Agronomy for Sustainable Development (2021) 41: 29
https://doi.org/10.1007/513593-021-00687-y

®

Check for
updates

RESEARCH ARTICLE

The crucial role of mulch to enhance the stability and resilience
of cropping systems in southern Africa

Blessing Mhlanga' (@ - Laura Ercoli® - Elisa Pellegrino’ + Andrea Onofri? - Christian Thierfelder®

Accepted: 16 March 2021 / Published online: 8 April 2021
© The Author(s) 2021

Abstract

Conservation agriculture has been promoted to sustainably intensify food production in smallholder farming systems in southern
Africa. However, farmers have rarely fully implemented all its components, resulting in different combinations of no-tillage, crop
rotation, and permanent soil cover being practiced, thus resulting in variable yield responses depending on climatic and soil
conditions. Therefore, it is crucial to assess the effect of conservation agriculture components on yield stability. We hypothesized
that the use of all three conservation agriculture components would perform the best, resulting in more stable production in all
environments. We evaluated at, eight trial locations across southern Africa, how partial and full implementation of these
components affected crop yield and yield stability compared with conventional tillage alone or combined with mulching and/
or crop rotation. Grain yield and shoot biomass of maize and cowpea were recorded along with precipitation for 2 to 5 years.
Across different environments, the addition of crop rotation and mulch to no-tillage increased maize grain by 6%, and the same
practices added to conventional tillage led to 13% yield increase. Conversely, adding only mulch or crop rotation to no-tillage or
conventional tillage led to lower or equal maize yield. Stability analyses based on Shukla’s index showed for the first time that the
most stable systems are those in which mulch is added without crop rotation. Moreover, the highest yielding systems were the
least stable. Finally, additive main effects and multiplicative interaction analysis allowed clarifying that mulch added to no-tillage
gives stable yields on sandy soil with high rainfall. Similarly, mulch added to conventional tillage gives stable yield on sandy soil,
but under low rainfall. This is the first study that highlighted the crucial role of mulch to enhance the stability and resilience of
cropping systems in southern Africa, supporting their adaptability to climate change.
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1 Introduction

Conservation agriculture (CA) is a multi-component cropping
system composed of (i) no-tillage, (i) maintenance of perma-
nent soil cover with organic material, and (iii) crop diversifi-
cation. It has shown potential to improve productivity, protect
the environment, and reduce production costs in southern
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Africa (FAO 2012). Moreover, other studies showed positive
effects of CA on agronomic and economic as well as soil
health aspects (Ercoli et al. 2017). Conservation agriculture
improves soil properties such as water infiltration, soil micro-
bial biomass, and amount of water stable aggregates
(Esmeraldo 2017; Thierfelder and Wall 2009). A gradual in-
crease in soil carbon (SOC) was also observed, leading to
+24% in the fifth year of CA implementation (Ligowe et al.
2017). Compared with conventional tillage (CT), CA has been
shown to increase SOC by between 0.28 and 0.96 Mg C ha ™!
per year in 0—-30 cm soil depth in sub-Saharan Africa
(Powlson et al. 2016). However, the response depends to a
large extent on context and site-specific management
(Cheesman et al. 2016). The covering of soil with crop resi-
dues increases water infiltration through stimulation of mac-
rofaunal activity, reduction in soil surface disturbance, and
increase of water conducting pores in sandy and clay loamy
soils (Thierfelder et al. 2014). Under low rainfall conditions,
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no-tillage and mulching with aboveground crop residues are
likely to enhance crop yields, support macrofaunal popula-
tions, reduce weed pressure, and improve water retention
(Thierfelder and Wall 2010; Mhlanga et al. 2015; Craven
and Nel 2017; Steward et al. 2018, 2019).

Nevertheless, there is also evidence of negative effects of
CA components under varying conditions. For example, no-
tillage resulted in lower maize (Zea mays L.) yields as com-
pared with tillage in two locations in Zambia for two consec-
utive years (Mafongoya and Jiri 2015). A meta-analysis by
Pittelkow et al. (2015) comparing no-tillage with conventional
tillage revealed on average a reduction of yield by 5.7%, but
the effect was highly variable, depending on soil type, rainfall,
duration of implementation, and previous land use. Therefore,
improved implementation including complementary practices
(i.e., mulching and/or rotation) is necessary to optimize no-till
performance (Thierfelder et al. 2018).

In this context, the adoption of CA by smallholder farmers
in southern Africa is low (Ward et al. 2018) and accounts only
for 0-10% of arable land use in various countries (Kassam
etal. 2019). A study by Ngwira et al. (2014) in six districts of
Malawi showed that by 2014 only 18% of the farmers had
adopted some form of CA and this represented 2% of the
cultivated land. Depending on the socio-economic and bio-
physical conditions, farmers may find it easier to adopt certain
components or combinations of components (Ward et al.
2018). There has been some debate in the literature that
farmers may find it more feasible to adopt only one of the
CA components at a time in a so-called “ladder approach”,
although other schools of thought argue for a full implemen-
tation of CA, but starting on a small piece of land and extend-
ing the practice on the remaining land later (Thierfelder et al.
2018). The latter recommendation is based on the notion that
there are synergies among the CA components, whose bene-
fits can only be attained upon full implementation of all CA
practices (Thierfelder et al. 2013). However, logistical and
organizational hurdles may be prohibitive for farmers (Giller
et al. 2015), which makes it important to determine which
combinations of the three CA components are most beneficial
for crop yield.

Characteristics of farm organization play an important role
in decision making on which CA components are adopted
(Hermans et al. 2020). Farmers with only small cultivable
land, for example, are less likely to adopt crop rotation, as
compared with farmers who are able to cultivate large areas.
Lack of access to legume seed and output markets for legume
crops is a setback for other smallholders, which hampers sys-
tematic legume rotation (Ngwira et al. 2014). The competition
for the use of crop residues between retaining them as ground
cover and feeding them to cattle as fodder can also result in the
low adoption of permanent soil cover in communities charac-
terized by crop-livestock farming (Valbuena et al. 2012). Yet,
successful adoption of CA components should be associated
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with good agronomic practices, such as adequate fertilizer
application and timely weeding, which farmers may not afford
or tend to overlook, resulting in reduced yields despite having
adopted the CA components (Nyamangara et al. 2014;
Thierfelder et al. 2018).

In southern Africa, there is some evidence of idiosyncratic
differences in yield among farmers that adopted all the three
components of CA (full adopters) and farmers that only
adopted either one or two components of CA (partial
adopters), probably due to environmental context dependen-
cies (Brouder and Gomez-Macpherson 2014). Although con-
siderable effort has been made to understand crop yield re-
sponse to different CA component interactions, to our knowl-
edge, no work has assessed these responses together with
dynamic yield stability under different environmental condi-
tions. This is an important aspect since yield and yield stability
are fundamental in defining productivity and resilience of
cropping systems under climate change scenarios. Some stud-
ies have shown that yield under CA improves over time
(Corbeels et al. 2020), but an assessment of the benefits on
the basis of yield stability would also be meaningful for early
adopters. Thus, the aim of this study was to evaluate the in-
teractive effects of the components of CA on grain yield and
yield stability of maize as the main crop and cowpea as the
rotational crop under different soil and climatic conditions
across southern Africa. We hypothesized that the use of all
three CA components would perform the best and result in
more stable production in all environments. This was tested
using data of eight CA trials in four countries (Fig. S1), each
with all eight cross-factorial combinations of the three CA
components. In Fig. 1, examples of cropping systems based
on different combinations of CA components are shown.

2 Materials and methods
2.1 Study locations

The CA trials were run at eight locations in Mozambique,
Namibia, Zambia, and Zimbabwe. The study locations were
the Ntengo Umodzi Research Station (NURS), Sussundenga
Research Station (SRS), Lisello Training Centre (LRS),
Misamfu Research Station (MiRS), Monze Farmer Training
Centre (MFTC), Msekera Research Station (MRS),
Domboshava Training Centre (DTC), and University of
Zimbabwe farm (UZ) (Fig. S1). The trials were implemented
over variable years at the different locations: NURS, 2014—
2016; SRS, 2014-2015; LRS, 2017-2018; MFTC, 2014—
2018; MiRS, 2016-2018; MRS, 2015-2018; DTC, 2014-
2018; and UZ, 2014-2018. More information on the geo-
graphical coordinates, altitude, mean annual temperature,
and years of trial execution are listed in Table 1.
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Fig. 1 Examples of cropping
systems based on different
combinations of conservation
agriculture (CA) components, as
in the field trials set up across
eight experimental locations in
southern Africa: (a)
conventionally tilled maize (Zea
mays L.) plus mulch; (b)
conventionally tilled maize
rotated with cowpea (Vigna
unguiculata L.) plus mulch; (c)
no-tillage maize with mulch; and
(d) acomplete CA with no-tillage,
mulch, and rotation of maize and
cowpea. Photos: CIMMYT, C.
Thierfelder

Classification of the soils, soil texture, and organic carbon (C)
content are also listed in Table 1.

2.2 Annual rainfall distribution and interannual
variability at the study locations

Daily rainfall was recorded at each location and cumulative
values for the whole cropping stage were calculated per loca-
tion and year. Rainfall from sowing to the end of the vegeta-
tive stage (stage V18; Hanway 1963), hereafter referred to as
P.veg, and rainfall from the beginning of the reproductive
stage of silk emergence (stage R1) to harvest, hereafter called
P.rep, were additionally calculated. Precipitation followed a
unimodal pattern, usually starting in the first week of
November (Fig. 2) after which the crops were sown. The
cropping seasons at all locations started in November and
ended in April. Total rainfall during the growing season of
maize averaged across all locations was 825 mm, but greatly
differed among locations, averaging from 483 mm at LRS to
1103 mm at MiRS (Fig. 2). Rainfall was also highly variable
among the years at most locations: the within-location coeffi-
cient of variation (CV) was higher than 20% for five (DTC,
UZ, MFTC, MRS, and NURS) of the eight locations. The
highest variability was recorded at NURS (CV=35.1%), while
the lowest was at LRS (CV=1.0%).

The interannual variation in rainfall during the vegetative
growth stage (P.veg) was high at NURS (CV > 50%) and
during the reproductive stage (P.rep) was high at UZ (CV >
50%). For all locations, the CV for P.veg and P.rep were
above 10%. Drought periods lasted up to 21 days for sites
such as LRS (Fig. 2).

2.3 Design of the trials

At each location, the experiments were set up as randomized
complete block designs with four blocks (plot size: 12 m X 6
m) and eight treatments (cropping systems) based on either
conventional tillage (CT) or no-tillage (NT) and with both
phases of a rotation in each year. Illustration of basis of for-
mulation of treatments is given in Fig. S2:

i.  Conventional tillage (CT)

ii. Conventional tillage plus mulch (CT+M)

iii. Conventional tillage plus rotation (CT+R)

iv. Conventional tillage plus mulch and rotation (CT+M+R)

v. No-tillage (NT)

vi. No-tillage plus mulch (NT+M)

vii. No-tillage plus rotation (NT+R)

viii. No-tillage plus mulch and rotation (NT+M+R), referred
to as CA or complete CA.

Conventional tillage (CT) involved the use of hand hoes to
simulate ploughing and to create small planting basins into the
tilled soil in which the seeds and basal NPK fertilizer were placed
at the beginning of each growing season. The NT treatment
involved no tillage and just creation of planting basins (usually
at the size of 15 cm x 15 cm X 15 c¢cm) for seed and fertilizer
placement or ripping by animal traction and manual seed and
fertilizer placement into the rip lines. For treatments that involved
mulching (+M), maize (Zea mays L.), or cowpea (Vigna
unguiculata L.), residues were retained on the soil surface under
NT or placed back after tillage under CT, whereas for treatments
without mulching residues were removed at crop harvest.
Approximately 2.5-3 t ha " of the residues of the previous crop
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Fig. 2 Cumulative rainfall at the Cumulative rainfall (mm)

2500
NURS

eight locations over two to five
growing seasons 2014 (blue line),
2015 (red line), 2016 (green line),
2017 (black line), and 2018
(purple line). The coefficient of
variation (CV) of total rainfall
(P.tot), rainfall from sowing to the
end of vegetative stage (P.veg),
and rainfall from the start of
reproductive stage to
physiological maturity (P.rep) 5001 " 475mm
among seasons is given as an
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CV = 24.8% (P.veg)
CV = 53.5% (P.rep)

MFTC, Monze Farmer Training
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Training Centre; UZ, University
of Zimbabwe farm. The values in
front of each line represent the
total seasonal rainfall received in 0
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was evenly spread on the soil surface at the beginning of each
season. For treatments that involved crop rotation (+R), maize
was rotated with cowpea in all locations. Both crops were sown
in each year by splitting the rotational plots into two half-sized
subplots (6 m x 6 m). Since both crops were present in each year,
there were 12 plots, representing the different experimental treat-
ments (i.e., cropping systems) per block: eight systems with
maize and four systems with cowpea.

Both maize and cowpea were grown under rain-fed condi-
tions at all locations. Maize was sown at a density of 44,444
plants ha ' with 90 cm spacing between the rows and 25 cm
within rows after receiving the first effective rains of more than
30 mm within 2 days after the beginning of November. Cowpea
was sown at a density of 111,111 plants ha™' with 45 cm spacing
between the rows and 20 cm within rows, planted on the same
date as maize. Only in the trial at the location LRS maize was
sown at a density of 37,746 plants ha ' (90 cm between rows and
35 cm within rows), due to the very low local rainfall and the
need to adjust plant populations. The maize varieties were medi-
um (110-135 days) and late (140-155 days) maturing
(Table S1). The cowpea varieties were medium maturing and
reached maturity at about 90 days after emergence.

2.4 Fertilizer application, weed control

Mineral NPK fertilizer was applied at sowing in all cropping
systems and to both crops as a basal dressing as locally

50 100 150 0 50 100 150 0 50 100 150
Days from sowing to physiological maturity

recommended (Table S2). Additional N fertilizer was applied
as top dressing to maize only in all treatments in the form of
ammonium nitrate or urea and at stages V4 and V7 (about 4
and 7 weeks after sowing) (Zhao et al. 2011). Doses were
chosen based on local fertilizer application recommendations.
Weeds were controlled across all plots by early pre-emergence
herbicide treatment (glyphosate at 1.025 L a.i. ha™'). Late
emerging weeds were removed manually, using a hand hoe.

2.5 Crop harvesting

Plants of maize and cowpea from an area of 18 m* (5 m x 3.6
m) were manually harvested at physiological maturity (stage
R6) and oven-dried grain yield and shoot biomass were deter-
mined. Values were adjusted to 12.5% water for maize and
9.0% water for cowpea and yields were expressed in t ha .

2.6 Data analysis

Data were analyzed by a mixed model statistical analysis
using cropping system (abbreviated as system) as the only
fixed factor. The locations, blocks nested within locations,
plots nested within blocks nested within locations, and years
nested within locations were included as random factors, to
account for grouping factors and repeated measures across
years in the same plots (Onofri et al. 2016). We defined a
new factor called environments based on the combinations
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of locations and years (location x year cross classification).
This meant that there were 29 combinations of “location X
year” for maize data and 25 combinations for cowpea data
(due to missing cowpea data for some years). The interaction
of the environments and systems (environment X system) was
also included in the statistical model as a random effect to
determine the context dependency of grain yield and shoot
biomass. The formulas of the models used in the analyses
are given below (Eq. 1):

¥jjx~H + System, + Location; 4 (Location; X Yeary)
+ (System; x Location; x Yeary)
+ (Location;Block) + (Location,|Block|Plot)
+ L (1)

where ;i is the mean grain yield in the ith system, jth loca-
tion, and kth year; u is the overall mean; System;, is the fixed
effect of the ith system; Location; is the random effect of the
Jjth location; Location; x Yeary is the random interactive effect
of the jth location and kth year; System; x Location; x Yeary is
the random interactive effect of the ith cropping system, jth
location and kth year; Location;|Block is the random effect of
the block within the jth location; Location;Block|Plot is the
random effect of the plot within the block within the jth loca-
tion; and &;j is the random residual effect.

The variance components for the random effects were es-
timated by using restricted maximum likelihood (REML) as
implemented by the Asreml-R package (Butler et al. 2009)
and also by Ime4 package (Bates et al. 2015) in the R statis-
tical environment (R Core Team 2019). Graphical analysis of
the residuals was used to assess the homoscedasticity and
normality of the data. The significance of fixed experimental
effects was tested by Wald chi-square tests. Means were com-
pared using a multiple comparison procedure with single-step
multiplicity adjustment (Bretz et al. 2016), as implemented in
the emmeans package of R (Lenth 2019).

To make further comparisons between selected cropping
systems (i.e., maize: CT+M+R vs CT, NT+R+M vs NT, and
NT+R+M vs CT+M+R; cowpea: NT+R+M vs CT+M+R),
best linear unbiased predictors (BLUPs) for the “system x
environment” combinations were extracted from the linear
mixed model fits described in the previous section and plotted.
These BLUPs of random factors correspond to the fitted
values of fixed factors and were used here to estimate crop
yields under all system x environment combinations. The use
of BLUPs is more desirable as compared with the means of
the observed data since they are centered toward the overall
mean (Piepho 1998b).

Grain yield and shoot biomass stability of each cropping
system across environments were assessed using the dynamic

concept of stability based on Shukla’s stability variance (5? )

INRAZ

@ Springer

(Shukla 1972) which assesses yield variability across a set of
selected environments. In the analyses, this index was estimat-
ed by REML, allowing the variance components for the inter-
action of “cropping systems X environments” to vary across
cropping systems (Piepho 1998), using the idh() function in
Asreml-R. The cropping systems with lower values of stabil-
ity variance are regarded as more stable (Urruty et al. 2016).

To better explain the pattern of stability of the cropping
systems, the two-way table of BLUPs calculated above was
submitted to additive main effects and multiplicative interac-
tion (AMMI) analyses (Zobel et al. 1988) and the results were
displayed in AMMI2 biplots (Gauch et al. 2008). Again, the
use of BLUPs was preferred over the observed means due to
their centeredness toward the overall mean and hence better
representing the relative (i.e., dynamic) yield stability. Briefly,
in the AMMI analyses, the BLUPs were double centered to
remove the main effects and the principal components of each
cropping system were calculated using singular value decom-
position in the vegan package of R (Oksanen et al. 2019).
Methods such as AMMI as well as the interpretation of the
biplots have been previously used to predict stability of
cropping systems under rain-fed conditions in the context of
long-term agronomic experiments (e.g., Bonciarelli et al.
2016). Intrinsically, Shukla’s stability variance and AMMI
analysis provide complementary and non-overlapping infor-
mation. The Shukla variance gives an index of variability,
whereas AMMI analysis gives information on the basic pat-
tern of stability, allowing for the ordination of cropping sys-
tems and environments based on their reciprocal relationship
on the AMMI2 biplot. To better understand the ordination of
the cropping systems, several environmental factors that in-
cluded the amounts of applied nitrogen (kg ha "), phosphorus
(kg ha™"), potassium (kg ha™'); soil clay, sand, and organic
carbon content (g kg '), total rainfall over the growing season
(mm) (P.tot), rainfall received during the vegetative period
(mm) (P.veg), and rainfall received during the reproductive
period (P.rep) (mm) were projected on the AMMI2 biplots
using the envfit() function (Borcard et al. 2018) in the vegan
package of R.

3 Results and discussion
3.1 Grain yield and shoot biomass

Maize grain yield differed significantly among the cropping
systems (Wald X2 =21.0, d.f. =7, p < 0.05), as did shoot
biomass (Wald x* = 25.1, d.f. = 7, p < 0.001) (Table 2).
Maize grain yield was highest with CT+M+R, lowest with
CT, NT, and NT+M, and intermediate with the other treat-
ments (Fig. 3a). Compared with CT, CT+M, and CT+R, the
CT+M+R system increased grain yield by 13%, 14%, and 7%,
respectively. Similarly, the NT+R+M system increased grain
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Table2 Results of mixed model analysis on the effect of eight cropping
systems (i.e., conventional tillage-CT, CT plus mulch-M, CT plus
rotation-R, CT+M+R, no-tillage-NT, NT+M, NT+R, NT+M+R) on
grain yield and shoot biomass of maize (Zea mays L.) and of four

cropping systems (i.e., CT+R, CT+M+R, NT+R, NT+M+R) on those
of cowpea (Vigna unguiculata L.) across eight experimental locations
in southern Africa, with four field replicates for each cropping system,
and trial duration from 2 to 5 years

Crop Source df Grain yield Shoot biomass
Sum of squares Wald statistic Sum of squares Wald statistic

Maize Intercept 88163034 94.51 6% 68602727 78.485%x
Cropping system 7 19626845 21.041%* 21901749 25.057%%:*
Residuals 932782 874087

Cowpea Intercept 1 7963198 86.28 1% 10571261 29.825%:#
Cropping system 3 242506 2.628™ 336130 0.8138™
Residuals 92294 354446

ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001

yield by 6% and 8% compared with NT and NT+M, respec-
tively, while no change was observed in comparison with
NT+R. Maize shoot biomass was highest with CT+M+R
and lowest with NT and NT+M, with a similar pattern to grain
yield for the other treatments (Fig. 3c).

In a meta-analysis across the world, Pittelkow et al. (2015)
reported that maize yield was reduced under NT compared with
CT, but the negative impacts of NT decreased when rotation and
mulch were implemented. However, when the influence of cli-
mate (i.e., rainfall) is taken into consideration, in dry

Fig. 3 Average grain yield and a Maize grain yield (t ha?)
12

environments positive effects (+7%) of full CA and negative or
no effects of NT alone or in combination with rotation or mulch
were reported (Pittelkow et al. 2015). By contrast, in humid
climates, yields of rainfed field crops decreased with NT irrespec-
tive of the implementation with rotation or mulching. Thus, our
multi-location and year comparison study, although not
confirming the yield gap between NT and CT, supports the cru-
cial role of implementing rotation and mulch under NT as well as
under CT in order to obtain the highest maize yield. The insights
from our study thus further emphasize that change to NT should

b Cowpea grain yield (t hat)
8

shoot biomass of maize (Zea
mays L.) (a and c, respectively)
and of cowpea (Vigna
unguiculata L.) (b and d, 8
respectively), for each cropping
system, calculated across eight
experimental locations in
southern Africa, with four field
replicates for each cropping
system, and trial duration from 2 s
to 5 years. Abbreviations of 07
cropping systems: CT,

W, Lt

8
PR .1

NS

EX 1Y

conventional tillage; CT+M, CT cT
plus mulch; CT+R, CT plus crop
rotation; CT+M+R, CT plus

mulch and rotation; NT, no- 12

CT+M CT+R CT+M+R

C Maize shoot biomass (t ha't)

NT  NT+M NT+R NT+M+R CT+R CT+M+R NT+R NT+M+R

d Cowpea shoot biomass (t ha'?)

tillage; NT+M, NT plus mulch;
NT+R, NT plus rotation; NT+M+
R, NT plus mulch and rotation.
Raincloud plots with different
superscript letters are significantly
different at 0.05% probability
level and NS signify no 4
significant differences. The

jittered points represent individual
observations in all locations and 0
years

NS

EY R S
v

CT CT+M CT+R CT+M+R NT  NT+M
Cropping system

NT+R NT+M+R CT+R CT+M+R NT+R NT+M+R

Cropping system
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not be the first step towards adoption of CA practices to avoid
reductions of yield (Ngwira et al. 2014a, b; Thierfelder et al.
2013; Kodzwa et al. 2020).

Grain yield and biomass of cowpea did not differ among
the cropping systems and were on average 1.1 tha ' and 1.7 t
ha™', respectively (Table 2 and Fig. 3b, d). Similarly, legume
crop yields were shown to be unaffected by tillage system (NT
vs CT) and by the implementation of CA practices, such as
rotation or mulch (Pittelkow et al. 2015). Our results on cow-
pea support the hypothesis of Pittelkow et al. (2015) that le-
gume crops are less susceptible than cereals to potential yield
limiting factors associated with NT (e.g., soil compaction and
nutrient availability).

To understand the differences in performance between CT+
M+R and CT (which we considered the current conventional
farmers’ practice) and between NT+M+R (which we considered
full CA) and NT in individual sites, we used the differences of
BLUPs of these systems. These analyses on maize grain yield
and shoot biomass revealed that CT+M+R outperformed CT in
86% and 90% of all environments, respectively (Fig. 4a).

Fig. 4 Difference between best

Similarly, NT+M+R outperformed NT grain yield and shoot
biomass in 76% and 90% of all environments, respectively
(Fig. 4b). The interaction of locations and years (environments)
explained on average 36% of the variance in grain yield and
shoot biomass of maize, while the study locations explained on
average 28% (Fig. S5). Our results highlighted for the first time
that the positive response in terms of maize yield due to the
implementation of rotation and mulch is generalized across en-
vironments in southern Africa and this is in contrast with previ-
ous reports in the same climatic region highlighting strong effects
of climate stress and soil texture only (Steward et al. 2018).
Indeed, in this meta-analysis, full CA performed better than CT
under scenarios of drought and/or heat stress, but the response
was modulated by soil texture. In very wet seasons, CA outyields
CT in sandy soils having poor water holding capacity as opposed
to soils with higher clay content, where it consistently
underperforms (Steward et al. 2018). Unexpectedly, in our study,
the CT+M+R system which is rarely applied in southern Africa
outyielded full implementation of CA in most environments
(83%), with the exception of environments with sandy soils

a Difference of BLUPs of 'CT+M+R' and 'CT' (t ha't)

linear unbiased predictors 15
(BLUPs) of (a) conventional
tillage plus mulch and rotation
(CT+M+R) and CT, and of (b)
no-tillage plus mulch and rotation
(NT+M+R) and NT for maize P
(Zea mays L.) grain yield (blue <+
points and error bars) and shoot 0.5
biomass (red points and error I
bars) at eight experimental 2
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in all studied years
(Environments). The error bars
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and/or low rainfall, i.e., DTC:2016, MFTC:2017 and
MiRS:2017 (Fig. S3).

Regarding cowpea, although grain yield and biomass did
not differ among all cropping systems (Table 2 and Fig. 3b, d),
CT+M+R performed similarly to NT+M+R in only 65% of
environments (Fig. S4). Since our expectation was to have a
similar performance in all environments, the fact that in 35%
of cases cowpea grain yield and biomass were different be-
tween systems might be due to drivers other than climate and
soil texture, e.g., (non-)symbiotic microorganisms associated
with nutrient cycling that would need to be investigated. This
is also supported by the high percentage of variation in the
response of grain yield and biomass explained by the interac-
tion of locations and years (53%) (Fig. S5).

Overall, our results are in line with the findings of Knapp
and van der Heijden (2018) who highlighted that combining
mulch and crop rotation with NT eliminates the yield gap with
CT. Mulch was recently identified as the most important of the
three components of CA in sub-humid tropical regions
(Kodzwa et al. 2020) due to its capacity to preserve soil mois-
ture (Mupangwa et al. 2008; Thierfelder and Wall 2009) and
to regulate soil temperature under erratic rainfalls and high air
temperatures (Cook et al. 2006; Mupangwa et al. 2019). On
the other hand, crop rotation with legumes contributes to bio-
logical N fixation as well as pest and disease reduction and
thus affects soil fertility, particularly under conditions of N
deficiency (Rusinamhodzi et al. 2011). However, although
the adoption of crop rotation in southern Africa hinges on land
availability and output markets for all crops, which are limited
for smallholders (Snapp et al. 2002, 2010), it should be
viewed in light of increasing food security and resilience
(Fisher et al. 2018; Thierfelder et al. 2018).

3.2 Yield stability

Overall, yield stability of both maize and cowpea across en-
vironments varied among cropping systems (Table 3). The use
of mulch combined with CT or NT resulted in significantly
lower Shukla’s stability variance on maize grain yield and
shoot biomass compared with the other cropping systems,
indicating that mulch promoted an increase in the stability of
production (Table 3). Crop rotation and/or mulch together
with NT (NT+R, NT+M+R) or CT (CT+R and CT+M+R)
led to the most unstable maize grain yield and aboveground
shoot biomass (Table 3).

A meta-analysis synthetizing the response of field crops
(i.e., sorghum, soybean, wheat, barley, maize, cotton, and
rice) in terms of yield stability showed that the application of
mulch and rotation in NT compared with CT had no effect on
stability (Knapp and van der Heijden 2018). The disagreement
between our results and these data can be due to the confound-
ing effect of crop species and geographical areas. However, by
focusing on maize and southern Africa, the unique synthesis
of literature results compared only mulch plus NT vs NT
(Rusinamhodzi et al. 2011). The regression analysis used for
studying the stability of maize yield did not support the hy-
pothesis of a more stable yield under mulch implementation.
Similarly, including diversification in CA systems had slightly
positive effects on maize yield stability across areas with dif-
ferent heat stress levels (Steward et al. 2018). Therefore, our
novel finding that mulch largely stabilizes maize yield across
southern Africa supports a generalized positive effect of this
component of CA in buffering limiting factors across environ-
ments, such as soil moisture and temperature. Mulch allows
maintaining suitable moisture and thermal environment in

Table 3 Shukla’s stability

variances (Shukla 1972) of grain Crop Grain Shoot biomass
yield and shoot biomass of maize
(Zea mays L.) under eight Cropping system Shukla’s stability SE* Shukla's stability SE
cropping systems (i.e., variance variance
conventional tillage-CT, CT plus
mulch-M, CT plus rotation-R, Maize CT 0.44 0.13 0.32 0.10
CT+M+R, no-tillage-NT, NT+M, CT+M 0.21 0.07 0.16 0.05
NT+R, NT+M+R) and of grain CT+R 045 0.13 037 0.11
yield and shoot biomass of
cowpea (Vigna unguiculata L.) CT+M+R 0.51 0.15 0.53 0.15
under four cropping systems (i.e., NT 0.30 0.09 0.18 0.06
CT+R, CT+M+R, NT+R, NT+ NT+M 0.34 0.10 0.20 0.07
M-+R), as calculated across eight
. L NT+R 0.54 0.16 0.43 0.13
experimental locations in
southern Africa, with four field NT+M+R 0.46 0.14 0.41 0.12
replicates for each cropping Cowpea CT+R 0.05 0.03 0.44 0.15
system, and trial duration from 2 CT+M4R 0.44 0.13 0.32 0.11
to 5 years
NT+R 0.07 0.03 0.26 0.10
NT+M+R 0.12 0.05 0.12 0.07

#SE, standard error
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soil, thus favoring the development of beneficial microorgan-
isms promoting soil structure, nutrient release, and ultimately
plant growth (Lal 1974; Bedini et al. 2009; Piazza et al. 2020).
The implementation of NT or CT with mulch to obtain the
highest maize production stability is of crucial importance in
southern Africa where high rainfall variability together with
low fertilizer application and other inadequate agronomic
practices (e.g., wrong time of planting and insufficient
weeding) are responsible for low crop yields and poor soil
quality (Thierfelder et al. 2018; Steward et al. 2019).
Moreover, mulch did not affect the stability of cowpea
yield under NT, whereas stability was reduced when associ-
ated with CT (Table 3). Finally, the combination of mulch and
rotation did not modify the stability of cowpea biomass under
both tillage systems. Less variable grain yields of cowpea,
compared with maize, indicate a higher developmental plas-
ticity in cowpea than in maize. Plastic growth is important
particularly in southern Africa where rainfall periods vary
among years as a consequence of the climate phenomena El

a pc221.1%

NURS:16

05 MES:16
’ uz:1s
. CT+M+R
MFTCS CTM uz:4  UZ:8
TC:18
NURS:15
NT+M
Clay
0.0 —|prCis.. R
Corg
. MFTC:18
NT :
MiRs:16  MFTC:17 MRS g IRSHS
DTC6 P rep
-0.5 NT+R

uz:16

-1.0 A
uz:a7

T T T
0.5 0.0 0.5

PCI1 29.0%

Fig. 5 Principal component (PC) analysis biplots of the additive and
interaction effects of the factors location and year on (a) grain yield and
(b) shoot biomass of maize (Zea mays L.) at eight locations in southern
Africa, four field replicates for each cropping system, and trial duration
from 2 to 5 years. The environmental variables precipitation (P.tot, total
rainfall; P.veg, rainfall during the vegetative growth phase; P.rep, rainfall
during the reproductive growth phase), application of available
macronutrients nitrogen (N), phosphorus (P), and potassium (K) with
fertilization, soil texture (clay and sand), and soil organic carbon (Corg)
were projected a posteriori on the ordination space. Abbreviations of
cropping systems: CT, conventional tillage; CT+M, CT plus mulch;
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Nifio and La Nifia and of climatic change. Lower fertilizer
expenses and a good local market also make cowpea a valu-
able rotational crop. Future experiments could, however, eval-
uate whether more drought-tolerant legumes, such as chickpea
(Cicer arietinum L.), could be even better rotational crops
than cowpea (Pellegrino and Bedini 2014; Avola et al. 2018).

To better understand the variable relationships between the
cropping systems and the environments in terms of stability, we
used the AMMI analyses and plotted the results in biplots. The first
two principal components of the biplots accounted for 50.1%,
51.6%, 67.9%, and 71.1% of the original variance of the “system
x environment” interaction for maize grain, maize biomass, cow-
pea grain, and cowpea biomass, respectively (Fig. 5 and Fig. S5).

The stability of maize grain yield and biomass under NT+
M was positively associated with sandy soil environments
under high rainfall and fertilizer application (e.g., MFTC:16
and LRS:17), whereas under CT+M it was positively associ-
ated with sandy soils under low rainfall and high fertilizer
application (e.g., MFTC:14 and MRS:16) (Fig. 5).

b PC223.4%
uz:15
2 N
Sand CT+M
DTC:17
CT+M+R
SN\ NURS:16
CT. :
P.tot :
DTC:16 RS:
MiRS:16 >
NT+M+R Corg
uz:16 : Clay
-0.5 4
-1.0 1
; uz:17
T T | T T
-0.6 -0.2 0.0 02 0.6

PC1 28.2%

CT+R, CT plus crop rotation; CT+M+R, CT plus mulch and rotation;
NT, no-tillage; NT+M, NT plus mulch; NT+R, NT plus rotation; NT+M+
R, NT plus mulch and rotation. Conventional tillage-based systems are
shown in red while those based on no-tillage are shown in green.
Abbreviations of the trial locations: NURS, Ntengo Umodzi; SRS,
Sussundenga Research Station; LRS, Lisello Research Station; MiRS,
Misamfu Research Station; MFTC, Monze Farmer Training Centre;
MRS, Msekera Research Station; DTC, Domboshava Training Centre;
UZ, University of Zimbabwe farm. The numbers after the location name
represent the last two digits of the year
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Previously, in a regression analysis used to study the stability
of maize yield in southern Africa, NT with mulch had a small-
er regression coefficient in sandy soils than in clay soils, sug-
gesting an advantage of mulch systems to optimize moisture
availability in soils of poor drainage (Rusinamhodzi et al.
2011). Thus, our results add novel findings to dissect the effect
of mulch on maize yield stabilization, as under NT the advan-
tage in high rainfall areas is probably associated with reduced
risks of waterlogging, while under CT the advantage in low
rainfall areas is probably associated with an increase of soil
moisture availability due to reduced evapotranspiration.
Mulch added to NT or CT proved to be more effective in
enhancing maize yield stability in sandy soils under applica-
tion of more N, P, and K fertilizer because it may compensate
N immobilization in microbial biomass, particularly during
the early years of CA implementation (Gentile et al. 2009;
Mupangwa et al. 2019). Thus, our analyses on yield stability
under the diverse conditions (“environments”) hint at rainfall
and fertilizer as the primary influencers. Any measure to ame-
liorate these two most limiting factors could thus sustainably
boost maize stability. However, since irrigation and mineral
fertilizers are expensive and often not readily available for
smallholder farmers (Tittonell et al. 2008), there is a further
need to elucidate and ultimately manage the yield-determining
regulatory processes at the soil-plant interface (i.e., crop rhi-
zosphere) (Bender et al. 2016; Ciccolini et al. 2016).

By contrast, the stability of maize production under NT+R
and NT+M+R was positively associated with high rainfall and
clay and organic C in soil (e.g., UZ:16), whereas under CT+R
and CT+M+R it was positively associated with low rainfall and
clay and organic C in soil (e.g., UZ:18 and NURS:15) (Fig. 5).
These results confirmed our previous findings that maize yield
stability under NT+M and CT+M is positively associated with
high and low rainfall, respectively. Moreover, soil texture was
confirmed to be a key mediator of the performance of CA also
considering yield stability under high as well as low rainfall.
Our analyses on maize yield stability also revealed combina-
tions of locations and years (NURS:16, UZ:15, UZ:17) under
which none of the CA components could prevent fluctuations
in maize yield, also not under drought (UZ:15) or high rainfall
fluctuations during the critical growth stages. Negative conse-
quences of extreme rainfall conditions can thus not be offset
(Rusinamhodzi et al. 2011).

Regarding cowpea, the stability of grain yield under NT+
M+R and CT+M+R was positively associated with dry and
humid environments respectively, and with soils with high clay
content and organic C (e.g., NT+M+R: MRS:18; CT+M+R:
MRS:16) (Fig. S6). Similar to maize yield stability, clay soils
promoted more stable yields under both full CA and CT+M+R.
Moreover, under dry conditions, soil moisture was promoted by
full CA, whereas under humid conditions it was promoted by
CT+M+R. This confirmed that yield-limiting factors that are
offset by tillage plus mulch and rotation are the reduction of

evapotranspiration under dry conditions and the increase of
drainage under humid conditions. Finally, the stability of cow-
pea yield under NT+R and CT+R was positively associated
with sandy soils under high rainfall (e.g., NT+R: DTC:17;
CT+R: MRS:17), supporting the fact that cowpea stability is
highly negatively affected by waterlogging.

4 Conclusions

Several studies have assessed how different combinations
of CA components affect crop yield response. However,
no study has assessed how all possible combinations of
these CA components affect crop yield stability across
diverse environments. Hence, we focused our study on
yield stability together with yield responses across south-
ern Africa. We showed that full CA and for the first time
CT+M+R, which is a system rarely implemented in south-
ern Africa, should be promoted as effective strategies to
improve crop yield. In addition, this positive response was
shown to be generalized across environments. Cowpea
yields were shown to be unaffected by tillage system
(NT vs CT) and the implementation of CA practices
(NT+M+R vs NT and CT+M+R vs CT), supporting pre-
vious hypothesis that legume crops are less susceptible
than cereals to potential yield-limiting factors associated
with NT. Nevertheless, since we highlighted cowpea grain
yield differences between full CA and CT+M+R in a rel-
evant proportion of locations and years, we conclude that
drivers other than climate and soil texture are involved in
the regulation of the mechanisms of response of legume
rotational crops under these systems. Finally, we have
shown for the first time that the addition of mulch either
to NT or CT systems mostly stabilizes maize yield across
different environments in southern Africa. This pointed
out the importance of mulch in mitigating the effects of
common main limiting factors, such as moisture stress
and poor soil fertility, across most of the environments.
We also found for the first time that the mechanisms of
maize yield stabilization are mainly explained by the
quantity of rainfall and applied mineral fertilizers, as well
as soil texture. Thus, mulching can be addressed as the
most promising measure to improve maize yield stability
in southern Africa under climate change scenario.
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