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Traditional cereal crops are important for food and nutrition security in rural
communities of southern Africa, but their productivity is often constrained by low
soil water largely linked to low seasonal rainfall and long intra-seasonal dry spells.
Planting basins (PB), tied ridges (TR), and conventional ploughing (CP) were
evaluated, over two cropping seasons (2020/2021 and 2021/2022), for their
effects on sorghum [Sorghum bicolor (L.), Moench], pearl millet [Pennisetum
glaucum (L.) R.Br.], and finger millet [Eleusine coracana (L.) Gaertn] productivity
on degraded (<0.4% soil organic carbon) and productive (>0.6% soil organic
carbon) fields under rainfed conditions in Mbire (<450 mm rainfall year™) and
Mutasa (>800 mm rainfall year™) districts in Zimbabwe. Field trials were
established on degraded and productive field sites in each district, with
sorghum, pearl millet, and finger millet either sown as monocrops or
intercropped with cowpea. The experiments were laid out ina 2 X 3 X 3
factorial in a randomized complete block design (RCBD). The highest sorghum
grain yield response of 2100 kg ha™* was attained under PB on productive soils.
Overall, PB and TR increased sorghum, finger millet, and pearl millet grain yields
by 43% to 58% compared with CP. Growing sorghum, finger millet, and pearl
millet on productive soils increased grain yields by 64%, 33%, and 43%,
respectively, compared with degraded soils. Intercropping sorghum, pearl
millet, and finger millet with cowpea increased cereal yields by between 23%
and 42% over the sole crops. Rainwater use efficiency averaged 1 kg grain mm™
on productive fields and 0.4 kg grain mm™ on degraded fields. PB produced the
highest net profit of SUS408 on a productive field. Overall, production of
sorghum and millets on productive soils gave positive economic returns
irrespective of rainwater management option and cropping system.
Conversely, 63% of the treatments on degraded soils recorded negative
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economic returns in both districts. We conclude that in-field rainwater
management technologies combined with other agronomic practices like
intercropping increase the productivity of sorghum and millets under rainfed
conditions. However, degraded soils remain a challenge for the increased
productivity of traditional cereal crops.

KEYWORDS

degraded fields, intercrops, productive fields, rainwater use efficiency, smallholder

farming systems

1 Introduction

In Zimbabwe, maize is the dominant cereal crop, occupying
45%-50% of cropped area yearly followed by pear] millet and
sorghum with 15%-20% and 10%-15%, respectively (FAO, 2020;
2022). Nevertheless, yields of maize, and other crops, have
continually decreased due to the declining soil fertility and the
suboptimal use of fertilizers (Mtambanengwe and Mapfumo, 2005;
Ncube et al, 2007; Mbanyele et al, 2021a), climate change and
variability (Lobell et al, 2008; Blanc, 2012; Rurinda et al., 2014;
Masson-Delmotte et al., 2021), pest and diseases (Nyamutukwa et al.,
2022), weed pressure (Mandumbu et al., 2017; Mtambanengwe et al.,
2015), and poor agronomic practices (Mapfumo and Giller, 2001;
Namatsheve et al., 2020). Crop Livestock and Fisheries Assessment
(CLAFA) surveys conducted by the Government of Zimbabwe
between 2019 and 2023 reported low average grain yields of less
than 1 t ha™! for maize, sorghum, finger millet, and pear] millet and
against attainable yields of approximately 3-5 t ha™" (Crop, Livestock
And Fisheries Assessment (CLAFA) Reports for Zimbabwe etl al.,
2024). Poor seasonal rainfall distribution limits crop productivity the
most (Lobell et al., 2008; Rurinda et al., 2015; Nezomba et al., 2018).
Intra-seasonal dry spells occur in virtually 80% of the rainfall seasons,
especially in semi-arid regions, exposing crops to severe water stress
(Rurinda et al,, 2013; Barron et al, 2003). Two related studies
conducted in Zimbabwe revealed a shift in the geographical
boundaries of rainfall zones, with the traditionally high rainfall
areas (>800 mm rainfall year™'), the main crop production areas,
reducing in area while the dry regions (<450 mm rainfall year ') have
expanded (Mugandani et al., 2012; Manatsa et al., 2020).

Climate change and variability has led to the promotion of
traditional cereal crops such as sorghum and millets in most
agroecological regions of Zimbabwe, which hitherto depended on
maize production (FAO, 2022). Traditional cereal crops have better
drought tolerance than maize (FAO, 2008; Kane-Potaka and
Kumar, 2019), require less inputs, particularly fertilizers and
pesticides (Mukarumbwa and Mushunje, 2010), exhibit long
postharvest life (Chazovachii et al.,, 2012), and are also used for
the production of alcoholic and non-alcoholic beverages (Gabaza
et al,, 2018). Despite these positive attributes, sorghum and millets
are still considered as minor cereal crops by famers and are
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normally grown on marginal lands with limited use of fertilizers
(Mabhaudhi et al, 2019). Furthermore, agronomic research on
these traditional cereal crops has lagged behind, with most efforts
directed to maize (Rukuni et al., 2004).

Smallholder farming areas in Zimbabwe, where the majority
population resides, are largely dominated by sandy soils of low
water holding capacity, poor organic carbon content, and relatively
low aggregate stability (Mapfumo and Giller, 2001). On such soils,
rainfall intensities greater than 13 mm h™' often lead to runoff
(Rockstrom, 2003a; Nyamadzawo et al.,, 2012). Water uptake by
crops is reported to account for merely 15%-30% of the rainfall as
10%-15% is lost as runoff, 10%-30% as deep percolation, and 30%-
50% as evaporation (Miriti et al, 2012). Given the increasing
importance of sorghum and millets in the context of climate
change coupled with the widespread occurrence of sandy soils, in-
field water management options are therefore necessary to increase
crop productivity and rainwater use efficiency. A potential option
for improving rainwater productivity is to reduce non-productive
evaporation from soil in favor of productive plant transpiration
(Rockstrom, 2003b; Rockstrom et al,, 2010). In-field rainwater
harvesting has been shown, regionally and locally, to increase
rainwater productivity in cropping systems (Biazin et al, 2012;
Nyamadzawo et al., 2013). Studies conducted in sub-Saharan Africa
(SSA), including semi-arid regions of Zimbabwe, showed that in-
field rainwater harvesting technologies such as Fanya ju, infiltration
pits (chibatamvura), no-till tied ridges, mulch ripping, and planting
basins (zai pits) significantly increased soil water capture, retention,
rainwater use efficiency, and crop yields (Mupangwa et al., 2013;
Nyamadzawo et al., 2013; Chiturike et al., 2023). However, most of
these studies centered on maize and grain legumes, with little work
focusing on sorghum and millets either as sole or as intercrops.
Combining in-field rainwater management (IRWM) options with
intercropping of cereals with legumes increases overall crop
productivity (Namatsheve et al, 2020; Mbanyele et al., 2021b).
The other benefits of intercrops such as suppression of weeds,
diseases, and pests; efficient use of soil water, nutrients, and
radiation; and dietary diversification are well documented in
literature (Namatsheve et al., 2020; Chaudhary and Kohli, 2020).

In most on-farm studies, performance of IRWM technologies
on crop productivity has been found to vary spatially and
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temporally as dictated by rainfall zone, soil type, and soil fertility
gradients (Biazin et al., 2012; Nyamadzawo et al., 2013; Mbanyele
et al., 2021a; b; Chiturike et al., 2023). It follows then that IRWM
technologies should be evaluated across varying soil fertility
gradients and contrasting rainfall patterns to widen typologies for
adoption by farmers given the diverse biophysical and
socioeconomic settings that characterize smallholder farming
systems of SSA. Few studies have been carried out regionally, in
SSA and Zimbabwe in particular, to evaluate the productivity and
profitability of different IRWM options on sorghum and millets
across soil fertility gradients and contrasting rainfall zones.
Therefore, the specific objectives of this study were to (1) evaluate
the performance of selected IRWM options on sorghum and millet
productivity on degraded and productive soils in high- and low-
rainfall areas, (2) determine rainwater use efficiency of the different
IRWM options, and (3) quantify the economic profitability of the
different IRWM options.

2 Methodology
2.1 Study sites

The study was conducted in Mutasa (18°33'S, 32°49'E) (Honde
Valley) and Mbire (16°34S’, 30°76'E) districts in Zimbabwe (Figure 1).

10.3389/fagro.2024.1378339

There are 31 wards in the Mutasa district, 14 of which are located in
Honde Valley. Honde Valley is located in the eastern highlands of
Zimbabwe. The average annual rainfall for the area is approximately
1,150 mm, received from late October to around end of April. The
average daily temperature is 21.5°C. November is the hottest month with
an average daily temperature of 24.5°C and July is the coolest month with
an average daily temperature of 16.3°C (Kanyangarara et al,, 2016). Each
farmer owns 2 to 3 ha of land. In recent years, farmers in Honde Valley
have been making significant yield losses on perennial crops like tea and
coffee, which has led to the shift to drought-tolerant cereals and legumes
such as finger millet, sorghum, and cowpea (interviews with local farmers
in the year 2020). Conventional ploughing (CP) is the commonly used
tillage method for maize production.

The Mbire district (16°34’S, 30°76'E) is approximately 4,700
km? in area and is characterized by the floodplains of the Zambezi
River Basin. The Mbire district receives an average annual rainfall of
450-500 mm. There are 17 wards in the Mbire district. A
characteristic of this region is the erratic and unreliable rainfall
both between and within seasons. The district records high
temperatures (sometimes exceeding 40°C) with a mean annual
temperature of 25°C (Bola et al., 2014). Each farmer owns 2 to 4
ha of land. CP is the commonly used tillage method, mainly for
maize cropping. Sorghum and millets have widely been adopted in
the district despite the fact that they are grown on degraded and
marginal croplands under CP.
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FIGURE 1
Location of Mutasa and Mbire districts, Zimbabwe.
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2.2 Selection of experimental sites
and germplasm

Consultative meetings were done with the district agricultural
extension office (AGRITEX) in the two study areas to ascertain the
commonly used IRWM options. A ward is the smallest planning
and administrative unit headed by a councillor. Ward 8 (Mutasa
district) and Ward 15 (Mbire district) were selected since they are
suited for this study. In each ward, focus group discussions (FGDs)"
were then held to select treatments and suitable field sites for
evaluating CP (common farmer practice), planting basins (PB),
and no-till tied ridges (TR). The FGDs consisted of men and
women. All the participants had local farming experience that
exceeded 25 years. PB were considered for evaluation in the two
districts because they were being promoted by government and
non-governmental organizations under different conservation
agriculture initiatives (Corbeels et al., 2014). TR were considered
on the basis of literature review of research conducted locally, in the
region, and SSA at large (Biazin et al., 2012; Miriti et al., 2012; van
Rensburg et al., 2012; Nyamadzawo et al., 2013; Nyagumbo et al.,
2019). CP was chosen as a baseline (control) treatment.

Transect walks, guided by the participants, were carried out
between February and July 2020 to identify and select fields (both
degraded and productive) that were accessible and large enough to
accommodate all the treatments. Farmers’ local indicators such as
common weed species, crop performance, and soil physical
attributes were used to distinguish between productive and
degraded fields (Nezomba et al.,, 2017). A degraded field site and
a productive field site were selected in each district. The fields had
uniform soil type, were on similar catenal position, and had similar
historical management. On each field, 10 soil sub-samples were
collected to 0.40 m depth along an X shape covering the
experimental field plots. The sub-samples were thoroughly mixed
to obtain a composite sample. The composite samples were air-
dried and sieved using a 2-mm mesh sieve and analyzed for texture,
pH, organic carbon, available P, and total N using methods
described by Anderson and Ingram (1993). The laboratory results
validated the categorization of fields into productive and degraded.
The selected experimental fields had a soil organic carbon content
of >6 and <4 g C kg™' for productive and degraded fields,
respectively, consistent with findings by Nezomba et al. (2017)
and Kurwakumire et al. (2014). During the FGDs, seeds of local
landraces of sorghum, pear millet, and finger millet were identified
for use in the field experiments as hybrid varieties were not
available. A hybrid cowpea (CBC2) was, however, obtained for
use in the intercropping treatments.

1 Ethical review and approval was not required for the study on human
participants in accordance with the local legislation and institutional
requirements. Written informed consent from the participants was not
required in accordance with the national legislation and the

institutional requirements.
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TABLE 1 Treatments for the field experiments.

No-till
tied ridges

Conventional
ploughing (control)

Planting basins

1. Sorghum 1. Sorghum 1. Sorghum monocrop
monocrop monocrop
2. Sorghum + 2. Sorghum + 2. Sorghum +

cowpea intercrop cowpea intercrop cowpea intercrop

3. Pearl 3. Pearl 3.
millet monocrop millet monocrop

Pearl millet monocrop

4. Pearl millet +
cowpea intercrop

4. Pearl millet +
cowpea intercrop

4. Pearl millet +
cowpea intercrop

5. Finger 5.
millet monocrop

Finger 5.
millet monocrop

Finger millet monocrop

6. Finger millet + 6. Finger millet + 6. Finger millet +

cowpea intercrop cowpea intercrop cowpea intercrop

2.3 Treatments and experimental design

Field experiments were established on degraded and productive
fields using treatments described in Table 1. Each treatment was
replicated three times within a field. The experiments were laid out
ina 2 x 3 x 3 factorial in a randomized complete block design. The
factors were rainwater management option (x3), crop type (x3),
and cropping system (x2). The field plots in the Mbire district were
45 m x 24 m with treatment plots measuring 5 m x 4 m. The field
plots in the Mutasa district were 30 m x12 m with treatment plots of
5m X 2 m in size. The plot sizes in each district were determined by
the availability of land to accommodate all the treatments. Inter-
subplot and intercrop plot distance was 1 and 0.5 m, respectively, in
both districts. The IRWM options were PB, TR, and CP. For TR, ties
were constructed in the furrows at 1.5m intervals to create a
microdam. Ridges and ties were constructed to 0.3 and 0.2 m in
height, respectively. PB of 15 cm width by 15 cm length by 15 cm
depth were dug using hand hoes. For CP, experimental plots were
tilled to approximately 30 cm depth.

Retained seeds (local landraces) of sorghum, finger millet, and
pearl millet were planted under each IRWM option as sole crops or
intercropped with cowpea. A semi-erect cowpea cultivar, CBC2
(approximately 115 days to maturity), was planted in the
intercropped treatments. The sorghum and millet landraces were
early maturing, approximately 90-120 days to maturity (interviews
with local farmers in the year 2020). The rows of sorghum and pearl
millet had an inter- and intra-spacing of 75 and 20 cm, respectively.
Finger millet was sown at 50 cm inter-row and 20 cm within-row
spacing. The sorghum/millet seeds were planted at 50 mm soil
depth at a seed rate of 10, 8, and 5 kg/ha for sorghum, pearl millet,
and finger millet, respectively. For intercrops, cowpea was planted
in between rows of sorghum, pearl millet, and finger millet. For all
the crops, planting was manually done by hand-placing seeds in
planting stations and covering them with a thin layer of soil. Sowing
was done soon after the first effective rains in late November to early
December. Cattle manure, NPKS, Zn, and Bo were applied as basal
fertilizer at planting, and additional N (ammonium nitrate was
used) was added as top dressing to sorghum and the millets. The top
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dressing N fertilizer was applied during flowering of sorghum and
millets at a rate of 75 kg N ha™". The total fertilizer application rates
were 14 kg Pha™', 7kg Kha ', 4.5kgSha™!, 5kg Zn ha™', 5 kg Bo
ha™, 2 t ha™' cattle manure, and 90 kg N ha™'. The fertilizer
application rates were based on general recommendation rates for
sandy soils in Zimbabwe (Agronomy Institute, 2002). All
treatments received the same rate of nutrient application.
Treatments were maintained in the same plots in the second
(2021/2022) cropping season. Between the end of the first
cropping season and the start of the second season, experimental
fields were not fenced, and crop residues were grazed by livestock.
This was done to simulate smallholder farming systems in
Zimbabwe where livestock roam freely in farmers’ fields during
the dry season.

2.4 Measurements

2.4.1 Seasonal rainfall and dry spells

Seasonal length, rainfall amounts, and numbers of dry spell days
were determined during the 2020/2021and 2021/2022 cropping
seasons. Seasonal length was determined as the period between
season commencement and season cessation. To determine the start
of the season, we used the Department of Agricultural Technical and
Extension Services (AGRITEX) criterion that planting of summer
crops commences when in-field rainfall exceeds 25 mm in 7 days
(Raes et al,, 2004). The end of the cropping season was in March for
both the Mutasa and Mbire districts in 2020/2021 and 2021/2022

=== Cumulative rainfall for Mutasa 2020/21 season

w=fe==Cumulative rainfall for Mbire 2020/21 season
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cropping seasons. Intra-seasonal dry spells were quantified using a
criterion developed by Mbanyele et al. (2021a) in similar smallholder
farming areas of Zimbabwe. According to Mbanyele et al. (2021a),
intra-seasonal dry spells that negatively affect establishment and growth
of rainfed cereal crops in Zimbabwe range from 7 to 21 days and are
categorized into three classes based on length (number of dry days) as
>7, 214, and 221 days. A dry spell was defined as the consecutive
number of days within the growth cycle of the crop in which rainfall
did not exceed the agronomic threshold value of 2.95 mm (Stern and
Cooper, 2011).

Total seasonal rainfall during the 2020/2021 cropping season
was 1,419.5 and 776.5 mm for the Mutasa and Mbire districts,
respectively, and characterized by high variation (Figure 2). In the
2021/2022 cropping season, seasonal rainfall for the two districts
was relatively low, although the Mbire district had
uncharacteristically more rainfall (659.5 mm) than the Mutasa
district (641mm). There were no intra-seasonal dry spells
throughout the entire cropping season in Mbire during the 2020/
2021 cropping season, though rainfall amounts were relatively low
(Table 2). For both cropping seasons, the month of January had no
dry spells in the Mutasa and Mbire districts. In Mutasa during the
2020/2021 cropping season, dry spells in the range of 7-14 days
were observed. Similarly, during the 2021/2022 cropping season,
dry spells occurred in the range of 7-14 and 14-21 days throughout
the cropping season except in the month of January. In both Mbire
and Mutasa districts, dry spells of 14-21 days were observed in the
months of December 2021 and February 2022, respectively, during
the 2021/2022 cropping season.

«={ll== Cumulative rainfall for Mutasa 2021/22 season

Cumulative rainfall for Mbire 2021/22 season

120 150 180 210 240

Number of days/days

FIGURE 2

Cumulative seasonal rainfall amounts in the Mutasa and Mbire districts during the 2020/2021 and 2021/2022 cropping seasons.
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2.4.2 Crop productivity and rainwater use
efficiency under IRWM options

Grain yield was quantified at physiological maturity in plots
measuring 5 m X 4 m and 5 m x 2 m in the Mbire and Mutasa
districts, respectively. For sorghum and millets, ears were removed
from the stover and sun-dried to determine dry matter yield, while
cowpea grain was separated from the pods. Grain yield was
o o o quantified at 12.5% moisture content for sorghum and millets,
and 9.5% for cowpea. Overall land productivity was quantified
using the partial land equivalent ratio (PLER) equation of Willey
and Osiru (1972) as follows:

2021/22 cropping season

-~ o o Partial land equivalent ratio (PLER) = Y12/Y11 (1)

where Y12 is the grain yield of sorghum/pearl millet/finger
millet intercropped with cowpea, whereas Y11 is the yield of sole

Mutasa district

sorghum/pearl millet/finger millet. Thus, in this case, the PLER
expresses how much land in a sole cropping system is needed to
° o ° produce the same amount of grain yield in an intercropping system.

During the two cropping seasons, daily rainfall was recorded
using rain gauges stationed at each of the field sites. The data were
used to calculate rainwater use efficiency (RWUE) as grain
productivity per total amount of rainfall received between
o | o planting and harvesting (in-crop rainfall).
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Rainwater use efficiency (RWUE) = Y /P (2)

where Y is total grain yield in kg ha™' and P is in-crop rainfall

in mm.

2.4.3 Quantifying economic benefits
of treatments
Economic benefits of the different treatments were calculated

using gross margins. Economic profitability was calculated as the
°© o | ° difference between production costs (labor, seed, herbicides, and
fertilizers) and farm gate value of the grain yield. The labor cost per
treatment consisted of man days spent on land preparation,

2021/22 cropping season

S S — . . . 1 . . .
planting, weeding, applying fertilizers (inorganic and organic),

5 and crop harvesting. For each activity, starting time, number of
'..g U I people involved, and end time were recorded in farm diaries. The
T labor hours were converted into monetary value using a local
o
= standard wage of US$3 per person per man day (8 h). The cost of
z 5 -~ - e mineral fertilizers was based on prices in the local shops, while the

§ cost of sorghum, pearl millet, and finger millet seed was assumed to

; be the cost of maize seed at the time when the study was being

- =4 =4

g_ conducted. The value of cattle manure was estimated as many days

3 spent on collecting from cattle kraals and applying to experimental

o ol o o fields since livestock manure is not normally sold in smallholder

o . A

S farming areas in Zimbabwe.

I

S~

8 (=4 =4 =4

o

~

2.5 Statistical analysis

All the data were subjected to normality test using the Shapiro-
Wilk method (Shapiro and Wilk, 1965) followed by analysis of
variance (ANOVA) using Genstat 15 (VSN International, Hemel
Hempstead, UK). In the analysis, which was carried out separately

TABLE 2 Distribution of intra-seasonal dry spells in the Mutasa and Mbire districts during 2020/2021 and 2021/2022 cropping seasons.

>7 days
>14 days
>21 days
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for each cropping season and field type (productive or degraded) to
capture variability of seasons, year (season) and replication were
considered as random variables and field type and treatments were
considered as fixed variables. Treatments’ means were separated at
p < 0.05.

3 Results

3.1 Comparative effects of IRWM options
on sorghum and millet growth

and development

In the Mutasa district, sorghum grain yield under sole crop systems
ranged from 200 to 1000 kg ha™!, whereas in intercrop treatments,
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grain yield ranged from 300 to 1700 kg ha™" (Figures 3A, B). Overall,
sorghum grain yield was significantly (p < 0.05) higher in productive
fields compared to degraded fields. Under sole crops, treatment, blocks,
and block*treatment interactions were all significant. Sorghum grain
yield was highest under PB, followed by TR and least in CP. A similar
trend was observed under intercrop systems as treatments and
block*treatment interactions were all significant, though yield under
intercrop systems was higher (grand mean 900 kg ha™") compared to
sole crops (500 kg ha™'). The productivity of finger millet followed a
similar trend to that of sorghum, particularly in the second year (2021/
2022), where the highest grain yield of 1200 kg ha™" was attained under
PB on productive fields in both mono- and intercrops. Under low
rainfall in the Mbire district, sorghum, pearl millet, and finger millet
grain yields were greatly influenced by soil fertility gradient, with
productive fields significantly out-yielding degraded fields (Figures 3C,
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TABLE 3A Partial land equivalent ratios (PLER) for the Mbire district.

Season/ PB TR CP PB TR CP
Treatments
2020/2021 season
‘ Productive field Degraded field
Sorghum 0728 2.68° L11* 054 232 053"
Pearl millet 169" | 148" 068 - 1.09 -
Finger millet 045*  031° 115> 065" | 263"  054°
2021/2022 season
Sorghum 1.70° | 0.82° 158 141® | 056° | 056"
Pearl millet 1.69" 148" 0.69° 1.09 -
Finger millet 318°  054° | 095 074 | 077° | 0.64°

PB, planting basins; TR, no-till tied ridges; CP, conventional ploughing. Treatments with the
same letter in a row are not statistically different at p < 0.05.

TABLE 3B Partial land equivalent ratios (PLER) for the Mutasa district.

Season/ PB TR CP PB TR CP
Treatments
2020/2021 season

Productive field Degraded field
Sorghum 1718 3.07° 150" | 233 030° | 0.95°
Finger millet 137° | 135°  127° | 143 096* | L19°
2021/2022 season
Sorghum 138" 1.82%  219° | 108" 158 | 1.19°
Finger millet 093* | 1.00° | 090" | 1.01* | 095 | 1.77%

PB, planting basins; TR, no-till tied ridges; CP, conventional ploughing. Treatments with the
same letter in a row are not statistically different at p < 0.05.

D). Overall, growing sorghum under PB resulted in higher grain yields
than under CP. The highest sorghum grain yield of 2100 kg ha™! was
obtained under PB on productive soil in the sorghum-cowpea
intercrop. Grain productivity of pearl millet and finger millet
followed a similar tend to that of sorghum, with the combination of
PB and productive soils attaining better yields than CP in both mono-
and intercrops. Aggregated across sites and rainfall seasons,
intercropping sorghum, pearl millet, and finger millet with cowpea
increased cereal grain productivity by between 23% and 42% compared
with the sole crops (Figure 3).

3.2 Partial land equivalent ratio
across treatments

PLERs averaged 1.4 and 1.1 on productive and degraded fields,
respectively, indicating the superiority of intercropping over sole
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cropping (Tables 3A, B). Under low rainfall in the Mbire district
(2021/2022 season), PLER was highest when finger millet was
intercropped with cowpea on a productive field (Table 3A).
During high rainfall in the Mutasa district (2020/2021 season),
the highest PLER was recorded in the sorghum-cowpea intercrop
on a degraded field (Table 3B).

3.3 Rainwater use efficiency
across treatments

In the Mutasa district (2020/2021 season), PB had the best
RWUE of 1.9 kg grain mm™" in the sorghum-cowpea intercrop
(productive field) (Figures 4A, B). Overall, PB and TR increased
RWUE by 13%-84%, and 7%-46% under sorghum and millet
treatments, respectively, during the 2020/2021 cropping season
when compared to CP. During the 2021/2022 cropping season,
PB and TR increased RWUE by 49%-128% and 30%-69% under
sorghum and millet treatments, respectively, compared to CP.
There were significant differences in RWUE between TR and PB
in the 2020/2021 and 2021/2022 cropping seasons (Figures 4A, B).

In the Mbire district during the 2020/2021 season, PB had the
highest RWUE of 1.1 kg grain mm™" in the sorghum-cowpea
intercrop (productive field) (Figures 4C, D). Similarly, the same
treatment combination gave the highest RWUE of 2.7 kg grain
mm™" in the 2021/2022 cropping. Overall, PB and TR increased
RWUE by 14%-93%, and 6%-33%, respectively, under sorghum
and millet treatments during the 2020/2021 cropping season when
compared to CP. During the 2021/2022 cropping season, PB and
TR increased RWUE by 77%-259%, and 11%-343%, respectively,
under sorghum and millet treatments when compared to CP. There
were no significant differences in RWUE between TR and PB in the
2020/2021 and 2021/2022 cropping seasons (Figures 4C, D).
Aggregated across sites and rainfall seasons, RWUE was
significantly higher on productive than on degraded fields.

3.4 Comparative effects of IRWM options
on the profitability of sorghum and
millet production

In the Mutasa district (2020/2021 season), PB on productive
fields produced the highest net profit of $US336 under sole
sorghum (Table 4). In the Mbire district, the combination of PB
+ sorghum-cowpea intercrop on the productive field gave the best
economic return of $US180 during the 2020/2021 cropping season.
Economic returns were generally low and negative on degraded
fields (Table 4). The production of pearl millet on the degraded field
in the Mbire district resulted in net losses in both the 2020/2021 and
2021/2022 season, except for the pear] millet-cowpea intercrop +PB
treatment, which gave a paltry profitability of $US23 (Table 5).
Conversely, most of the treatments gave positive economic returns
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FIGURE 4

(A, B) Rainwater use efficiency for the Mutasa district for the (A) 2020/2021 and (B) 2021/2022 cropping seasons. Error bars represent the standard error of
mean (SEM). (C, D) Rainwater use efficiency for the Mbire district for the (C) 2020/2021 and (D) 2021/2022 cropping seasons. Error bars represent SEM.

on the productive field. The finger millet-cowpea intercrop
produced the highest net profit of $US408 on a productive field
(Table 6). For finger millet, economic profitability averaged $US104
on productive soils and —$US2 on degraded soils.

4 Discussion

Overall, PB and TR increased sorghum, finger millet, and pearl
millet grain yield and rainwater use efficiency compared with CP,
across sites and cropping seasons. This is in agreement with previous
results obtained under similar conditions (Mupangwa et al., 2012a; b;
Kubiku et al., 2022; Kugedera et al., 2023). PB intercept, capture, and
enhance infiltration and enable excess water to overflow to basin
ridges and drain away by diffusion and mass flow to other areas
where soil water may be required by plants (Rockstrom, 2003b;
Mupangwa et al., 2012b; Nyamadzawo et al.,, 2013; Kugedera et al,,
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2023). The circular nature of PB significantly increases surface area
for microbial activity that breaks down organic matter complexes into
simpler, digestible, absorbable, and assimilable nutrient elements
useful for plant growth, development, and reproductive capacity.
The positive impacts of PB on crop productivity bode well for the
majority of rural households in Zimbabwe who are widely using PB
for in-field soil moisture capture under the government-led
Pfumvudza/Intwasa program. Under the Pfumvudza/Intwasa
program introduced in the year 2020, the Government of
Zimbabwe is assisting smallholder farmers with seeds of sorghum,
millets, and other crops to support household crop production in the
wake of the changing climate (Mujere, 2021; FAO, 2022; Tanyanyiwa
et al, 2022). To date, Pfumvudza/Intwasa has been reported to
increase crop yields and household food self-sufficiency in rural
communities of Zimbabwe (Mujere, 2021; Parwada et al, 2022;
Mavesere and Dzawanda, 2023). The high crop performance under
TR could be attributed to the capacity of the IRWM technology to
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TABLE 4 Economic profitability (SUS) of in-field rainwater management options under sorghum cropping on (A) productive and (B) degraded fields in

the Mutasa and Mbire districts.

(A) Productive fields

Mutasa district

Mbire district

2020/2021 season 2021/2022 season 2020/2021 season 2021/2022 season
$uUS
PB TR CP PB TR CP PB TR CP PB TR CP
Sorghum 336 16 214 147 190 135 108 89 44 231 132 86
Sorghum + cowpea 292 -271 160 123 ~135 -241 180 -26 84 255 171 76

(B) Degraded fields

Mutasa district

Mbire district

2020/2021 season 2021/2022 season 2020/2021 season 2021/2022 season
IS
PB TR CP PB TR CP PB TR CP PB TR CP
Sorghum 39 -55 28 -9 -66 -28 -26 -63 -22 106 306 216
Sorghum + cowpea 10 -81 -15 -8 -38 -27 -10 -18 -15 -9 -47 -49

PB, planting basins; TR, no-till tied ridges; CP, conventional ploughing.

slow down, capture, and tank in-field rain water resulting in increased
soil moisture to support crop productivity, particularly during
prolonged intra-seasonal dry spells (Mbanyele et al., 2022;
Kugedera et al., 2023). In addition to improved water capture, the
high grain yield under PB and TR could also be as a result of
improved soil fertility from the addition of inorganic and organic
nutrient resources close to planting stations. In related studies,
placement of fertilizers in planting pits using the “microdosing”
concept, as opposed to broadcasting and banding, significantly
increased cereal yields in semi-arid in Zimbabwe (Twomlow et al,
2010; Mashingaidze et al., 2013).

Intercrops of sorghum and millets with cowpea increased
sorghum and millet productivity and land productivity,
particularly on productive fields. These results corroborate with
findings in similar cropping systems (Magombeyi et al., 2018;
Chaudhary and Kohli, 2020; Namatsheve et al.,, 2020). Cowpea
has been reported to increase dry biomass and grain yield of

intercropped sorghum and millets since it is slow growing at early
stages of growth, thereby reducing interspecific competition for
water, nutrients, and radiation with the companion cereal crop
(Chaudhary and Kohli, 2020; Mbanyele et al., 2021b). In addition,
cowpea canopy has been reported to provide live mulch cover in
cereal-legume intercrops, thereby conserving soil moisture
(Mbanyele et al., 2021b) However, there was a decrease in
intercrop sorghum and millet productivity in both districts during
the wetter season (2020/2021 cropping season) because of severe
waterlogging conditions.

Generally, the IRWM options evaluated in this study increased
crop productivity on productive fields, but crop yields were rather
poor on degraded fields. For example, in both monocrops and
intercrops, PB gave significantly higher crop yields and economic
returns on productive fields than the counterpart degraded fields in
the Mutasa and Mbire districts. Degraded sandy soils are typified by
multiple nutrient deficiencies and imbalances and critically low

TABLE 5 Economic profitability (SUS) of in-field rainwater management options under pearl millet cropping in the Mutasa and Mbire districts.

District Mbire district (degraded) Mbire district (productive)
cropping
season 2020/2021 2021/2022 2020/2021 2021/2022
Sus
TR CP
Pearl millet -10 -21 -17 -287 -388 -617 270 84 56 283 -255 56
Pearl millet + cowpea = —132 271 -143 23 ‘ -135 ‘ -241 ‘ 340 -166 -61 380 ‘ 90 ‘ 160 ‘

PB, planting basins; TR, no-till tied ridges; CP, conventional ploughing.
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TABLE 6 Economic profitability (SUS) of in-field rainwater management options under finger millet cropping on (A) productive and (B) degraded fields

in the Mutasa and Mbire districts.

(A) Productive fields

Mutasa district

Mbire district

2020/2021 season 2021/2022 season 2020/2021 season 2021/2022 season
$uUs
PB TR CP PB TR CP PB TR CP PB TR CP
Finger millet 218 25 121 189 90 110 57 5 51 194 8 34
Finger millet + Cowpea 234 -35 128 108 57 96 219 34 91 408 -57 373

(B) Degraded fields

Mutasa district

Mbire district

2020/2021 2021/2022 2020/2021 2021/2022
cropping season cropping season cropping season cropping season
SusS
PB TR CP PB TR c PB TR CP PB TR CP
Finger millet 22 -12 12 17 -15 9 12 18 -5 83 86 7
Finger millet + cowpea 56 -63 58 -71 -88 -66 -65 -60 -65 21 55 14

PB, planting basins; TR, no-till tied ridges; CP, conventional ploughing.

organic matter content, and in some cases, crops respond poorly to
the addition of mineral fertilizers on such soils (Nezomba et al.,
2015; Zingore et al., 2007; Vanlauwe et al., 2006). Thus, the IRWM
options constructed on these fields could not positively impact crop
productivity in the short term (two cropping season) most likely
because of the soil physicochemical and biological constraints
associated with degraded fields. Long-term rehabilitation of these
degraded croplands, e.g., through integrated soil fertility
management (Nezomba et al, 2015; Zingore et al., 2007), is
crucial for improved crop yield response to IRWM. Ironically,
degraded fields occupy a large percentage of cropped land in
smallholder farming areas in Zimbabwe, and similar areas in SSA
(Eswaran et al., 2005; Vlek et al., 2008; Lal, 2009; Zingore et al.,
2015). It is thus important for research to develop soil water
management and other agronomic typologies targeting productive
and degraded fields in order to increase productivity of sorghum
and millets and other annual crops in smallholder farming areas of
SSA in the wake of soil degradation and the changing climate.

5 Conclusions

We evaluated the effects of IRWM options on the productivity of
sorghum and millets under productive and degraded soils in low- and
high-rainfall areas in Zimbabwe. Overall, PB achieved the best
sorghum and millet productivity on productive fields across rainfall
zones, while CP gave the lowest yields. Intercropping of either
sorghum or millets with cowpea significantly increased cereal grain
yield and net profit in both districts. Sorghum and millet grain yield
and net profitability were generally lower on degraded fields than on

Frontiers in Agronomy

productive fields. We conclude that IRWM technologies combined
with other agronomic practices like intercropping can potentially
increase the productivity of sorghum and millets under rainfed
conditions, but degraded soils remain a challenge for the increased
productivity of traditional cereal crops.
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