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Weed infestation is among the major causes of low maize 
(Zea mays L.) grain yield in sub-Saharan Africa (Rodenburg 
and Johnson 2013). Weeds directly compete with crops for 
growth resources (Kaur et al. 2018). Besides competition, 
weeds directly affect crops negatively through parasitism 
(Sibhatu 2016) and allelopathy (Bhadoria 2011; Rugare 2018). 

Biotic stress caused by weeds during the early 
development stages of maize impedes growth and 
consequently reduces the final grain yield (Mashingaidze 
2004; Tibugari et al. 2019). Indirectly, weeds act as 
alternative hosts for disease pathogens (Handiseni et 
al. 2008), insect pests (Capinera 2005) and nematodes 
(Sikora et al. 2019), which negatively affect crop yield. 
Timely and efficient weed management is therefore vital for 
sustainable, increased crop yields and food security.

Smallholder farms in Zimbabwe are spatially 
heterogeneous in terms of soil fertility mainly due to the 
inherent geopedological conditions (Masvaya et al. 2010). 
The predominant parent materials in Zimbabwe are mafic, 
which give rise to high clay content soils and sandy soils 
from granite. The latter covers more than 66% of the soils 
in Zimbabwe (Nyamapfene 1991). Kurwakumire et al. 
(2014) revealed a strong correlation between soil texture 
and soil organic carbon (SOC) content for Zimbabwean 
soil (R2 = 85%). The level of organic carbon determines the 

physicochemical and biological properties of the soil (Davis 
2007). Management practices by farmers should, therefore, 
aim to maintain or increase the SOC level to sustain crop 
production (Shibabaw and Alemeyehu 2015). Although the 
influence of SOC on crop productivity was researched by 
Munera-Echeverri et al. (2020), its effects on weed density 
and weed biomass in maize-based cropping systems still 
require investigation.

Maize is the main cereal crop consumed in Zimbabwe, 
and 42% of the national grain supply is from small-scale 
commercial (model A2 scheme) farms. More than 58% 
of maize production is from resettled (model A1) and 
communal (smallholder) farmers (Bonsu and Esterhuizen 
2018). The majority (65%) of smallholder farms are located 
on granite-derived sandy soils (Chaumba et al. 2003). 
The soils are inherently infertile with low concentrations 
of organic carbon (C) and crop nutrients to support plant 
growth (Nyamangara et al. 2000; Ncube et al. 2007). 
Crop yields are also depressed owing to the extractive 
and low external input management practices common 
in the smallholder sector (Zingore et al. 2011). The use 
of inorganic fertilisers and available organic resources is 
therefore inevitable for increased crop productivity. Mineral 
fertiliser use in Zimbabwe is, however, limited because of 
the lack of purchasing power by smallholder farmers and 
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scarcity of the product (Mtangadura et al. 2017). Moreover, 
repeated inorganic fertiliser use without lime application 
increases soil acidity (Nardi et al. 2002). Owing to high 
inorganic fertiliser costs, smallholder farmers usually apply 
suboptimal rates of sole inorganic (NPK) fertiliser or these 
in combination with available local resources like leaf litter 
or livestock manure (Chikowo et al. 2004). 

Co-applying cattle manure (CM) and NPK fertiliser is one 
such option that has the potential to rehabilitate poor soils, 
build upon carbon reserves, and improve maize yields 
(Rusinamhodzi et al. 2013). Cattle manure supply is readily 
available to more than 70% of the smallholder farmers in 
Zimbabwe, as most of these farmers rely on an integrated 
crop–livestock system for their livelihood (Mugwira and 
Murwira 1997; Matarauka and Samaz 2014). However, 
the use of CM in fields may come with increased weed 
infestation which impacts negatively on crop productivity. 

Studies by Chivinge and Mariga (1998) and Mavunganidze 
et al. (2016) revealed that the benefits of fertiliser application 
depended on effective weed removal to avert yield loss. 
Smallholder farmers in Zimbabwe, like in many other 
sub-Saharan African countries, rely on family labour 
which is not directly paid to carry out farming operations 
(Mashingaidze et al. 2009). Family labour usually comprises 
the elderly and school-going children because the active, 
youthful age groups often migrate to urban centres in search 
of employment (Tibugari et al. 2019). Labour shortages 
coupled with the slow, inefficient and laborious hoe-weeding 
method normally result in delayed first weeding in farmers’ 
fields (Mashingaidze 2004). Some planted fields may 
be abandoned if the farmers fail to cope with the weed 
infestation (Mavunganidze et al. 2016). Inputs that were 
previously committed to failed or abandoned crops are 
invariably lost when such crops produce little or no economic 
yield (Mashingaidze 2004). Consequently, efficient weed 
management options should be explored to improve crop 
yields especially on smallholder homefields. 

Homefields are more secure and more fertile than 
outer fields (Nyamangara et al. 2011), and farmers often 
allocate more production resources, such as labour, seed 
and fertilisers, to such fields compared with the outer 
fields (Zingore et al. 2007). Despite being more fertile, the 
majority (>60%) of smallholder farmers still attain low yields 
(<1 t ha–1) from homefields owing to delayed weeding, 
among other reasons (Mavunganidze et al. 2016). The 
objectives of this study were to (1) investigate the effects 
of fertiliser management and weeding frequency on weed 
density, weed biomass, and grain yield of maize on fields 
with contrasting SOC content, and (2) determine the cost–
benefit of weeding options.

Materials and methods

Site description
The experiment was carried out in Marondera district 
(18°22′ S, 31°45′ E), eastern Zimbabwe, in the 2015/16 
and 2016/17 cropping seasons. Two adjacent smallholder 
farms within 1-km distance from each other and with 4.0 
and 6.4 g kg–1 SOC, respectively, were selected for the 
experiment. The area has a subtropical climate, with average 
summer temperatures of 25 °C and annual precipitation of 

approximately ±800 mm year–1. Rainfall follows a unimodal 
pattern, received between November and April. Monthly 
rainfall distribution and cumulative rainfall from planting to the 
harvesting period for each cropping season were recorded 
from rain gauges placed close to the experimental fields 
(Figure 1). The predominant soil type in both experimental 
fields is sandy textured soils derived from granitic parent 
material, classified as a Lixisol (FAO soil classification). 

Soil sampling and analysis
Before establishing the experiments in November 2015, a 
composite soil sample collected from the 0–20 cm depth 
at 10 randomly selected points within each experimental 
field was collected for detailed soil characterisation. Soil 
texture, SOC, total nitrogen (N), available phosphorus 
(P), exchangeable bases (K, Mg and Ca) and soil pH 
were determined using standard laboratory procedures 
(Anderson and Ingram 1993; Okalebo et al. 2002) (Table 1).

Experimental treatments and field management 
Land preparation was done by tilling the soil using an 
ox-drawn plough to a depth of 20 cm after a cumulative 
30 mm of rainfall was received within two days during 
November for both cropping seasons. In each field, and in 
years 1 and 2, the same treatments were repeatedly applied 
to the same plots. Aerobically composted cattle manure 
obtained from the cattle pen of one of the host farmers was 
used on both fields each season. For each season, manure 
samples were analysed (Table 1) and moisture content was 
determined for subsequent moisture correction to apply 
5 t ha–1 dry-matter equivalent in manure treatments. Cattle 
manure was broadcasted before marking planting furrows, 
and inorganic fertiliser was band applied in planting furrows.

On each site, which had contrasting SOC, namely 
low (4.0 g kg–1 soil) and high (6.4 g kg–1 soil), and for two 
cropping seasons, a 2 x 5 factorial experiment was laid in a 
randomised complete block design. Fertiliser management 
was either NPK or NPK + cattle manure (CM). Total 
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Figure 1: Cumulative rainfall recorded from the period of planting 
to harvesting, during the 2015/16 and 2016/17 cropping seasons, 
at the experimental sites in eastern Zimbabwe
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nutrients applied were 120 kg N, 30 kg P, and 28 kg K ha–1. 
There were five weeding regimes: herbicide + hoe (clean 
weeding); early frequent (three times); late and less 
frequent (twice); very late (once); and weedy check. The 
gross plot size was 4.5 × 5 m.

At planting, 25 kg ha–1 P, 28 kg ha–1 N and K were applied 
through compound fertilisers (7% N, 14% P2O5, 7% K2O). A 
further 92 N kg ha–1 was split-applied as ammonium nitrate 
(34.5% N) at 4 and 7 weeks after crop emergence (WACE). 
A medium-maturing (138–145 days) maize hybrid variety 
SC 637 (Seed Co. Zimbabwe) was planted on each field 
on the same date in the two cropping seasons (i.e. on 19 
and 21 November, respectively). Plant spacing was 0.9 × 
0.25 m, with a target population of 44 444 plants ha–1. Two 
seeds were planted per station and the crop thinned to one 
plant per station at 2 WACE. 

Determination of weed density and biomass
At 3, 6 and 9 weeks after crop emergence (WACE) and 
before each weeding, weed density (number m–2) and 
biomass (g m–2) were measured. Five quadrats measuring 
30 × 30 cm were randomly placed in each plot. Weeds in 
the quadrat were identified and counted by species using 
the weed identification book developed by Makanganise and 
Mabasa (1999). The number of horizontal stems shoots within 
a quadrat were counted for grass weeds with stoloniferous 
growth habit. The counted weed species were cut at ground 
level and packed in brown paper bags. Harvested weeds 
were oven-dried at 70 °C for 48 h (Reeb and Milota 1999) and 
then weighed for biomass using a digital scale.

Determination of maize height and grain yield 
Maize harvesting was done in May for each cropping 
season. The crop was harvested after attaining 
physiological maturity and dryness (+16% moisture 
content). Before maize harvesting, plant and ear height 
were measured with a tape measure. Maize plants were 
hand-harvested from the net plot (1.8 × 2 m, 3.6 m2) 
consisting of two central rows. Maize cobs were sun-dried 
in perforated harvesting bags over 15 days, hand-shelled, 
and grain weight was measured using a digital scale. A 
Delmhorst G-7 Digital Moisture Meter was used to measure 
grain moisture content, and yield was adjusted to 12.5% 
moisture content. Maize yield parameters measured and 
recorded at the shelling stage were ear length and the 
number of rows cob–1.

Data analysis 
Maize grain yield was tested for normality and homogeneity 
of variance using Ryne–Joiner and Bartlett’s test, 
respectively. Maize yield data were normally distributed 
and homogenous, so the combined analysis was done 
using linear mixed-effects model analysis (restricted 
maximum likelihood, REML) with GenStat Discovery 14 
(VSN International 2011) to determine the effects of SOC, 
fertiliser management, and weeding regime on weed 
density, weed biomass and grain yield of maize. The fixed 
and random model used to analyse weed density, weed 
biomass, and maize yield was: 

Yd = ɑ + BL + SOC + FM + WF +Sj

where Yd = is crop yield or weed density or biomass; ɑ = 
fixed effects model constant term; BL = block; SOC = soil 
organic carbon; FM = fertiliser management; WF = weeding 
frequency; Sj = season (random model). 

Principal component analysis (PCA) was used to 
establish the relationship between season, SOC, FM 
and WR using CANOCO 5 (Ter Braak and Simlauer 
2012). The PCA was the most appropriate technique 
because weed density had a linear relationship with 
environmental variables with a gradient of 3.9 SD units 
(Smilauer and Lepš 2014). Weed density data was further 
examined using the principal response curves (PRC) 
technique to establish the effect of the sampling period 
(weeding regime) on weed density, with SOC and fertiliser 
management as variables. PRC are suitable for repeated 
measures and designed to test the effects of treatments 
and their changes with time (Whitehouse et al. 2014). The 
Monte Carlo method was performed on the first principal 
component axis (i.e. SOC content) of the PCA to test 
whether the PRC generated by the analysis had significant 
variance. Results are presented only for PRC when SOC 
and fertiliser management significantly (p ≤ 0.05) affected 
weed density. Species densities between −0.5 and 0.5 on 
the PRC scale were excluded for further statistical analysis 
as they had little effect (Whitehouse et al. 2014). The weed 
species with an absolute density score above 0.5 were 
Nichandria physaloides, Eleusine indica, Cyperus sp. and 
Richardia scabra. These weed species were analysed using 
linear mixed-effects model analysis (REML), and mean 
values were separated using standard error of the difference 
when the F-test had a significant treatment effect at p ≤ 0.05. 

Table 1: Soil physicochemical characteristics (sampled at 0–20 cm depth) at two smallholder experimental farms with varying soil organic 
carbon (SOC) contents in eastern Zimbabwe. Soil samples were collected before trial establishment in 2015; cattle manure characterisation 
was made for each cropping season 

Soil and manure  
chemical properties  

Sand Clay Organic 
carbon Total N Available P pH 1:10 

(H2O) Ca Mg K

(g kg–1) (mg kg–1) (cmolc kg–1)
Low SOC, 4.0 g C kg-1 soil* 830 100 4.0 0.09 2.5 5.2 6.2 5.1 0.15
High SOC, 6.4 g C kg-1 soil* 560 150 6.4 0.4 7.3 5.5 7.3 4.4 0.43
Cattle manure in 2015/16 – – 233 9.0 2.2** 6.4 8.5 0.7 5.6
Cattle manure in 2016/17 – – 221 8.9 2.1** 5.7 7.0 0.5 4.2
*General soil fertility range interpretation adapted from Tanner and Grant (1963). (a) Available-P (resin-extracted): ˂7 = very low; 7–15 = low; 
15–30 = high. (b) Exchangeable-K: ˂0.15 = very low; 0.15–0.3 = low; 0.3–0.5 = 6.4; ˃0.5 = high. (c) Exchangeable-Ca: ˂5 = very low; 5–10 = 
low to 6.4%; ˃10 = high. (d) Exchangeable-Mg: ˂0.1 = very low; 0.1–0.2 = low to 6.4%; ˃0.2 = high
** Total P measurement
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Partial budget analysis
The partial budget and net benefit were calculated with the 
partial budget method of CIMMYT (1988). Variable costs 
associated with weeding, specifically herbicide and labour, 
were compared, and those costs that varied compared only 
with the unweeded controls. The costs that varied were the 
price of herbicide S-Metolachlor (960 g a.i., US$12 litre–1) and 
the labour charge (rate US$3.00 per 8-hour day). The maize 
grain producer price used was US$390 tonne–1 (2016/17 
producer price). The costs of tillage, fertilisers, insecticides, 
harvesting and transport did not vary among the treatments 
and thus were not included in the cost analysis. Maize grain 
yield was adjusted down by 15% based on the assumption 
of variation in crop management and post-harvest loss in 
farmer fields when compared with experiments managed by 
researchers (Odendo et al. 2006). The net benefit ratio (NBR) 
was calculated by dividing the expected total benefit hectare-1 
by total weeding costs that varied.

Results

Weed density, weed biomass, maize plant height and maize 
grain yield were significantly (p = 0.05) affected by SOC 
status, fertiliser management (FM), weeding regime (WR) 
and some two-way interactions, as outlined in Table 2.

Maize grain yield 
Maize grain yield was significantly (p ≤ 0.05) affected by SOC, 
FM, WR (Table 3) and the interaction of FM × WR (Figure 2). 
The FM × WR interaction significantly (p ≤ 0.001) affected 
maize grain yield, as depicted in Figure 2. In early frequently 
weeded treatments, significantly higher maize grain yield was 
recorded with application of NPK + CM compared with sole 
use of NPK. In contrast, late and reduced weeding intensity 
(twice) at 6 and 9 WACE, and once at 9 WACE, reduced 
maize yields by 40% and 88%, respectively. Late-weeded 
treatments recorded no significant difference between FM 
treatments on maize grain yield. The interaction revealed that 
delayed weeding nullifies any yield gains that might accrue as 
an outcome of fertiliser management (Figure 2).

Mean grain yield for the two seasons significantly 

Source of variation df
Weed density Weed biomass Maize grain yield

F-value Pr. > F F-value Pr. > F F-value Pr. > F
Blocking 2 0.23 0.791 0.02 0.984 1.13 0.347
Soil organic carbon (SOC) 1 17.44 <0.001 6.85 0.009 47.26 <0.001
Fertiliser management (FM) 1 7.87 0.005 1.59 0.208 30.51 <0.001
Weeding regime (WR) 4 52.25 <0.001 28.00 <0.001 115.01 <0.001
SOC × FM 1 0.42 0.517 0.20 0.659 0.00 0.952
SOC × WR 4 2.83 0.025 1.02 0.397 0.55 0.702
FM × WR 4 0.75 0.558 0.46 0.767 4.96 <0.001
SOC × FM × WR 4 0.07 0.990 0.06 0.994 0.43 0.789

Table 2: Summary of ANOVA for the linear mixed-effects model (REML) output explaining the variability of weed density, weed 
biomass, and maize grain yield. Pr > F is probability of a greater F value or p-value

Mean plant 
height 

(m)

Mean cob 
length
(cm)

Mean 
no. grain 

rows cob−1

Maize grain 
yield

(t ha−1)

SOC
Low SOC, 4.0 g kg-1 soil 1.51a 9.50a 13.64 2.83a

High SOC, 6.5 g C kg-1 soil 2.34b 14.60b 13.64 4.26b

p-value <0.001 <0.001 ns <0.001
SED 0.03 0.33 0.22 0.21
LSD 0.06 0.65 0.44 0.41

Fertiliser management
NPK 1.91 11.33a 13.68 2.97a

NPK + cattle manure 1.94 12.74b 13.6 4.12b

p-value ns <0.001 ns <0.001
SED 0.03 0.33 0.22 0.21
LSD 0.06 0.65 0.44 0.41

Weeding regime
Clean weeding 2.05c 14.25c 14.69d 6.07c

3 WACE (weeding thrice) 1.94bc 14.10c 13.65cd 5.99c

6 WACE (weeding twice) 1.92bc 12.80b 13.50bc 3.59b

9 WACE (weeding once) 1.91b 9.74a 13.30ab 1.17a

Weedy check 1.83a 9.30a 13.05a 0.90a

p-value <0.001 <0.001 <0.001 <0.001
SED 0.05 0.52 0.35 0.33
LSD 0.09 1.03 0.69 0.66

Table 3: The effects of soil organic carbon (SOC) content, fertiliser 
management (NPK alone or NPK + cattle manure) and weeding 
regime on maize yield parameters, as tested on two smallholder 
farms in eastern Zimbabwe. Treatments that share the same letter 
in each section are not significantly different at p > 0.05; ns = not 
significant. LSD = least significant difference; WACE = weeks after 
crop emergence. SED = standard error of difference
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increased to 4.3 ± 0.21 t ha–1 from high SOC (6.4 g kg–1) as 
compared with 2.8 ± 0.21 t ha–1 from low SOC (4.0 g kg–1) 
(Table 3). Co-applying NPK + CM significantly increased 
the maize grain yield by 1.36-times compared with NPK 
only (Table 3). WR significantly (p ≤ 0.001) affected maize 
grain yield. Higher (6 t ha–1) maize grain yield was obtained 
from early frequently weeded treatments. However, late 
and less-frequent (twice) weeding at 6 and 9 WACE and 
very-late weeding (once) at 9 WACE decreased maize 
grain yield. Weeding once at 9 WACE was similar to the 
unweeded control treatment, with yield decline (Table 3).

Maize plant height 
Maize height at the harvesting stage was significantly 
(p ≤ 0.001) affected by SOC content and WR (Table 3). 
No significant interaction was recorded. Maize plants from 
the field with the highest SOC content (6.4 g kg–1) were 
1.5-times taller compared with plants in the field with low 
SOC (4.0 g kg–1). Taller maize plants were observed from 
treatments that were early and frequently weeded. Very-late 
and less-frequent weeding (that is, once at 9 WACE) and 
the unweeded control treatment reduced maize height by 
6% and 10%, respectively (Table 3). However, FM did not 
significantly affect maize height.

Maize cob/ear length and mean number of grain rows cob-1 
Soil organic carbon, fertiliser management, and weeding 
regime significantly affected mean cob/ear length (p ≤ 0.001) 
although no significant interactions were observed. Maize 
cob/ear length significantly increased by 1.54-times in 
soil with high SOC (6.4 g kg–1) as compared with low SOC 

(4.0 g kg–1) (Table 4). Treatments co-applied with NPK + 
CM increased cob length by 12% compared with sole NPK 
(Table 4). Compared with early and frequent weeding, 
late to very-late, less-frequent weeding and the unweeded 
control treatment significantly reduced cob length by 9%, 
31% and 34%, respectively. Weeding once at 9 WACE was 
significantly different from the unweeded control (Table 3).

Early and frequent weeding increased the number of 
rows cob–1 by 8% compared with the unweeded control. 
However, SOC and FM did not affect the mean number of 
rows cob–1 (Table 3). 

Effects of SOC, fertiliser management and weeding 
frequency on weeds
Twenty weed species were identified and recorded from the 
two smallholder experimental farms with contrasting SOC. 
Broadleaf weeds constituted 80% of the weed species, 
whereas 15% and 5% of the species were grasses and 
sedges, respectively (Figure 3). 

Principal component analysis (PCA) ordination on 
environmental factors and weeds
The unconstrained PCA provided evidence of the association 
between SOC content, FM and WR on weed composition 
(Figure 3). The PCA biplot accounted for 73.3% of the 
total variance in weed composition. The horizontal Axis 1 
accounted for 63.3% (eigenvalue of 0.6) while the Axis 2 
accounted for 10.0% (eigenvalue = 0.1) of the cumulative fitted 
variation. Soil organic carbon content and weeding frequency 
had a strong influence on weed composition, whereas FM was 
not significant (p ≤ 0.05). The weeds associated with low SOC 

Parameter Total weed 
density (no. m–2)

Total weed 
biomass (g m–2)

PRC weed densities
N. physaloides E. indica Cyperus sp.  R. scabra

SOC
Low SOC, 4.0 g C kg-1 soil 100.2a 48.6a 7.2a 4.9a 5.2a 15.8
High SOC, 6.5 g C kg-1 soil 152.0b 77.7b 20.9b 7.8b 7.5b 18.7
p-value <0.001 0.009 <0.001 <0.001 0.002 ns
SED 12.42 11.13 2.45 0.81 0.71 2.9
LSD 24.42 21.90 4.80 1.60 1.40 5.60

Fertiliser management 
NPK 108.7a 56.1 8.8a 5.1a 5.7 18.8
NPK + cattle manure 143.5b 70.2 19.2b 7.6b 7.0 15.7
p-value 0.005 ns <0.001 0.002 ns ns
SED 12.42 11.13 2.45 0.81 0.71 2.86
LSD 24.42 21.90 4.80 1.60 1.40 5.60

Weed regime
Clean weeding 0a 0a 0.0a 0.0a 0.0a 0.0a

3 WACE (weeding thrice) 56.7b 10.0b 9.2b 2.7b 2.5b 5.8b

6 WACE (weeding twice) 127.3c 38.5c 13.1c 6.8c 7.7c 15.9c

9 WACE (weeding once) 241.5d 132.7d 24.7d 10.5d 11.9d 41.2d

Weedy check 235.0d 134.5d 22.9d 11.8d 9.8d 43.5d

p-value <0.001 0.001 <0.001 <0.001 <0.001 <0.001
SED 19.63 17.60 3.87 1.28 1.12 4.52
LSD 38.62 34.63 7.60 2.50 2.20 8.90

Table 4: The effects of soil organic carbon (SOC) content, fertiliser management, and weeding regime on total weed density and 
biomass, and the advanced densities (results of principal response curves [PRC] technique) of Nichandria physaloides, Eleusine indica, 
Cyperus sp. and Richardia scabra, at the two smallholder farms in eastern Zimbabwe. Treatments that that share the same letter in each 
section of the column are not significantly different at p > 0.05. ns = not significant; LSD = least significant difference; SED = standard 
error of difference; WACE = weeks after crop emergence
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(4.0 g kg–1) were Cleome monophylla, Cynodon dactylon, 
Cyperus species, Hibiscus meeusei, Melenis repens, 
Richardia scabra and Schkuhria pinnata. Weeds strongly 
associated with high SOC (6.4 g kg–1) were Acacia sp., 
Amaranthus hybridus, Bidens pilosa, Eleusine indica, 
Datura stramonium, Nicandra physaloides, Sida alba and 
Luecus martinicensis (Figure 3). 

The principal response curves (PRC) of weeds to sampling 
periods 
Weed species density was strongly linked to high SOC 
(6.4 g kg–1) compared with low SOC (4.0 g kg–1) at 3 
WACE, when weeds were counted before the first weeding 
operation (Figure 4a). The PRC Monte Carlo permutation 
tests revealed significant effects of SOC (F = 18.2, p = 
0.018) and WR (F = 84.6, p = 0.002) on weed density 
(Figure 4a,d); however, FM had no significant effect. 

According to the PRC Monte Carlo permutation tests, 
the densities of Cyperus sp., E. indica, R. scabra and 
N. physaloides were significantly (p ≤ 0.05) affected by 
SOC content and WR (Figure 4b,e). Nicandra physaloides 
recorded the highest negative species weight on the PRC 
scale. The weed species were further analysed using REML 
(Table 4); however, 80% of the weed species whose PRC 
scale fell in between −0.5 and 0.5 were not influenced 
by SOC status, and were therefore excluded for further 
statistical analysis (Figure 4c). 

Weed density and weed biomass 
Total weed density was significantly (p ≤ 0.05) affected by 
SOC content, WR, and the interaction of the SOC × WR 

(p ≤ 0.03). However, FM only influenced weed density but 
did not affect total weed biomass. 

The change in SOC content from low to high significantly 
increased total weed density and weed biomass by 52% 
and 60%, respectively (Table 4). Treatments co-applied 
with NPK + CM increased total weed density by 32% 
compared with sole NPK. However, total weed biomass 
was not affected by FM (Table 4).

The interaction of SOC × WR significantly affected total 
weed density (p ≤ 0.03). Weed density in the first 3 WACE 
was not significantly different between the SOC and FM 
treatments. However, as weed removal was delayed, a 
sharp increase in weed density was observed from high SOC 
content and with NPK + CM fertiliser treatment compared 
with weed density from low SOC content (Figure 5a).

Compared with early and frequent weeding (thrice), late and 
less-frequent weeding (twice), and very-late weeding (once) at 
9 WACE increased total weed density by 2.25 and 4.26 times, 
respectively. Weeding once at 9 WACE was not significantly 
different from the unweeded control treatment. Total weed 
biomass also increased by 3.9- and 13.4-times in late, 
less-frequent weeding (twice), and very-late weeding (once) 
compared with early and frequent (thrice) weeding (Table 4).

The PRC scale revealed significantly higher densities 
of N. physaloides, E. indica and Cyperus sp. from high 
SOC (6.4 g kg–1) compared with low SOC (4.0 g kg–1), 
while R. scabra density was not affected (Table 5). 
Co-applying NPK + CM significantly increased densities 
of N. physaloides and E. indica, while Cyperus sp. and 
R. scabra were not affected by FM (Table 4).

The weeding regime significantly affected the density of 
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the main weed species as depicted by the PRC scale in 
Figure 4b. Late, less-frequent weeding increased densities 
of N. physaloides (by 1.4-times), E. indica, (2.5-times), 
R. scabra (2.7-times) and Cyperus sp. (3.8-times) 
compared with early frequent weeding. Very-late and 
single weeding at 9 WACE further increased the densities 
of N. physaloides, E. indica, Cyperus sp. and R. scabra by 
2.7-, 3.9-, 4.8- and 7.1-times, respectively, compared with 
early frequently weeded treatments (Table 4). 

Nichandria physaloides densities were significantly (p 
≤ 0.02) affected by the SOC × WR interaction (Figure 5b). 
Lower N. physaloides densities were recorded from low SOC 
(4.0 g kg–1) compared with from high SOC (6.4 g kg-1). In 
both fields, N. physaloides densities were low when early and 
frequent weeding was done. In contrast, a sharp increase 
in N. physaloides was observed from high SOC (6.4 g kg–1) 
when late and infrequent weeding was done (Figure 5b).

Eleusine indica densities were significantly affected 
by SOC × FM (Figure 5c). Higher E. indica density 
was recorded from high (6.4 g kg–1) compared with low 
(4.0 g kg–1) SOC. A sharp increase in E. indica densities 

was recorded from NPK + CM under low SOC content. In 
contrast, under high SOC content (6.4 g kg–1), E. indica 
densities were not significantly different between NPK + CM 
and sole NPK treatments (Figure 5c). 

The interaction FM × WR significantly affected the 
density of N. physaloides (Figure 6a). Significantly 
higher N. physaloides density was observed in NPK + 
CM compared with the NPK treatment. Clean weeding 
(herbicide + hoe) and early frequent weeding (three times) 
reduced N. physaloides densities under both fertiliser 
regimes. However, in late and less-frequent weeding, a 
sharp increase of N. physaloides density was observed with 
NPK + CM compared with NPK treatment (Figure 6a).

The interaction FM × WR also significantly affected E indica 
density (Figure 6b). Higher densities of E indica were found 
with NPK + CM as compared with NPK. In both fertiliser 
treatments, E indica density was lower with clean weeding 
(herbicide + hoe) and early frequent weeding. On the contrary, 
there was a significant sharp increase in E. indica NPK + 
CM compared with the NPK fertiliser treatment in late, less 
frequently weeded treatments (Figure 6b).
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Partial budget and net benefit ratio (NBR) analysis 
High maize grain yield (>4.5 t ha–1) recorded from 
6.4 g kg-1 SOC content gave a higher (>6.8) net benefit ratio 
compared with 4.0 g kg–1 SOC content (Table 5). Clean 
weeding (herbicide + hoe) gave the highest net benefit 
ratio on both SOC levels depending on the FM treatment. 
NPK + CM recorded higher NBR compared with NPK on 
each farm. This was followed by an early frequent (thrice) 
weeding at 3, 6 and 9 WACE. However, late less-frequent 
weeding, that is twice at 6 and 9 WACE, and very-late 
single weeding at 9 WACE recorded a negative NBR in 
4.0 g kg–1 SOC and low NBR in 6.4 g kg–1 SOC (Table 5).

Discussion

Grain yield of maize 
The study focused on the influence of SOC, fertiliser 
management, and weeding regime on grain yield of maize. 
There was a positive link between SOC and maize grain 

yield. Maize grain yield increased by 13% as the SOC 
content changed from low (4.0 g kg–1) to high (6.4 g kg–1). 
The results are in line with the findings of Boling et al. 
(2008) and Ogwuike et al. (2014) who reported an increase 
in rice (Oryza sativa) yield by 17% and 27%, respectively, 
on lower catena position with high SOC content compared 
with on upper catena. The increase in maize grain yield 
in high SOC content (6.4 g kg–1) can be attributed to the 
inherent nutrient supply associated with increased SOC 
levels. Soil organic carbon improves the physicochemical 
properties, biological activities and crop productivity (Davis 
2007; Shibabaw and Alemeyehu 2015). 

The combined application of NPK + CM increased the 
grain yield of maize by 1.46-times compared with using 
NPK only. This result confirms earlier research findings 
by Zingore et al. (2007), Rusinamhodzi et al. (2013), 
Kurwakumire et al. (2015) and Kafesu et al. (2018), who 
reported an increase in maize productivity when organic 
manures are co-applied with NPK fertiliser treatments. 
An increase in maize grain yield from the NPK + CM 
treatment may be in part due to increased nutrient uptake 
by the maize crop. Combining NPK + CM ensures a steady 
nutrient supply during the crop growth cycle. Nutrients from 
inorganic fertilisers are unusually readily available for crop 
uptake, while the slow-nutrient-release nature of organic 
manures ensures a steady nitrogen supply during the crop 
development stages (Blackshaw 2005). Besides, Nikoli 
(2011) reported that the integration of organic manures and 
inorganic fertilisers improved micronutrient uptake by the 
crop, thereby increasing maize productivity.

Organic manures ameliorate soil pH (Nyamangara et al. 
2000), enhance the build-up of organic carbon (Kihanda et 
al. 2006), improve soil physicochemical properties 
(Nyamangara et al. 2011), increase soil biological activities 
(Nezomba et al. 2015) and increase crop productivity. A 
long-term experiment (>8 years) Kihanda et al. (2006) 
revealed a build-up of SOC with repeated organic manure 
applications, which enhanced uptake of N and P by the 
maize crop in low-fertilised soils. 

Our results partly explain a lower maize-yield response 
to inorganic fertiliser in low (4.0 g kg–1) SOC content. Less 
fertile soils require the use of organic amendments to 
rehabilitate them before any meaningful crop returns can 
be realised from inorganic fertiliser application (Chikowo et 
al. 2004). More so, continuous use of chemical inorganic 
fertilisers without lime use increases soil acidity, pollution 
of water bodies, and affects soil physical properties 
(Mariaselvam et al. 2015). Cattle manure becomes a cheap 
and alternative option for the management of soil pH under 
the smallholder farming sector. 

The grain yield of maize significantly increased by more 
than 6 t ha–1 in clean weeding (herbicide + hoe), early and 
frequently (thrice) weeded treatments. Our results are in 
line with findings by Chivinge and Mariga (1998), Doǧan et 
al. (2004) and Mavunganidze et al. (2016), who reported an 
increase in grain yield of maize in early (4 WACE) weeded 
plots. Maize is sensitive to weed competition during the 
first 6 weeks of crop development in the subtropical region 
(Mashingaidze et al. 2009). Depending on weed seed-bank 
status, weed infestation during the early stages of maize 
development, both directly and indirectly, hindered crop 
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performance, causing yield declines by 34–90% (Deen 
et al. 2003). Apart from competition for growth resources, 
weeds can directly affect crops by parasitising the maize 
crop, releasing toxic allelochemicals into the environment 
which suppress growth and development of the crop 
(Bhadoria 2011; Rugare 2018). 

Late and infrequent weeding reduced grain yield of maize 
by 40–88%. Late (6 WACE), and very-late (9 WACE) weed 
removal nullified the benefits accrued from organic manures 
alongside NPK fertiliser use. These results were in line with 
finding by Chivinge and Mariga (1998) and Workayehu, 
(2011) who observed that the benefits of inorganic fertiliser 
applications depended on effective weed removal during 
the critical stages of crop growth for weed competition. The 
decrease in maize grain yield presumably was caused by 
weed–crop competition for growth resources during the 
critical maize development stages.

Weed density and weed biomass
Fertiliser management and weeding regime strongly 
influenced weed density and weed biomass on the two 
smallholder farms with varying SOC content. Our results 
reveal an increase in total weed density and weed biomass, 
by 52% and 60%, respectively, in high (6.4 g kg–1) SOC. 
The effect of fertiliser on weed density and biomass was 
earlier reported by Johnson and Kent (2002), Dvorsky et al. 
(2011) and Touré et al. (2014). Increased weed density and 
weed biomass in 6.4 g kg–1 SOC content can be attributed 

to improved moisture and nutrient uptake. Touré et al. 
(2014) and Jiang et al. (2014) revealed that weeds tend 
to benefit more from improved soil fertility and moisture 
because of greater and more-efficient nutrient extraction 
from the soil. Contrary to our findings, Boiling et al. (2008) 
found no significant differences in weed composition across 
fertility domains in a rice crop across the toposequence.

Combined application of NPK + CM increased total weed 
density by 32%, and the weed species whose density 
increased according to the PRC scale were N. physaloides 
and E. indica. These results were similar to earlier 
findings by Efthimiadou et al. (2012) who reported an 
increase in weed density and weed biomass from organic 
amendment treatments in baby corn. Similarly, Blackshaw 
and Brandt (2009) recorded an increase in Malva pusilla 
and Avena fatua with luxurious P (phosphophilous) 
uptake, and the N (nitrophilous) weed species were 
Chenopodium album, Amaranthus retroflexus (L.) and 
Kochia scoparia (L.). These weeds were found to be highly 
competitive in well-fertilised fields. 

Our study, therefore, confirmed earlier findings that the use 
of organic and inorganic fertilisers in agro-systems not only 
increases grain yield of maize but increases the competitive 
nature of weeds whose nutrient uptake is more efficient when 
compared with the crops (Chikuvire et al. 2013). Fertilisers 
applied in cropping systems also break weed-seed dormancy 
and initiate weed seedling emergence (Karimmojeni et 
al. 2011), promote weed growth and competitiveness 

Weeding treatments 
4.0 g kg-1 SOC 6.4 g kg-1 SOC

NPK NPK + cattle manure NPK NPK + cattle manure
Adjusted maize grain yield (tonne ha–1) (15%)

Clean weeding 3.421 5.290 5.242 6.695
At 3 WACE (weeding thrice) 3.678 5.239 4.501 6.957
At 6 WACE (weeding twice) 1.793 2.983 3.273 4.154
At 9 WACE (weeding once) 0.364 0.586 1.406 1.638

Total gross income
Clean weeding $1 334.29 $2 062.92 $2 044.36 $2 610.89
At 3 WACE (weeding thrice) $1 434.40 $2 043.03 $1 755.29 $2 713.33
At 6 WACE (weeding twice) $699.13 $1 163.23 $1 276.61 $1 620.04
At 9 WACE (weeding once) $141.88 $228.40 $548.30 $638.80

Total variable costs
Clean weeding $138.00 $138.00 $138.00 $138.00
At 3 WACE (weeding thrice) $225.00 $225.00 $225.00 $225.00
At 6 WACE (weeding twice) $240.00 $240.00 $240.00 $240.00
At 9 WACE (weeding once) $180.00 $180.00 $180.00 $180.00

Net benefit
Clean weeding 1 196.29 1 924.92 1 906.36 2 472.89
At 3 WACE (weeding thrice) 1 209.40 1 818.03 1 530.29 2 488.33
At 6 WACE (weeding twice) 459.13 923.23 1 036.61 1 380.04
At 9 WACE (weeding once) −38.12 48.40 368.30 458.80

Net benefit ratio
Clean weeding 8.67 13.95 13.81 17.92
At 3 WACE (weeding thrice) 5.38 8.08 6.80 11.06
At 6 WACE (weeding twice) 1.91 3.85 4.32 5.75
At 9 WACE (weeding once) −0.21 0.27 2.05 2.55

Table 5: Partial budget analysis: Adjusted maize grain yield is 15% of the yield attained by research at the two smallholder 
farmers; Total gross income = Adjusted maize grain yield × Producer price tonne–1 (US $390); Total variable costs = total 
weeding costs that varied were herbicide S-Metolachlor 1.5 l ha–1 and hoe weeding ha–1; Net benefit = Total gross income 
– Total weeding cost that varied; Net benefit = Net benefit divided by Total weeding cost that varied. SOC = soil organic 
carbon; WACE = weeks after crop emergence 
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(Mohammadi 2012), increase weed biomass accumulation 
(Blackshaw et al. 2002), and cause prolific weed seed 
production (Blackshaw and Brandt 2009). 

The gradual and slow release of nutrients such as nitrogen 
by organic matter benefited weeds, mainly owing to their 
efficient nutrient uptake compared with the crops (Blackshaw 
2005). More so, organic manure improves the soil’s physical 
and chemical properties, and such conditions were found 
to be favourable for weed growth and competitiveness 
(Mohammadi 2012). Otinga et al. (2013) observed vigorous 
weed growth in organic manure applied treatments. 

Furthermore, previous research revealed that cattle 
manure contains a considerable number of potentially 
germinable weed seeds (Materechera and Modiakgotla 
2013). For instance, Cook et al. (2007) found that 25% 
of weed seeds were intact in cattle manure. Our findings 
also concur with earlier work by Rupende et al. (1998) and 
Mtambanengwe et al. (2015) who recorded A. hybridus, 
E. indica, C. dactylon, N. physaloides and A. hispidium as 
the most dominant weeds in cattle manure treatments. 

Economic analysis 
Early and frequently weeded treatments increased the net 
benefit ratio (NBR) while late weed removal resulted in a 
negative NBR. Our findings are in-line with Shumba et al. 
(1989) who reported that weeding of maize 30 days after 

crop emergence in the high-potential area of Mangwende 
communal (Murehwa District, eastern Zimbabwe) resulted 
in a 28% decline in maize grain yield. Our results also 
confirm findings by Workayehu, (2011) who reported a 
decrease in broadleaf density in herbicide + hand-weeding 
treatments, while this translated to high wheat-grain yield. 

Early and frequent weeding reduce weed–crop 
competition and, here, increased maize grain yield to 
>5 t ha–1. The increase in grain yield also increased gross 
income and offset the production variable costs, thereby 
increasing the crop gross margin. In contrast, late weeding 
increase weed–crop competition and reduced maize grain 
yield to <1 t ha–1 and gave negative gross-margin values 
in fields with low SOC status. Weed infestations during 
early stages (3–6 WACE) of maize development, directly 
and indirectly, impede crop performance (Mashingaidze 
et al. 2009). In some cases, severe yield declines of up to 
100% have been reported in some communal area fields in 
Zimbabwe (Mandumbu et al. 2017), and this impact is more 
severe in soils with low fertility. Our results suggest that 
the clean weeding (herbicide + hoe) practice can ease the 
labour shortage often experienced by smallholder farmers 
during the early part of the season, when demand for family 
labour is high. This weed-management option showed an 
increase in the grain yield of maize and in the NBR. 
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Figure 6: Influence of fertiliser management and weeding regime interaction (FM × WR) on (a) Nicandra physaloides and (b) Eleusine indica 
at two smallholder farms with varying SOC in eastern Zimbabwe
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Conclusions

This study revealed that weed density, weed biomass, 
and the grain yield of maize were each strongly linked to 
the initial SOC content. The combined use of NPK + CM 
increased maize grain yield and weed density compared 
with sole NPK treatment. However, weed biomass was 
not affected by fertiliser management. The benefits of 
integrating NPK + CM and initial high SOC were realised 
only under the early and frequent weeding regime. Late and 
infrequent weeding and very late weeding reduced maize 
grain yield and nullified the yield benefits accrued from 
improved fertiliser management. 

The results also revealed an increase in weed density 
and weed biomass as SOC changed from low (4.0 g kg–1) 
to high (6.4 g kg–1). In both fields, early and frequent 
weeding reduced weed density and weed biomass 
and increased maize grain yield as well as the NBR. 
Furthermore, it is recommended that smallholder farmers 
combine herbicide + hoe weeding during the early stages 
of maize development to avert labour bottlenecks, a 
situation that often results in inadequate early weed control 
and, subsequently, poor crop performance and reduced 
yields. 
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