillage Res. 103, 222–230. https://doi.org/10.1016/j.still.
2008.05.018.

Kant, S., Thoday-Kennedy, E., Joshi, S., Vakani, J., Hughes, J., Maphosa, L., Sadler, A.,
Menidis, M., Slater, A., Spangenberg, G., 2017. Automated Rainout Shelter’s design
for Well-defined water stress field phenotyping of crop plants. Crop Sci. 57, 327–331.
https://doi.org/10.2135/cropsci2016.08.0677.

Kassam, A., Friedrich, T., Shaxson, F., Pretty, J., 2009. The spread of conservation agri-
culture: justification,sustainability and uptake. Int. J. Agric. Sustain. 7, 292–320.
https://doi.org/10.3763/ijas.2009.0477.

Kassam, A., Friedrich, T., Derpsch, R., Lahmar, R., Mrabet, R., Basch, G., González-
Sánchez, E.J., Serraj, R., 2012. Conservation agriculture in the dry Mediterranean
climate. Field Crops Res. 132, 7–17. https://doi.org/10.1016/j.fcr.2012.02.023.

Kiniry, J., Bonhomme, R., 1991. Predicting maize phenology. In: Hodges, T. (Ed.),
Predicting Crop Phenology. CRC Press, Boca Raton, Florida, pp. 115–132.

Ligowe, I.S., Nalivata, P.C., Njoloma, J., Makumba, W., Thierfelder, C., 2017. Medium-
term effects of conservation agriculture on soil quality. Afr. J. Agric. Res. 12,
2412–2420. https://doi.org/10.5897/AJAR2016.11092.

Lipper, L., Thornton, P., Campbell, B.M., Baedeker, T., Braimoh, A., Bwalya, M., Caron, P.,
Cattaneo, A., Garrity, D., Henry, K., 2014. Climate-smart agriculture for food se-
curity. Nat. Clim. Change 4, 1068–1072. https://doi.org/10.1038/nclimate2437.

Lobell, D.B., Burke, M.B., Tebaldi, C., Mastrandrea, M.D., Falcon, W.P., Naylor, R.L.,
2008. Prioritizing climate change adaptation needs for food security in 2030. Science
319, 607–610. https://doi.org/10.1126/science.1152339.

Lobell, D.B., Banziger, M., Magorokosho, C., Vivek, B., 2011. Nonlinear heat effects on
African maize as evidenced by historical yield trials. Nat. Clim. Change 1, 42–45.
https://doi.org/10.1038/nclimate1043.

Lucas, R.W., Forseth, I.N., Casper, B.B., 2008. Using rainout shelters to evaluate climate
change effects on the demography of Cryptantha flava. J. Ecol. 96, 514–522. https://
doi.org/10.1111/j.1365-2745.2007.01350.

McHugh, O.V., Steenhuis, T.S., Berihun, A., Fernandes, E.C.M., 2007. Performance of in
situ rainwater conservation tillage techniques on dry spell mitigation and erosion
control in the drought-prone North Wello zone of the Ethiopian highlands. Soil
Tillage Res. 97, 19–36. https://doi.org/10.1016/j.still.2007.08.002.

Mupangwa, W., Twomlow, S., Walker, S., Hove, L., 2007. Effect of minimum tillage and
mulching on maize (Zea mays L.) yield and water content of clayey and sandy soil.
Phys. Chem. Earth 32, 1127–1134. https://doi.org/10.1016/j.pce.2007.07.030.

Mupangwa, W., Twomlow, S., Walker, S., 2008. The influence of conservation tillage
methods on soil water regimes in semi-arid southern Zimbabwe. Phys. Chem. Earth
33, 762–767. https://doi.org/10.1016/j.pce.2008.06.049.

Mupangwa, W., Mutenje, M., Thierfelder, C., Nyagumbo, I., 2016. Are conservation
agriculture (CA) systems productive and profitable options for smallholder farmers in
different agro-ecoregions of Zimbabwe? Renew. Agric. Food Syst. 1–17. https://doi.
org/10.1017/S1742170516000041.

Naudin, K., Gozé, E., Balarabe, O., Giller, K.E., Scopel, E., 2010. Impact of no tillage and
mulching practices on cotton production in North Cameroon: a multi-locational on-
farm assessment. Soil Tillage Res. 108, 68–76. https://doi.org/10.1016/j.still.2010.
03.002.

Nyamangara, J., Marondedze, A., Masvaya, E., Mawodza, T., Nyawasha, R., Nyengerai,
K., Tirivavi, R., Nyamugafata, P., Wuta, M., 2014. Influence of basin‐based con-
servation agriculture on selected soil quality parameters under smallholder farming
in Zimbabwe. Soil Use Manag. 30, 550–559. https://doi.org/10.1111/sum.12149.

Oldenborgh, G.J.V., Collins, M., Arblaster, J., Christensen, J.H., Marotzke, J., Power, S.B.,
Rummukaine, M., Zhou, T., 2013. Annex I: atlas of global and regional climate
projections. In: Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K.,
Boschung, J., Nauels, A., Xi, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, UK and New York, NY, USA.

Ordóñez, R.A., Castellano, M.J., Hatfield, J.L., Helmers, M.J., Licht, M.A., Liebman, M.,
Dietzel, R., Martinez-Feria, R., Iqbal, J., Puntel, L.A., Córdova, S.C., Togliatti, K.,
Wright, E.E., Archontoulis, S.V., 2018. Maize and soybean root front velocity and
maximum depth in Iowa, USA. Field Crops Res. 215, 122–131. https://doi.org/10.
1016/j.fcr.2017.09.003.

Otegui, M.E., Bonhomme, R., 1998. Grain yield components in maize: I. Ear growth and
kernel set. Field Crops Res. 56, 247–256. https://doi.org/10.1016/S0378-4290(97)
00093-2.

Piccoli, I., Chiarini, F., Carletti, P., Furlan, L., Lazzaro, B., Nardi, S., Berti, A., Sartori, L.,
Dalconi, M.C., Morari, F., 2016. Disentangling the effects of conservation agriculture
practices on the vertical distribution of soil organic carbon. Evidence of poor carbon
sequestration in North- Eastern Italy. Agric. Ecosyst. Environ. 230, 68–78. https://
doi.org/10.1016/j.agee.2016.05.035.

Powlson, D.S., Stirling, C.M., Thierfelder, C., White, R.P., Jat, M.L., 2016. Does con-
servation agriculture deliver climate change mitigation through soil carbon seques-
tration in tropical agro-ecosystems? Agric. Ecosyst. Environ. 220, 164–174. https://
doi.org/10.1016/j.agee.2016.01.005.

Rusinamhodzi, L., Corbeels, M., van Wijk, M., Rufino, M., Nyamangara, J., Giller, K.,
2011. A meta-analysis of long-term effects of conservation agriculture on maize grain
yield under rain-fed conditions. Agron. Sustain. Dev. 31, 657–673. https://doi.org/
10.1007/s13593-011-0040-2.

Scherr, S.J., Shames, S., Friedman, R., 2012. From climate-smart agriculture to climate-
smart landscapes. Agric. Food Secur. 1, 12. https://doi.org/10.1186/2048-7010-
1-12.

Schlenker, W., Lobell, D.B., 2010. Robust negative impacts of climate change on African
agriculture. Env. Res. Lett. 5, 014010. https://doi.org/10.1088/1748-9326/5/1/
014010.

Schlenker, W., Roberts, M.J., 2009. Nonlinear temperature effects indicate severe da-
mages to US crop yields under climate change. Proc. Nat. Acad. Sci. 106,
15594–15598. https://doi.org/10.1073/pnas.0906865106.

Steward, P.R., Dougill, A.J., Thierfelder, C., Pittelkow, C.M., Stringer, L.C., Kudzala, M.,
Shackelford, G.E., 2018. The adaptive capacity of maize-based conservation agri-
culture systems to climate stress in tropical and subtropical environments: a meta-
regression of yields. Agric. Ecosyst. Environ. 251, 194–202. https://doi.org/10.1016/

P.R. Steward et al. Agriculture, Ecosystems and Environment 277 (2019) 95–104

103

https://doi.org/10.1016/j.agee.2018.07.009
https://doi.org/10.1007/s10021-010-9401-y
https://doi.org/10.1007/s10021-010-9401-y
https://ccafs.cgiar.org/es/node/55719#.Ws86xa6FOHs
https://ccafs.cgiar.org/es/node/55719#.Ws86xa6FOHs
https://doi.org/10.1016/j.agee.2013.08.010
https://doi.org/10.1016/j.gloenvcha.2009.04.003
http://aciar.gov.au/publication/mn158
https://doi.org/10.1007/s12571-013-0256-x
https://doi.org/10.1016/j.cosust.2014.07.002
https://doi.org/10.1016/j.still.2012.03.011
https://doi.org/10.1016/j.still.2015.09.018
https://ccafs.cgiar.org/publications/meta-analysis-crop-responses-conservation-agriculture-sub-saharan-africa#.Ws864q6FOHs
https://ccafs.cgiar.org/publications/meta-analysis-crop-responses-conservation-agriculture-sub-saharan-africa#.Ws864q6FOHs
https://doi.org/10.1017/S0014479700020421
https://doi.org/10.1017/S0014479700020421
https://doi.org/10.1017/S001447970002041X
http://www.fao.org/climate-smart-agriculture/72611/en/
http://www.fao.org/climate-smart-agriculture/72611/en/
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0070
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0070
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0070
https://doi.org/10.1007/s10584-015-1459-2
https://doi.org/10.1016/j.still.2012.03.001
https://doi.org/10.1016/j.still.2012.03.001
https://doi.org/10.1088/1748-9326/8/2/024041
https://doi.org/10.1016/j.fcr.2004.11.003
https://doi.org/10.1016/j.fcr.2004.11.003
https://doi.org/10.1016/j.still.2008.05.018
https://doi.org/10.1016/j.still.2008.05.018
https://doi.org/10.2135/cropsci2016.08.0677
https://doi.org/10.3763/ijas.2009.0477
https://doi.org/10.1016/j.fcr.2012.02.023
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0115
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0115
https://doi.org/10.5897/AJAR2016.11092
https://doi.org/10.1038/nclimate2437
https://doi.org/10.1126/science.1152339
https://doi.org/10.1038/nclimate1043
https://doi.org/10.1111/j.1365-2745.2007.01350
https://doi.org/10.1111/j.1365-2745.2007.01350
https://doi.org/10.1016/j.still.2007.08.002
https://doi.org/10.1016/j.pce.2007.07.030
https://doi.org/10.1016/j.pce.2008.06.049
https://doi.org/10.1017/S1742170516000041
https://doi.org/10.1017/S1742170516000041
https://doi.org/10.1016/j.still.2010.03.002
https://doi.org/10.1016/j.still.2010.03.002
https://doi.org/10.1111/sum.12149
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0175
https://doi.org/10.1016/j.fcr.2017.09.003
https://doi.org/10.1016/j.fcr.2017.09.003
https://doi.org/10.1016/S0378-4290(97)00093-2
https://doi.org/10.1016/S0378-4290(97)00093-2
https://doi.org/10.1016/j.agee.2016.05.035
https://doi.org/10.1016/j.agee.2016.05.035
https://doi.org/10.1016/j.agee.2016.01.005
https://doi.org/10.1016/j.agee.2016.01.005
https://doi.org/10.1007/s13593-011-0040-2
https://doi.org/10.1007/s13593-011-0040-2
https://doi.org/10.1186/2048-7010-1-12
https://doi.org/10.1186/2048-7010-1-12
https://doi.org/10.1088/1748-9326/5/1/014010
https://doi.org/10.1088/1748-9326/5/1/014010
https://doi.org/10.1073/pnas.0906865106
https://doi.org/10.1016/j.agee.2017.09.019


j.agee.2017.09.019.
TerAvest, D., Carpenter-Boggs, L., Thierfelder, C., Reganold, J.P., 2015. Crop production

and soil water management in conservation agriculture, no-till, and conventional
tillage systems in Malawi. Agric. Ecosyst. Environ. 212, 285–296. https://doi.org/10.
1016/j.agee.2015.07.011.

Tesfaye, K., Gbegbelegbe, S., Cairns, J.E., Shiferaw, B., Prasanna, B.M., Sonder, K., Boote,
K., Makumbi, D., Robertson, R., 2015. Maize systems under climate change in sub-
Saharan Africa: potential impacts on production and food security. Int. J. Clim.
Change Strateg. Manag. 7, 247–271.

Thierfelder, C., Wall, P.C., 2009. Effects of conservation agriculture techniques on in-
filtration and soil water content in Zambia and Zimbabwe. Soil Tillage Res. 105,
217–227. https://doi.org/10.1016/j.still.2009.07.007.

Thierfelder, C., Wall, P.C., 2010a. Investigating Conservation Agriculture (CA) systems in
Zambia and Zimbabwe to Mitigate future effects of climate change. J. Crop Improv.
24, 113–121. https://doi.org/10.1080/15427520903558484.

Thierfelder, C., Wall, P.C., 2010b. Rotation in conservation agriculture systems of
Zambia: effects on soil quality and water relations. Exp. Agric. 46, 309–325. https://
doi.org/10.1017/s001447971000030x.

Thierfelder, C., Matemba-Mutasa, R., Rusinamhodzi, L., 2015. Yield response of maize
(Zea mays L.) to conservation agriculture cropping system in Southern Africa. Soil
Tillage Res. 146 (Part B), 230–242. https://doi.org/10.1016/j.still.2014.10.015.

Thierfelder, C., Chivenge, P., Mupangwa, W., Rosenstock, T.S., Lamanna, C., Eyre, J.X.,
2017. How climate-smart is conservation agriculture (CA)?–its potential to deliver on
adaptation, mitigation and productivity on smallholder farms in southern Africa.
Food Secur. 9, 537–560. https://doi.org/10.1007/s12571-017-0665-3.

Verhulst, N., Govaerts, B., Verachtert, E., Castellanos-Navarrete, A., Mezzalama, M., Wall,
P., Deckers, J., Sayre, K.D., 2010. Conservation agriculture, improving soil quality for
sustainable production systems. In: Lal, R., Stewart, B. (Eds.), Food Security and Soil
Quality. CRC Press, Boca Raton, pp. 137–208.

Wall, P.C., 1999. Experiences with crop residue cover and direct seeding in the Bolivian
highlands. Mt. Res. Dev. 19, 313–317. www.jstor.org/stable/25164047.

Wall, P.C., Thierfelder, C., Ngwira, A., Govaerts, B., Nyagumbo, I., Baudron, F., 2014.
Conservation agriculture in Eastern and Southern Africa. In: Jat, R.A., Sahrawat, K.L.,
Kassam, A.H. (Eds.), Conservation Agriculture: Global Prospects and Challenges.
CABI, pp. 263–292. https://doi.org/10.1079/9781780642598.0000.

Waraich, E.A., Ahmad, R., Ashraf, M., 2011. Role of mineral nutrition in alleviation of
drought stress in plants. Aust. J. Crop Sci. 5, 764. http://www.cropj.com/waraich_5_
6_2011_764_777.pdf.

Wheeler, T., von Braun, J., 2013. Climate change impacts on global food security.
Sciience 341, 508–513. https://doi.org/10.1126/science.1239402.

Yahdjian, L., Sala, O.E., 2002. A rainout shelter design for intercepting different amounts
of rainfall. Oecologia 133, 95–101. https://doi.org/10.1007/s00442-002-1024-3.

P.R. Steward et al. Agriculture, Ecosystems and Environment 277 (2019) 95–104

104

https://doi.org/10.1016/j.agee.2017.09.019
https://doi.org/10.1016/j.agee.2015.07.011
https://doi.org/10.1016/j.agee.2015.07.011
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0230
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0230
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0230
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0230
https://doi.org/10.1016/j.still.2009.07.007
https://doi.org/10.1080/15427520903558484
https://doi.org/10.1017/s001447971000030x
https://doi.org/10.1017/s001447971000030x
https://doi.org/10.1016/j.still.2014.10.015
https://doi.org/10.1007/s12571-017-0665-3
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0260
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0260
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0260
http://refhub.elsevier.com/S0167-8809(18)30284-6/sbref0260
arxiv:/www.jstor.org/stable/25164047
https://doi.org/10.1079/9781780642598.0000
http://www.cropj.com/waraich_5_6_2011_764_777.pdf
http://www.cropj.com/waraich_5_6_2011_764_777.pdf
https://doi.org/10.1126/science.1239402
https://doi.org/10.1007/s00442-002-1024-3

	Conservation agriculture enhances resistance of maize to climate stress in a Malawian medium-term trial
	Introduction
	Methods
	Location and experimental design
	Crop management
	Rainout shelter construction, timing and climate
	Maize performance
	Statistical analyses

	Results
	Management effects on maize anthesis timing
	Drought simulation effects on soil moisture, temperature and humidity
	Maize yields under drought simulation

	Discussion
	Conclusion
	Acknowledgements
	Supplementary data
	References




