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A B S T R A C T   

Weed development is one of the major constraints to cereal cropping systems in Southern Africa with potential 
severe crop losses. Understanding weed community responses to different conservation agriculture (CA) com-
ponents (i.e., no-tillage, NT; crop rotation, R; and mulching, M) and/or their combinations is crucial in Southern 
Africa where farmers apply different combinations depending on local context. Here, for the first time, we 
assessed how weed density, community diversity and structure respond to different combinations of CA com-
ponents [conventional tillage (CT), CT+M, CT+R, CT+M+R, NT, NT+M, NT+R, NT+M+R]. The study was 
carried out over three seasons at two locations with contrasting soil textures i.e., clayish, and sandy. At the sandy 
location, across seasons, weed density (number of individuals per unit area) and community diversity (distri-
bution of individuals within the species) were significantly and positively affected by precipitation and not by 
cropping system. Weed richness (number of species) was affected by the interaction of season and cropping 
system, with the highest number of weed species being recorded in the NT+M+R system in the seasons with 
medium to high precipitation. At the clayish location, an opposite pattern was observed, and weed density was 
lower in seasons with medium-high precipitation than under low precipitation. Weed community diversity was 
50 % higher under NT+M than under CT+R, whereas weed species richness decreased with the increase of 
precipitation. At both locations, the implementation of rotation and mulching either in NT or CT systems resulted 
in the modification of the structure of weed community with respect to CT and NT alone, and these CA com-
binations were associated with highest maize grain yield. Overall, eight weed species common to both locations 
were responsible for most of the community structure differences among cropping systems. Structural equation 
modelling showed that at the sandy location precipitation did not affect grain yield, but positively affected weed 
density, diversity, evenness, and richness. By contrast, at the clay location, precipitation positively affected grain 
yield, but did not modify weed density and evenness, and reduced weed community diversity and richness. At 
this location, weed density negatively affected grain yield. The differential weed-crop relationship supports the 
need to find a site-specific equilibrium between the control of weeds and the maintenance of their diversity.   

1. Introduction 

Weed control is one of the major constraints to cereal crop produc-
tion in Sub-Saharan Africa (SSA), having a potential cereal crop loss of 
up to 34 % (Oerke, 2006; Tittonell and Giller, 2013). Weed control is 
hindered by shortage of manpower which results in late management of 
weeds and other activities in general, thus leading to higher crop-weed 
competition for nutrients, water, light, and space (Dahlin and Rusi-
namhodzi, 2019). The yield outcome of smallholder farmers with small 
landholding sizes and commonly cultivating cereals, such as maize (Zea 

mays L.) and sorghum [Sorghum bicolor (L.) Moench] as monocrops, can 
thus be largely affected by changes in weed management practices. Such 
practices include early weeding, soil fertility zoning in nutrient man-
agement, rotation, intercropping, legume diversification, mulching 
(Silberg et al., 2019). 

Smallholder farmers rely on manual control of weeds using hand 
hoes and this is a tedious and labour intensive activity during the 
cropping cycle (Nyamangara et al., 2014). Further, smallholders are 
often situated in soils of poorer fertility due to previous soil erosion and 
unsustainable management, which leads to an increase in parasitic 
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weeds, such as the witch weed (Striga spp. Lour.) (Ekeleme et al., 2014). 
Such weeds are difficult to control due to their means of propagation and 
can also lead to total yield losses if not controlled in time (Rodenburg 
et al., 2016). 

Despite their negative effects on crop growth, weed diversity can 
provide a range of agroecosystem services promoting crop production 
and environmental protection (MacLaren et al., 2020; El Omari and El 
Ghachtouli, 2021). Indeed, rather than eradicate weeds, different op-
tions are suggested that aim at regulating populations to limit their 
negative impacts, while conserving diversity and functionality. A more 
diverse weed community was shown to increase crop health, diversity 
and contribution of bees to crop yields (Bretagnolle and Gaba, 2015), 
and to be less competitive with any given crop depending on the species 
present (e.g., Storkey and Neve, 2018; Ferrero et al., 2017). Recently, it 
was found at four critical growth stages of winter cereals, that increased 
weed diversity better explains the reduction of yield loss than decreased 
weed density (Adeux et al., 2019). 

Conservation agriculture (CA) which is based on the implementation 
of the principles of minimum soil disturbance, crop diversification, and 
permanent soil cover with organic material, has been promoted as a 
more sustainable crop production system that maintains or enhances 
yields, while improving soil health and reducing soil degradation (FAO, 
2019). The implementation of the components of CA, such as mulching 
and crop diversification, has been already shown to control parasitic 
weeds, such as Striga hemonthica (Del.) Benth. (Rodenburg et al., 2020). 
Crop diversification with vigorously growing legumes increases 
competition with weeds for water, nutrients, and light, and thus reduces 
their growth (Sharma et al., 2021). However, the management of weeds 
under CA especially during the early years of conversion has been 
identified as the main constraint to its adoption (Nichols et al., 2015) 
and requires additional good agriculture practices (Thierfelder et al., 
2018). Weed pressure could be a factor contributing to failure in con-
ventional to no-tillage conversion, in the short and medium terms 
(Swanton et al., 1993). Indeed, under no-tillage (NT), most weed seeds 
are exposed on the soil surface where conditions are conducive for 
germination and hence this leads to high weed densities (Baker et al., 
2018). If weeds are allowed to flower and shed seeds, new seeds are 
added to the seed bank. However, under conventional tillage (CT) no 
new weed seeds are ploughed to the surface and this could lead to a 
depleted weed seed bank over time (Muoni et al., 2014). 

Since the implementation of different CA components likely results 
in variable weed community responses, and smallholder farmers tend to 
practice them in different combinations, it is important to study the 
implementation of these different combinations on weed community 
diversity and structure. Such knowledge is still lacking and is crucial for 
understanding and practicing weed management under CA, especially in 
the context of Southern Africa. In a recent review, it was highlighted that 
no single solution can solve all weed control challenges under current 
CA agricultural systems (Lee and Thierfelder, 2017; Kodzwa et al., 
2020). Conflicting findings were reported on the effect of tillage on weed 
pressure, as no-tillage did not modify weed biomass compared to CT in 
dry environments, while in more humid environments CT better 
controlled weeds (Ngwira et al., 2014). Rotation of maize with some 
cover crops such as velvet bean (Mucuna pruriens (L.) DC) reduced weed 
number and dominance of problematic weeds over time, while with 
others (e.g. black sunnhemp, Crotalaria juncea L. and cowpea, Vigna 
unguiculata Walp) maize rotations were associated with high weed 
densities (Mhlanga et al., 2015). Finally, mulching that is affected by 
crop identity and rotation (Ercoli et al., 2017) was reported to be highly 
effective in weed control across diversified environments, but the effect 
is variable depending on the amount of crop residues (Teasdale and 
Mohler, 2000; Ngwira et al., 2014). A general linear increase in residue 
biomass results in an exponential decay in the percentage of germinated 
weed seeds that successfully emerge, although the exact relationship 
depends heavily on residue characteristics. Therefore, it is important to 
assess the response of weed communities to the interactive effects of CA 

components. There is only one recent study by Fonteyne et al. (2020) 
who assessed in Mexico the effects of the different combinations of CA 
components after 13 years with and without herbicide application on 
weed biomass, density, and diversity. While no significant differences 
were observed in weed density across CA combinations with and 
without herbicide application; with herbicides, a significant reduction of 
weed biomass per crop (wheat and maize) was observed under crop 
rotation, as well as under NT in wheat. Irrespective of herbicide appli-
cations, perennial weeds were lower under NT and rotation, while 
rotation promoted weed diversity, which may have helped the crops 
avoid weed problems. However, in the context of Southern Africa, 
herbicide use is limited by different factors, such as their cost and 
availability, and thus, farmers rely mainly on manual hoe weeding (Lee 
and Thierfelder, 2017). Moreover, crop diversification by Fonteyne et al. 
(2020) was accomplished through rotation of two cereals, maize and 
wheat, and such a sequence is not commonly cultivated by the small-
holder farmers in Southern Africa that usually integrate legumes, such as 
groundnut (Arachis hypogea L.) and cowpea (Vigna unguiculata L.) in 
cereal-based systems (Franke et al., 2018). Thus, in the present study, we 
aimed to assess in the early years (medium-term: after six seasons), weed 
community responses to the different combinations of CA components, 
with weed control mainly based on hand hoe weeding and on the inte-
gration of a vigorously growing legume crop, such as cowpea, as a 
rotational crop. Accordingly, the conditions of the experiments in our 
study reflected the situation of the smallholder farmers in Southern 
Africa (e.g., soil texture: sandy and clay sites). 

We therefore hypothesised that the implementation of all the three 
CA components leads to: (i) a reduction in weed density; and (ii) an 
increased weed community diversity positively affecting or not 
compromising crop yield. We also aimed to dissect the potential sea-
sonal effects on weed density and community diversity using seasonal 
precipitation. The elucidation of these topics is necessary to set-up 
optimal weed control strategies with the goal of looking for an equi-
librium between the control of damage caused by weeds and the con-
servation of biodiversity and ecosystem functioning. 

2. Material and methods 

2.1. Experimental field locations 

The study was carried at two locations with contrasting soil textures: 
Domboshawa Training Centre (DTC) (latitude 17.62◦S; longitude 
31.17◦E; and altitude of 1560 m above sea level) and University of 
Zimbabwe (UZ) (latitude 17.73◦S; longitude 31.02◦E; and altitude of 
1503 m above sea level). The soil at DTC has clay, sand, and silt contents 
of 220 g kg− 1, 730 g kg− 1, and 50 g kg− 1, respectively, is characterized 
by a sandy clay loam texture (further referred to as sandy location) (Soil 
Survey Staff, 1975), classified as Arenosols (IUSS Working Group WRB, 
2015), and has an organic carbon content (SOC) of 7.3 g kg− 1. The soil at 
UZ has clay, sand, and silt contents of 400 g kg− 1, 390 g kg− 1, and 210 g 
kg− 1, respectively, is characterized by a clay texture (further referred to 
as clay location) (Soil Survey Staff, 1975), classified as Rhodic Lixisols 
(IUSS Working Group WRB, 2015), and has a SOC content of 16.8 g 
kg− 1. The experiments at the two locations started in the summer crop 
growing season of 2013, and in this study, we reported data collected in 
the 2019, 2020, and 2021 growing seasons. According to the 
Köppen-Geiger climate classification, the climate of the sites is classified 
as warm temperate with dry winters and hot summers (Kottek et al., 
2006). At DTC, the 2021 season had the highest cumulative rainfall of 
932 mm, while the 2020 season had the lowest cumulative rainfall of 
471 mm [coefficient of variation (CV) = 35.5 %] (Fig. S1a). During the 
three growing seasons at UZ, there was an increase in cumulative rainfall 
from 2019 to 2021, and the highest rainfall was observed in 2021 (699 
mm; CV = 29.9 %) (Fig. S1). Average maximum seasonal temperatures 
were highest in the 2021 season, reaching 29.2 ◦C at DTC and 29.9 ◦C at 
UZ. Both locations experienced mid-season dry spells in all the seasons 
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(Fig. S1). Weather data was recorded using weather stations that were 
located about 5 m from the experimental site. 

2.2. Experimental set-up and crop management 

The experiments were set up in a randomised complete block design 
(RCBD) with eight treatments (referred to as cropping system hereafter) 
replicated four times (Table S1, Fig. S2):  

i. Conventional tillage (CT)  
ii. Conventional tillage plus mulching (CT+M)  

iii. Conventional tillage plus rotation (CT+R)  
iv. Conventional tillage plus mulching and rotation (CT+M+R)  
v. No-tillage (NT)  

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

viii. No-tillage plus mulching and rotation (NT+M+R); referred to as 
CA herein 

For the treatments based on CT, land preparation was done through 
digging with a hand hoe to simulate ploughing and crops were sown in 
riplines that were created afterwards using an animal-drawn Magoye 
ripper at DTC, and in basins created with a hand hoe at UZ. For the NT- 
based treatments, crops were sown in riplines that were created using an 
animal-drawn Magoye ripper at DTC, and in basins created with a hand 
hoe at UZ. For treatments involving rotation, plots were split into half 
and maize was sown in a one-year rotation with cowpea (with phases of 
the rotation present in each year) while for monocropping treatments, 
sole maize was sown. For treatments that involved mulching, crop res-
idues were retained on the soil surface at a precisely weighed rate of 2.5 t 
ha–1 at all locations, while for those with no mulching, residues were 
removed at harvest. For plots in which mulch was not adequate to reach 
the required rate, maize residue was imported from adjacent maize 
fields managed under the same conditions. The rate of mulch was 
determined based on the average rate of mulch that local smallholder 
farmers can apply due to the competition for maize residue for ground 
cover and fodder for livestock. 

The treatments were established in plots measuring 12 m × 6 m (72 
m2). Maize was sown at an interrow spacing of 90 cm and an intra-row 
spacing of 25 cm, and cowpea at an interrow spacing of 45 cm and an 
intra-row spacing of 25 cm to achieve plant populations of 44,444 and 
88,888 plants ha− 1, respectively. At sowing, both maize and cowpea 
received a basal fertiliser at the rate of 11.6 kg N ha− 1, 10.1 kg P ha− 1, 
9.6 kg K ha− 1, and maize further received a top-dressing fertiliser in the 
form of ammonium nitrate (NH4NO3) at the rate of 46 kg N ha− 1, split 
applied four and seven weeks after planting. At the beginning of the 
season, weeds were controlled by spraying glyphosate [N-(phosphono- 
methyl) glycine], at the rate of 1.025 g active ingredient ha− 1 using a 
knapsack sprayer. The glyphosate was sprayed overhead all existing 
living weeds. This was followed by manual hoe weeding whenever 
weeds were 10 cm tall or 10 cm in diameter for stoloniferous weeds and 
weeds were left on the soil surface. This meant that weeding was done 
twice at approximately 30 and 60 days after sowing crops (DASC) since 
it corresponding to the periods when weeds had reached 10 cm height or 
diameter. The use of hand hoes for weeding during the cropping season 
is a common practice by smallholder farmers in the region. Diseases and 
pests were chemically controlled whenever necessary. 

2.3. Maize yield, weed density, species counts and community diversity 

For grain yield assessment, all maize plants found within a net plot 
area of 18 m2 (5 m × 3.6 m) were harvested from each plot and the 
weight recorded (gross plot weight). Maize cobs were removed from the 
stalks and a subsample of 10 cobs per plot was weighed for fresh weight, 
air-dried for four weeks, and weighed again for dry weight. The sub-
sampling of cobs was necessary as this reduced the bulkiness of the 

sample net plot sample which had to be transferred from the experi-
mental field for air-drying. Grain moisture content was determined, and 
yield was expressed at 12.5 % moisture content based on the gross plot 
weight and the corrected weight from the sub-samples. Maize stover for 
the gross plot was weighed for all plants. A subsample of about 500 g 
was taken for each plot and this was air-dried until a constant weight 
and reweighed and plot stover was determined on a dry weight basis 
using the gross plot weight and the moisture-corrected weight of the 
subsample. Yield data were calculated per unit of surface area (ha). 

The number of weed species and their abundances (number of in-
dividuals per species) were collected from quadrats that measured 0.5 m 
× 0.5 m placed randomly four times in each plot before each weeding 
which correspond to the cob development stage (V8) and the pollination 
stage (R1). However, weed counts were pooled across sampling times to 
assess the appearance of the weeds over the whole season. Quadrats 
were placed in the row spacing avoiding the outer boarder rows. All 
weeds within each quadrat were identified to species level and classified 
as dicots and monocots, and perennials and annuals based on their 
morphology and life cycle, respectively, using the guidelines in 
Makanganise and Mabasa (1999) and Botha (2010). Since each stem has 
the potential to propagate into a new plant for perennial monocots, stem 
counts were done instead of plant counts. Data from the quadrats were 
used to determine weed density (number of individual weeds within the 
four quadrats expressed to m-2), weed species density (number of indi-
vidual weeds per species within the four quadrats expressed to m-2), and 
to determine weed community diversity, evenness, and taxonomic 
richness (number of species). 

2.4. Calculations and statistical analyses 

2.4.1. Weed community diversity 
All analyses were done separately for each location. Weed commu-

nity diversity was computed using Shannon’s diversity (H’), Pielou’s 
evenness (J’), and Margalef’s richness (Dmg) indices as suggested by 
Magurran (2004). Shannon-Weiner index (Shannon’s H’) (Shannon and 
Weaver, 1949) was calculated as follows: 

H ′

= −
∑S

i = 1
Pi(In Pi)

where H’ is the Shannon-Weiner diversity index, Pi is the proportion of 
individuals belonging to the ith species and S is the total number of 
species. Shannon’s diversity describes the distribution of individuals 
within the species retrieved in the samples. Thus, we can have high 
number of species with a low Shannon’s diversity index if most in-
dividuals belong to few species or with a high Shannon’s diversity index 
if individuals are equally distributed within all species. 

Pielou’s evenness index (Pielou, 1969) was calculated as the ratio of 
observed diversity to maximum diversity as follows: 

J
′

= H
′∕Hmax = H

′∕lnS  

where H’ is the Shannon’s diversity, and Hmax or lnS is the maximum 
Shannon diversity in which all present species appear in equal abun-
dances for a community, and S is the number of observed species. 
Evenness compares the weed diversity among cropping systems and 
over time for each location and its values range between 0 and 1, rep-
resenting an absolute dominance and equal species abundance, 
respectively. 

The Margalef’s species richness (Margalef, 1972) aims at compen-
sating for sampling effect by dividing the number of species recorded, S, 
by the number of individuals, N (plants m-2), in the sample using the 
following formula: 

Dmg =
S − 1
lnN 
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Specifically, Margalef’s richness estimates the total number of spe-
cies within a sample. 

Dominance of weeds was assessed based on recurrence index per-
centage (RI %) which was determined as the number of quadrats in 
which a species appeared over the total number of quadrats sampled at 
each location in each season (Mahgoub, 2019). Based on the RI %, weeds 
were grouped into two classes of constancy ranges i.e., 1–25 %, and > 25 
%. To assess the effects of cropping systems and seasons on individual 
weed species densities, only weeds that exhibited > 25 % constancy in 
all seasons were considered. These weeds were Amaranthus hybridus L. 
(AMACH), Bidens pilosa L. (BIDPI), Commelina benghalensis L. (COMBE), 
Galinsoga parviflora Cav. (GASPA), and Richardia scabra L. (RCHSC) at 
DTC; and BIDPI, GASPA, Ipomoea purpurea (L.) Roth (PHBPU), Leucas 
martinicensis (Jacq.) R. Br (LEUMAR), and RCHSC at UZ. 

All weed data were assessed for normality and where necessary, data 
were fourth-root-transformed before further analyses. Effects of crop-
ping systems, seasons and their interaction (treated as fixed factors) on 
total weed density, weed species abundance, and diversity indices (H’, 
J’, and Dmg) were assessed using linear mixed models using the ’lme4’ 
package (Bates et al., 2015) in R environment (R Core Team, 2022). In 
the analyses, replicates were included in the models as random factors. 
Means of back-transformed data were reported. Significance of fixed 
effects was tested using F-tests and where means were significantly 
different, they were contrasted using a mean comparison procedure 
following Tukey tests (P < 0.05) in ’emmeans’ package (Lenth, 2019) in 
R environment. 

2.4.2. Weed community structure 
To analyse the effect of seasons, cropping systems, and their inter-

action on weed community structure, we used type III permutational 
multivariate analysis of variance (PERMANOVA). PERMANOVA is a 
semiparametric multivariate test which is similar to multivariate anal-
ysis of variance but generates pseudo-F ratios and P-values using the 
Monte Carlo permutation P(MC) test through resampling (999 permu-
tations for our analysis) the resemblance measures. Thus, it is less sen-
sitive to the assumptions of parametric tests which are usually infringed 
by community data (Anderson, 2001). 

Weed species relative abundances (calculated as a proportion of all 
species) were fourth-root transformed so that the multivariate analyses 
would draw on all species instead of being dominated by a few species of 
high abundance or influenced by the rarer ones (Clarke et al., 2014a; b). 
Before the PERMANOVA, a resemblance matrix was constructed based 
on the Bray Curtis dissimilarity index (Bray and Curtis, 1957) as follows: 

Bray − Curtis (BCjk) =

∑S

i=1
2aij − aik

∑S

i=1
aij +

∑s

i=1
aik  

where BCjk is the dissimilarity between samples j and k; aij and aik are the 
relative species abundance of species i in samples j and k, respectively, 
and S is the combined total density of the species in both communities. 
For factors that showed significances [P(MC) < 0.05 in PERMANOVA 
tests], comparisons were made within each significant factor level. 
Where group differences in community structure were detected, simi-
larity percentage analysis (SIMPER) was done to detect the species 
responsible for the differences by calculating the percentage contribu-
tion of the species to the total effects and this was done at 100 %. 
Further, we carried out a permutation test for homogeneity of multi-
variate dispersions (PERMDISP) on each significant factor level. This 
test is used as a measure of multivariate beta diversity to check whether 
the significant group differences observed in PERMANOVA were also 
not influenced by differences in dispersion of group objects from the 
group centroid (alpha diversity). 

Principal coordinates analysis (PCoA) was then performed to visu-
alise relevant patterns in the data. All the multivariate analyses were 

performed using Primer 7 with PERMANOVA+ software (Clarke et al., 
2014a; Anderson et al., 2008). 

2.4.3. Effect of seasonal precipitation on weed density and community 
diversity 

To explain the observed seasonal effects on weed density, H’, J’, and 
Dmg, we carried out linear regression analysis with seasonal precipitation 
as the predictor variable. Further, we assessed the effect pathway of 
precipitation on weed parameters (H’, J’, and Dmg) and maize grain yield 
using piecewise structural equation modelling (SEM) based on multiple 
regression using the ’piecewiseSEM’ and package in R (Lefcheck, 2016). 
Models were fit using linear models and variables were standardised for 
the effects to be directly comparable and for each pathway, a stan-
dardized coefficient (λ) was estimated. In the models, we also calculated 
the covariance of H’ and J’; H’ and Dmg; and J’ and Dmg. Final model fits 
were estimated by the Fisher’s C test. 

3. Results 

3.1. Overall occurrence of weeds 

Over the seasons of assessment, 30 weed species were observed 
across both locations in the plots and of these, 74 % were broadleaved 
dicotyledonous species, while the remaining were monocotyledonous 
grasses and sedges (Table S2). For both dicots and monocots, annual 
species were dominant, constituting 72 % and 75 % of the observed 
species at the sites, respectively. However, the occurrence of most of 
these species depended on the location and the season. For example, 
species, such as Rottiboellia conchichinensis (Lour.) W.D. Clayton 
(ROOEX), and Euphorbia heterophylla L. (EPHHL) only appeared at the 
clay location (UZ), while species, such as Acanthospermum hispidum D.C. 
(ACNHI) and Galium aparine L. (GALAP), only appeared at the sandy 
location (DTC), although sporadically. Some weeds, such as BIDPI, 
GASPA, and RCHSC, exhibited high occurrence, and they appeared in at 
least 25 % of the plots in most of the seasons at both locations. Annual 
dicots, such as PHBPU (L.) Roth (I), LEVMA, and Sida alba (SIDBA) 
exhibited dominance only at the UZ (clay location). At DTC (sandy 
location), dominance was exhibited by both annual dicots and perennial 
monocots, and these were AMACH, BIDPI, and COMBE (Table S2). 

3.2. Effect of season and cropping system on weed density, individual 
species density, and community diversity 

At the sandy location (DTC), there were significant seasonal differ-
ences in weed density and H’, while Margalef’s species richness (Dmg) 
was significantly affected by the interaction of season and cropping 
system (Table 1). Weed density and H’ showed a similar trend in 
response to the inter-seasonal precipitation variation, and in 2020 when 
the precipitation was the lowest (Fig. S1a) both traits resulted in the 
lowest values (Fig. S3a, c). Thus, it is evident from the linear regressions 
that at DTC seasonal precipitation had a very strong positive and sig-
nificant influence on weed density (Adj R2 = 0.86), and a significant, but 
less strong positive influence on H’ (Adj R2 = 0.28) (Fig. S3b, d). 
Moreover, while weed species richness (Dmg) did not change among 
cropping systems in 2019 and 2021 (i.e., medium, and highest pre-
cipitations), it was generally higher than in 2020 (i.e., lowest precipi-
tation). However, Dmg differences among treatments were small, ranging 
from 6.3 to 8.6 in (Fig. 1). Interestingly, the NT+M system showed a 
higher number of weed species (7.3)in comparison with the other sys-
tems in 2020 (on average 6.7), and the value was similar to the richness 
observed in all the systems in 2019 and 2021 (Fig. 1a). At the clay 
location (UZ), the interaction of season and cropping system signifi-
cantly affected weed density (Table 1). Overall, in 2020 and 2021 (i.e., 
medium and. 

largest precipitations) cropping systems showed values significantly 
lower than those reported in 2019, the season with the lowest 
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precipitation (2019) (Fig. 1b). Moreover, in the 2019 season, the NT+M 
system showed the highest weed density as compared to other cropping 
systems in 2020 and 2021 (Fig. 1b). The H’ differed only among the 
cropping systems (Table 1) with the NT+M exhibiting the highest di-
versity of 1.5, while the CT+R showed the lowest diversity of 1.0 
(Fig. 1c). Dmg significantly differed among the seasons (Table 1) with 

progressive but small decreases from 2019 to 2021 (from 8.7 to 8.1 and 
7.8), thus, from the season with low precipitation (2019) to the seasons 
with higher precipitation (2021) (Fig. S3e, f). This was also confirmed by 
the significant, but negative good relationship (Adj R2 = 0.54) between 
seasonal precipitation and Dmg (Fig. S3f). Finally, Pielou’s evenness (J’) 
did not differ among seasons and cropping systems at both locations. 

For the weed species that exhibited dominance throughout the sea-
sons at the sandy location (DTC) (Table S2), densities of all species were 
affected by seasonal differences (Fig. S4a–e), while those of BIDPI, 
GASPA, and RCHSC were also affected by cropping system (Table S3). 
However, interannual differences were more important as compared to 
cropping system effect (Fig. S4b, d, e, Table S3). As also observed for 
weed density and H’, the densities of the dominant weed species 
increased with precipitation, showing an increase from season 2020 
(low precipitation) to 2019 and 2021 (medium and high precipitation) 
(Fig. S4). The density of BIDPI was the highest in the NT+M system and 
the lowest in the NT+R system (i.e., approximately 42 times higher in 
NT+M than NT+R) (Table S3). Application of mulching either to CT or 
NT (CT+M or NT+M) promoted GASPA, whereas CT promoted RCHSC 
as compared to CT+R and CT+M+R. At the clay location (UZ), the 
application of all three CA components resulted in highest densities of 
BIDPI (Table S3) (NT+M+R ∕= CT). As also observed for the sandy 
location, GASPA was promoted by the application of mulching irre-
spective of the tillage type (CT+M and NT+M), also along with rotation 
(CT+M+R and NT+M+R). Accordingly, LEUMAR and RCHSC were 
promoted by the application of mulching irrespective of the tillage type. 

3.3. Effect of season and cropping system on weed community structure 

Both season and cropping system significantly modified weed com-
munity structure at both locations (Table 2; Fig. 2). 

Season acted as stronger driver than cropping system based on the 
percentage of total explained variance (Table 2). Pairwise comparisons 
indicated distinct weed community structures for each season (Table 3), 
and this was confirmed by the PCoA plots at both locations (Fig. 2a,c,e, 
g). Moreover, the dispersion of the field replicates from group centroid, 

Table 1 
Effect of season and cropping system (System) on weed density, Shannon diversity (H’), Pielou evenness (J’), Margalef richness (Dmg), maize grain yield, and maize 
stover at Domboshawa Training Centre (DTC; sandy location) and University of Zimbabwe (UZ; clay location). F-values and degrees of freedom (DF) were derived from 
linear mixed effect models.  

Location Source DF Weed density† H’ J’ Dmg Maize grain yield Maize stover 

DTC Season‡ 2 147.8*** 27.9*** 2.7 137.1*** 6.0** 6.3** 
System‡ 7 1.1 0.5 0.8 1.2 2.7* 3.7** 
Season × System 14 1 1.3 1 1.9* 1.6 1 

UZ Season 2 4.7* 2.6 1.7 44.0*** 71.6*** 114.4*** 
System 7 4.5*** 2.3* 1.4 1.9 10.3*** 13.5*** 
Season × System 14 2.8** 1.5 1.4 1 1.5 1.8 

†F-values with asterisks were significantly different: ***P < 0.001, **P < 0.01, *P < 0.05; ‡ Three seasons and eight cropping systems (see Table S1). 

Fig. 1. Interaction between season and cropping system on Margalef richness 
(Dmg) at Domboshawa Training Centre (DTC; sandy location) (a); interaction of 
season and cropping system on weed density (cumulated over two sampling 
periods) at University of Zimbabwe (UZ: clay site) (b); effect of cropping system 
on Shannon diversity index (H’) at UZ (c). Abbreviations of the cropping sys-
tems are: CT, conventional tillage; CT+M, CT plus mulching; CT+R, CT plus 
crop rotation; CT+M+R, CT plus mulching and rotation; NT, no-tillage; NT+M, 
NT plus mulching; NT+R, NT plus rotation; NT+M+R, NT plus mulching and 
rotation. Values are means ± SE of four replicates for each cropping system per 
season. Columns with different letters are significantly different from each 
other based on P-values reported in Table 1. 

Table 2 
Permutational multivariate analysis of variance (PERMANOVA) results for the 
effect of season, cropping system and their interaction on weed community 
structure at Domboshawa Training Centre (DTC; sandy location) and at Uni-
versity of Zimbabwe (UZ; clay location).  

Location Source DF Pseudo- 
F 

P 
(MC)†

Explained variation ( 
%) 

DTC Season‡ 2 45.949 0.001 55.90  
System‡ 7 2.047 0.003 3.47  
Season ×
System 

14 1.083 0.321 0.83 

UZ Season 2 10.595 0.001 21.27  
System 7 2.528 0.001 9.03  
Season ×
System 

14 0.930 0.670 -1.25 

† P values based on Monte-Carlo permutational test, P(MC); ‡ Three seasons and 
eight cropping systems (see Table S1). 
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measured as mean distance, highlighted significant differences only 
among seasons (Fig. 2b,d,f,h). At DTC, the weed community structure in 
the seasons 2019 and 2020 (low and medium precipitation) had higher 
dispersion than in 2021 (high precipitation), while at UZ it had higher 
dispersion in 2020 (medium precipitation) than in 2019 and 2021 (low 
and high precipitation) (Fig. 2b,f). At both locations, the pairwise 
comparisons of the weed community structure revealed significant dif-
ferences among various pairs of cropping systems (Table 3). At both 
locations, the implementation of crop rotation and mulching either in 
NT or CT systems resulted in the modification of the structure of weed 
community respect to CT and NT alone. In the PCoA plots of both lo-
cations, the centroids of the CT and CT+R systems showed a clear sep-
aration from the rest of the cropping systems on the ordination space 
(Fig. 2c, g). 

The similarity analysis (SIMPER) revealed that on average 12 species 
contributed to the observed differences in the weed community struc-
tures for cropping system and season at both locations, but species 
identity varied among treatments (Fig. 3). Overall, eight weed species 
common for both locations [BIDPI; COMBE; Cyperus esculentus L. 
(CYPES), Eleusine indica (L.) Gaertn. (ELEIN); Erigeron sumatrensis Retz. 
(ERISU), GASPA; LEUMAR; RCHSC] were responsible for most of com-
munity structure differences among cropping systems. The relative 

abundances of these weed species accounted for approximately 69 % 
and 86 % of the observed differences in DTC and UZ, respectively. 
Moreover, four weed species common for both locations (BIDPI; 
COMBE; GASPA; RCHSC) were responsible for the community structure 
differences among seasons. Indeed, the relative abundances of these 
weed species accounted for ca. 56 % and 59 % of the observed differ-
ences in DTC and UZ, respectively. 

3.4. Effect of cropping system on maize productivity and relationship with 
precipitation and weed parameters 

Maize grain yield and stover differed among seasons and cropping 
systems at both locations (Table 1). At DTC (sandy location), there was a 
decrease in grain yield with 2021 (having the highest precipitation) 
showing the lowest grain yield and biomass (Fig. 4a). Averaged across 
seasons, the CT+M+R system resulted in the highest grain yield and 
stover, whereas the NT system resulted in the lowest values (Fig. 4b). At 
UZ (clay location), there was an increase of grain yield with 2021 
(having the highest precipitation) showing the highest grain yield and 
stover (Fig. 4c). Moreover, the C+M+R and NT+M+R systems had the 
highest grain yield and stover, whereas the CT and NT systems showed 
the lowest yield (Fig. 4d). 

Fig. 2. Principle coordinates analysis (PCoA) based on Bray-Curtis distance dissimilarity of fourth-root transformed weed community relative abundances. Plots 
show differences among seasons and cropping systems at Domboshawa Training Centre (DTC; sandy location) (a and c), and at University of Zimbabwe (UZ; clay 
location) (e and g) (see Table 2). Permutational dispersion (PERMDISP) tests on the same data matrices at DTC and UZ (season: b and f; cropping system: d and h) are 
represented by distances of objects from the centroid and standard error (SE). Values correspond to the mean distance of the group samples to the group centroids for 
seasons and cropping systems at DTC (b and d), and at UZ (f and h). Abbreviations of the cropping systems are: CT, conventional tillage; CT+M, CT plus mulching; 
CT+R, CT plus crop rotation; CT+M+R, CT plus mulching and rotation; NT, no-tillage; NT+M, NT plus mulchng; NT+R, NT plus rotation; NT+M+R, NT plus 
mulching and rotation. Columns with different letters are significantly different based on the reported P-permutational values (Pperm). 
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Structural equation modelling resulted in significant fit at both lo-
cations (Fig. 5). At the DTC (sandy location), precipitation did not affect 
grain yield, whereas a significant and positive relationships was 
observed with weed density (λ = 0.86), diversity (H’) (λ = 1.09), 
evenness (J’) (λ = 0.41), and richness (Dmg) (λ = 0.69) (Fig. 5a). Weed 
density negatively affected H’ and J’ (λ = − 0.64 and − 0.56, respec-
tively). Positive covariations were observed between H’ with J’ 
(λ = 0.57), and Dmg (λ = 0.53), while a negative covariance was 
observed between J’, and Dmg (λ = − 0.29). Of all the measured pa-
rameters, only H’ showed a significant and positive effect on maize grain 
yield (λ = 0.65). At UZ (clay location), precipitation showed. 

a significant and positive effect on grain yield (λ = 0.65), whereas no 
direct effects were observed on weed density and J’ (Fig. 5b). Moreover, 
differently from DTC, at UZ a significant and negative relationship was 
observed between precipitation and H’ (λ = − 0.25) and Dmg 
(λ = − 0.64). Similarly, to DTC weed density at UZ negatively affected H’ 
and J’ (λ = − 0.23 and − 0.39, respectively), and positive covariations 
were observed between H’ with J’ (λ = 0.90), and Dmg (λ = 0.58). 
However, a positive covariance was observed between J’ and Dmg 
(λ = 0.21). As expected, an increase in weed density resulted in a 
decrease in maize grain yield (λ = − 0.23). Contrary to what was 
observed at the DTC, precipitation had a negative impact on Dmg 
(λ = − 0.64). 

4. Discussion 

4.1. Season and cropping system explain weed density and community 
diversity 

The occurrence and proliferation of weeds at a particular location is 
determined by different abiotic and biotic factors, and these include soil 
type, cropping system, and climate (Pyšek et al., 2002, 2005). However, 
these factors do not affect weed occurrence independently, but interact, 
and thus the role played by each one of them is difficult to be assessed 
(Pyšek et al., 2002). We encountered weeds which are referred to as 
“indicator plants” or “bioindicator plants” whose occurrence is shaped 
by edaphic and climatic factors. For example, A. hybridus (MACH) is a 
species that prefers well drained soils, and this may explain its preva-
lence at the sandy location (DTC). Species, such as the I. purpurea 
(PHBPU), prefer soils that are high in organic matter and hence it was 
observed at the clay location (UZ) having high organic matter. Thus, in 
our study, there was a notable difference in the weed species that 
appeared at the sandy and clay locations, as well as in different seasons. 

Precipitation influenced weed density and community diversity at 
the sandy location (DTC). The effect was higher on weed density than on 
community diversity. Both parameters increased with increasing pre-
cipitation and this is because weeds, like other plants, depend on water 
availability for their emergence and growth (Robinson and Gross, 2010). 
The increase in weed community diversity with precipitation can be 
explained by the emergence of new weed species, increase in number of 
rarer species, or decrease in abundance of the dominant species (Shan-
non and Weaver, 1949). In our study, this relationship can be explained 
by a small but significant increase in weed numbers as shown by the 
trends of individual species abundance as well as by the increase in weed 
species richness. A focus on the weed species richness showed that 
medium-high precipitation increased the richness irrespective of crop-
ping systems, and that the application of mulching to NT in seasons with 
low precipitation resulted in the richest communities. High rainfall and 
the preservation of moisture due to mulching reduced the competition 
for essential resources between the weed species (Ulber et al., 2009) 
Furthermore, NT and light hoe weeding ensured that weed seeds were 
buried in the shallow soil profile which was more conducive for 
germination as opposed to deep burying in tillage-based systems 
(Santín-Montanyá et al., 2020). 

In the less drained and more fertile clay soils (UZ) where rainfall was 
generally lower, NT coupled with mulching promoted weed density in 
the season with the lowest rainfall. Across the seasons, the same system 
resulted in the highest community diversity. These responses can be 
attributed to the increase in abundance of weed species (e.g., G. parvi-
flora, GASPA) and to the emergence of new species in this system 
because of moisture conservation and absence of tillage. Moreover, 
these responses can be linked to the increase of soil organic matter found 
in the same site under NT+M (Mhlanga et al., 2022). Contrary to our 
findings, in other studies, mulching was shown to provide a physical 
barrier that impeded weed germination and hence reduced weed den-
sities (Mhlanga et al., 2015; Zhang et al., 2021). Thus, mulching can lead 
to shifts in weed communities over time. Due to the rate of maize mulch 
that was applied in our study and its coarseness, we presume that shifts 
in weed communities were as an effect of moisture conservation rather 
than as a physical barrier. However, the high community diversity we 
observed in mulch system points to a less competitive community as 
there is no dominance of certain species. This means that weed control in 
such systems is more flexible rather than rigid and not skewed towards 
the control of dominant weeds (Storkey and Neve, 2018). The decrease 
in weed richness with increasing precipitation at the clay location may 
be attributed to the fact that the clay soil is poorly drained and hence 
prone to waterlogging, creating anaerobic soil conditions and poor weed 
seed germination (Robinson and Gross, 2010). 

Table 3 
Permutational multivariate analysis of variance (PERMANOVA) pairwise com-
parisons on weed community structures under different cropping systems (sys-
tems) and seasons at the Domboshawa Training Centre (DTC; sandy location) 
and University of Zimbabwe (UZ; clay location).   

DTC UZ 

Pairs (Systems & seasons)† Pseudo-F P (MC)‡ Pseudo-F P (MC)‡

CT vs CT+M 1.070 0.015 1.975 0.048 
CT vs CT+M+R 0.927 0.020 2.391 0.014 
CT vs CT+R 0.884 0.150 1.705 0.042 
CT vs NT 0.512 0.675 1.19 0.205 
CT vs NT+M 1.405 0.007 2.293 0.019 
CT vs NT+M+R 0.734 0.116 2.422 0.018 
CT vs NT+R 0.745 0.196 1.154 0.082 
CT+M vs CT+M+R 0.694 0.183 0.230 0.933 
CT+M vs CT+R 1.524 0.019 3.933 0.003 
CT+M vs NT 1.198 0.027 2.122 0.045 
CT+M vs NT+M 0.246 0.288 1.786 0.088 
CT+M vs NT+M+R 0.504 0.279 1.505 0.167 
CT+M vs NT+R 1.028 0.045 2.112 0.028 
CT+M+R vs CT+R 0.535 0.360 4.238 0.003 
CT+M+R vs NT 0.523 0.151 1.708 0.098 
CT+M+R vs NT+M 0.634 0.129 1.84 0.093 
CT+M+R vs NT+M+R 0.327 0.461 0.985 0.653 
CT+M+R vs NT+R 0.816 0.067 1.594 0.091 
CT+R vs NT 0.338 0.605 2.568 0.004 
CT+R vs NT+M 1.656 0.011 2.842 0.007 
CT+R vs NT+M+R 0.609 0.302 2.280 0.027 
CT+R vs NT+R 0.516 0.363 2.765 0.002 
NT vs NT+M 1.092 0.067 2.214 0.154 
NT vs NT+M+R 0.439 0.356 2.575 0.067 
NT vs NT+R 0.825 0.146 1.394 0.078 
NT+M vs NT+M+R 0.478 0.145 1.231 0.097 
NT+M vs NT+R 1.594 0.003 2.034 0.026 
NT+M+R vs NT+R 0.432 0.317 1.729 0.154 
2019 vs 2020 44.151 0.001 6.092 0.001 
2019 vs 2021 45.294 0.001 12.09 0.001 
2020 vs 2021 106.599 0.001 9.293 0.001 

† Abbreviations of the cropping systems are: CT, conventional tillage; CT+M, CT 
plus mulching; CT+R, CT plus crop rotation; CT+M+R, CT plus mulching and 
rotation; NT, no-tillage; NT+M, NT plus mulching; NT+R, NT plus rotation; 
NT+M+R, NT plus mulching and rotation.‡ P values based on Monte-Carlo 
permutational test. Pairs with significant differences are written in bold. 
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Fig. 3. Similarity percentages analysis (SIMPER) identifying the weed species that were responsible for community structure differences among the cropping systems 
and the seasons at Domboshawa Training Centre (DTC; sandy location) (a and b), and at University of Zimbabwe (UZ; clay location) (c and d). The listed species 
explain 100 % of the contribution. Abbreviations of the cropping systems are: CT, conventional tillage; CT+M, CT plus mulching; CT+R, CT plus crop rotation; 
CT+M+R, CT plus mulching and rotation; NT, no-tillage; NT+M, NT plus mulching; NT+R, NT plus rotation; NT+M+R, NT plus mulching and rotation. The ab-
breviations in parenthesis in front of each weed species name are based on the European and Mediterranean Plant Protection Organization (EPPO) coding. 
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4.2. Season and cropping system shape weed community structures 

Season and cropping system shaped weed community structure at 
both locations. Inter-seasonal differences however were more influential 
than the cropping system. These results are in line with the findings of 
Derksen et al. (1993) in which weed community response was more 
influenced by seasonal variations than by tillage system. The amount of 
precipitation and its seasonal distribution were variable and this 
affected weed seed germination and development, and may explain the 
stronger differences in the resulting weed communities across the sea-
sons compared to cropping system (Sánchez et al., 2014). Water avail-
ability has been shown to have high effects on plant community 
productivity and species composition due to specific germination re-
quirements (Suttle et al., 2007). These variable germination re-
quirements account for the variability in the species that contributed to 
the community differences, as shown by the similarity percentage 
analysis. Weeds that can thrive under different conditions, such as R. 
scabra (RCHSC)and G. parviflora (GASPA), were more responsible for the 
community structure differences since they appeared in all seasons. Such 
weeds are considered as “core” species in our study owing to their high 
colonization ability, copious seed production, and ability to grow 
alongside crops (Mohler, 2001; Magurran and Henderson, 2003). 
However, there were also weeds that require specific germination con-
ditions, such as A. hispidum (CNHI), and these appeared in certain sea-
sons. As an example, in our study, the season 2020 which had low to 
medium rainfall resulted in unique weed community structures at both 
locations, with fewer species contributing to majority of community 
differences. 

Furthermore, cropping system resulted in different weed community 
structures. At both locations, the implementation of rotation and 
mulching either in NT or CT systems resulted in the modification of the 
structure of weed community with respect to CT and NT alone. Modi-
fication of cropping systems, especially through changing cropping se-
quences and including mulching, alters weed species composition 
(Koocheki et al., 2009; Zhang et al., 2021). The integration of vigorously 
growing crops, such as cowpea, in crop rotations exerts more competi-
tion for water and nutrients on weeds as compared to cereals, such as 
maize. This competition leads to a shift in the weed communities that 
emerge, favouring those species (e.g., B. pilosa, IDPI) that are adapted to 
growing alongside other competitive crops (Mhlanga et al., 2016). A 
study by Cardina et al. (2002) showed that crop rotation was a more 
important determinant of weed seed density than tillage. Due to the 
variability in type of crops, life cycles, and weed management in rota-
tions, there are more opportunities for weed mortality as compared to 
monocultures (Martin and Felton, 1993). These variabilities may also 
provide more chances for emergence and establishment of weeds in 
rotations than in monocultures and hence the balance is reflected in the 
resulting weed communities (Dorado et al., 1999). 

Besides the effect of cropping systems and seasons on weed com-
munities, the application of glyphosate at the beginning of each season 
throughout the experimental period may have also shaped weed com-
munities with possible selection for glyphosate-resistant species (Heap 
and Duke, 2018). These species included the B. pilosa (IDPI), A. hybridus 
(MACH), and E. indica (LEIN) which were prevalent at the study sites. 
However, this herbicidal effect was not elucidated in our study. 

Fig. 4. Effect of season and cropping system on maize grain yield and stover at Domboshawa Training Centre (DTC; sandy location) (a and b), and at University of 
Zimbabwe (UZ; clay location) (c and d). Columns with different letters are significantly different from each other based on the P-values reported in Table 1. The 
uppercase letters are for mean comparison for stover (biomass), and the lowercase letters are for mean comparison for grain yield. Abbreviations of cropping systems: 
CT, conventional tillage; CT+M, CT plus mulching; CT+R, CT plus crop rotation; CT+M+R, CT plus mulching and rotation; NT, no-tillage; NT+M, NT plus mulching; 
NT+R, NT plus rotation; NT+M+R, NT plus mulching and rotation. 
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4.3. Maize yield response and its relationship with cropping system, 
precipitation and weed traits 

The use of mulching and rotation either under NT or tillage resulted 
in similar yield responses. These responses are in line with the findings 
of Mhlanga et al. (2021) in a multilocational study across SAA in pre-
vious seasons in which our experiments were included. In the previous 
study, mulching was identified as crucial in yield improvement, and this 
could be due to its ability to conserve moisture since water availability is 
one of the major limitations to production. In addition, crop rotation 
with legumes can also be seen as a crucial practice in yield improvement, 
as the inclusion of legume crops, such as cowpea that biologically fix N 
and produce large quantities of biomass (Haynes et al., 1993; Mariotti 
et al., 2015), add N-rich labile organic matter to soil which is easily 
decomposed by specific N-cycling microbial community (Ciccolini et al., 
2016a; b). Both mulching and crop rotation may have a suppressive 
effect on weeds with a positive reduction of their competition (Nichols 
et al., 2015). Thus, combining mulching and rotation will reduce the 
competitive effects of the weeds while aiding in organic matter build-up 
in the soil and thus, increasing the yield of maize. 

Precipitation positively increased weed density and weed commu-
nity diversity parameters only at the sandy soil location (DTC), while at 
the clay soil location (UZ) it had negative impacts. These differences in 
weed parameter responses may be attributed to the differences in weed 
(floral) communities at these locations which respond differently to 
water availability (Robinson and Gross, 2010). This can also explain the 
differences in the influence of weed parameters on maize grain yield at 
the two locations. Weed community diversity exerted a positive influ-
ence on grain yield at the sandy location. Indeed, more diverse weed 
communities are less prone to the dominance of certain weed species 
which are usually more adapted and competitive to crops (Storkey and 
Neve, 2018). Less diverse cropping systems, such as monocultures, are 
usually dominated by highly adapted and widely distributed weed 
species, and such species present huge niche competition resulting in 
lower crop yields. Conversely, weed density showed a negative influence 

on maize grain yield due to the increased competitive ability for water, 
light, and mineral resources, as well as allelopathy and parasitism (De 
Bertoldi et al., 2009; Korres, 2018). However, these findings should be 
confirmed through specific experimental designs imposing a wider in-
terval of weed diversity. 

5. Conclusion 

Understanding how weed communities respond to CA practices is 
important in agroecosystem management. Here, for the first time, we 
assessed how weed communities responded to different combinations of 
CA components (i.e., no-tillage, crop rotation, and mulching) in South-
ern Africa. Weed community structure was influenced by both seasonal 
variations and cropping systems, but precipitation was the principal 
driver differentially acting in the two locations. Overall, at the sandy 
location, precipitation significantly and positively affected weed density 
and community diversity, whereas cropping system did not affect these 
traits. Weed richness was highest with the implementation of mulching 
to no-tillage at medium-high precipitation. At the clay location, an 
opposite pattern was observed. Weed density was lower in seasons with 
medium-high precipitations than under low precipitation, when NT+M 
showed the highest weed density in response to increased moisture 
retention. Weed community diversity was highest under NT+M, 
whereas weed species richness decreased with high precipitation. At 
both locations, the implementation of mulching and rotation either in 
NT or CT systems resulted in the modification of the structure of weed 
community with respect to CT and NT alone, and these CA combinations 
were associated with highest maize grain yield. Finally, the structure of 
the models describing the response of maize yield to precipitation and 
weed community diversity differed between locations. The novel finding 
is that at the sandy location weed community diversity was positively 
associated to maize grain yield, whereas at the clay location this rela-
tionship was not demonstrated. However, we must acknowledge that 
some confounding effects, such as rainfall and cropping system, 
affecting maize yield, might weaken the causal effect between weed 

Fig. 5. Structural equation model (SEM) (path analysis) of the precipitation effect on weed parameters [weed density, weed community diversity (Shannon diversity, 
H’), weed evenness Pielou evenness, J’), weed richness (Margalef richness, Dmg)] and maize grain yield at Domboshawa Training Centre (DTC; sandy location) (a), 
and University of Zimbabwe (UZ; clay location) (b), across 2019, 2020, and 2021. The black lines represent positive influence, while the red lines represent negative 
influence. Solid lines and dashed lines represent significant (P < 0.05) and non-significant (P > 0.05) influences, respectively. Standardized path coefficients are 
reported for each effect pathway. 
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diversity and maize yield, turning it to coexistence. These new insights 
support the need in Southern Africa to implement rotation and mulching 
either in no-tillage or conventional tillage allowing the promotion of 
diverse weed communities in order to support crop yield. 

Ethics approval 

All ethics committees of the organizations with which the authors are 
affiliated have no objections to the publication of this work. 

Consent for publication 

Not applicable. 

Author contribution 

Author contributions: Experiment idea and set-up of trials, C.T.; 
coordination of data collection, C.T., B.M., L.E., E.P.; formal data anal-
ysis, B.M., E.P; writing original manuscript draft, B.M., EP; writing, re-
view, and editing, E.P., L.E., C.T. All authors have read and agreed to the 
published version of the manuscript. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgements 

The PhD fellowship for BM was funded by the Scuola Superiore 
Sant’Anna. All the authors are grateful to the International Maize and 
Wheat Improvement Centre for funding the setup and running of the 
experimental trials and to donors of the MAIZE CGIAR Research Pro-
gram (www.maize.org) who supported the trials until 2018. The authors 
are thankful of the DSCATT Project for co-funding the CIMMYT step- 
trials since 2018. The DSCATT project (N◦ AF 1802-001, N◦ FT 
C002181) is funded by the Agropolis Foundation (through the “Pro-
gramme Investissement d’Avenir” Labex Agro, funding ANR-10-LABX- 
0001-01) and by the TOTAL Foundation, as part of a sponsorship 
agreement. The authors would like to thank also the project Africa 
Research in Sustainable Intensification for the Next Generation (Africa 
RISING, AID-BFS-G-11-00002) for co-funding the CIMMYT step-trials. 
The financial support of the Project PSR 2014- 2020 - Misura 16.2 PS- 
GO 2017 - Progetto AGROCIRCOLIVE – CUP ARTEA 831728 is grate-
fully acknowledged. Special thanks go to the technical teams at the two 
experimental locations, led by Sign Phiri and Herbert Chipara that 
assisted in data collection. 

Availability of data and R code 

Data used in this study are stored in a public data repository and can 
be made available upon reasonable request following data-sharing reg-
ulations. The R scripts used in data analyses are available from the 
corresponding author upon request. Sequences generated in this study 
were uploaded in the NCBI database (submission number 
SUB10794739) and accession numbers OM049043-OM049185. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.fcr.2022.108724. 

References 
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