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Abstract: Maize (Zea mays L.) productivity is constrained by water shortages in the predominantly
rainfed agriculture of the tropical semi-arid Ruzizi Plain, in the eastern Democratic Republic of
Congo (DRC). The region is characterized by a high seasonal and inter-annual rainfall variability
and a frequent occurrence of consecutive dry days within growing seasons. Consequently, planning
water utilization in rainfed agriculture has become complex, as appropriate soil water conservation
(SWC) practices are lacking among most smallholder farmers. Identifying practices that increase
water use efficiency (WUE) along the slope gradient is crucial for supporting maize production in
the region. In this study, we assessed, for three growing seasons, the effectiveness of two SWC prac-
tices (tied ridges and Zai pits) in improving the WUE of two maize varieties along three slope gra-
dients (0-2, 2-8, and 8-15%) in the tropical semi-arid Ruzizi Plain. In this area, rainfall amounts
(142-289 mm) were consistently below the evapotranspiration demands (356-533 mm) across the
three growing seasons. Tied ridges recorded the highest grain yield (2.16 t ha') and WUE (15.23 kg
mm™), especially at low slopes, when compared to Zai pits and conventional tillage. For all SWC
practices, WUE decreased with the slope gradient (p < 0.01). Furthermore, a decrease in stored soil
water (SWS) at silking and maturity stages (milk, dough, and dent stages) negatively affected the
WUE. The variety had no significant effect on grain yield and WUE. Root biomass (RBM), shoot
biomass (SBM), and leaf area index (LAI) at the flowering stage were the most associated with the
WUE (R?=58.5%). In conclusion, tied ridges showed potential for improving maize WUE and yield
in the water-deficient conditions that characterize the Ruzizi Plain, and could be promoted to im-
prove the maize productivity among smallholder farmers.
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1. Introduction

Soil water deficit is one of the main factors affecting maize (Zea mays L.) productivity
in rainfed agriculture in the sub-Saharan African (SSA) drylands [1,2]. About 40% of
maize growing areas in SSA experience drought episodes, leading to substantial yield
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losses of 10-60% [3]. Water is a critical factor for maize production, which requires atten-
tion in water-deficient areas to sustain the crop productivity. Generally, maize performs
optimally in regions that receive an annual rainfall of 600-1000 mm [4]. In the drylands of
SSA, maize requires 450-600 mm of water seasonally for its optimum growth and devel-
opment due to high evaporative demand [4]. Water used by the crop is sourced mainly
from the soil moisture reserves and rarely meets the crop requirement in drought-prone
areas. In the semi-arid regions of SSA, a rainfed maize crop yields ~15 kg ha™ of grain per
1 mm of evapotranspirated water [5,6]. Thus, the management of soil water from rainfall
is crucial to reduce the water deficit in dryland areas. The soil and water conservation
(SWCQ) practices in most African countries have remained traditional and inappropriate
in addressing the currently experienced water deficit. More efficient SWC practices are
needed to improve the WUE of different crops and to cope with the increasing water scar-
city associated with climate change [1,7].

Various SWC practices, such as minimum tillage, stone alignment, stone barriers, Zai
pits, half-moon, hedges, terraces, trenches, and tied ridges have been widely tested in dif-
ferent rainwater stressed regions of SSA [8-10]. Their effects on WUE, especially under
low rainfall conditions, have been well documented [11-13]. In those regions, practices,
such as tied ridges and Zai pits, showed potential in improving the grain yield and WUE
of maize and other cereal crops by saving water and reducing runoff and nutrient losses
from erosion [1,2].

In the Democratic Republic of Congo (DRC), maize is the most cultivated cereal crop,
with a total annual grain production of 2.07 million tons from 2.68 million hectares in 2018
[14]. The Ruzizi Plain is among the regions with the highest maize production potential
in the eastern DRC. Maize became the leading staple crop in that region since the African
cassava mosaic virus and the cassava brown streak disease outbreaks that devastated cas-
sava farms in the eastern DRC [15,16].

The Ruzizi Plain experiences a soil water deficit as a result of the imbalance between
the cumulative annual evapotranspiration (1300-1500 mm) and the annual rainfall (500
900 mm). Furthermore, rainfall is poorly distributed across the cropping season and its
availability does not always match with water demands at particular maize growth
phases [17]. There is, therefore, a need to increase the maize WUE in the Ruzizi Plain,
which is dominated by sandy soils with low water retention capacity and rapid water
percolation [18,19].

The WUE has been defined as the grain yield achieved per unit of water consumed
or transpired by the crop [20,21]. Therefore, the two ways of improving WUE in rainfed
agriculture could be either using more water resources for transpiration or fixing more
carbon per unit of transpired water [22]. The physical, engineering, hydrological, and ag-
ronomic practices can be used to maximize transpiration by minimizing losses from run-
off, drainage, and evaporation. Nyakudya et al. [23] showed that improving crop transpi-
ration efficiency could be achieved by converting rainfall efficiently into transpiration.
Practices that minimize rainwater losses need to be tested in local soil and landscape
(slope gradient) conditions to increase transpiration efficiency. However, little is known
in most SSA drylands, and especially in the Ruzizi Plain, about the magnitude of the ef-
fects of the slope gradient on the effectiveness of SWC practices.

Previous studies in the Ruzizi Plain [24-26] focused on the effect of selected SWC
practices on maize grain yield and physiological parameters without considering the in-
fluence of the slope gradient and varieties on maize WUE. One of the major challenges in
achieving a high WUE using SWC practices is the amount of available water resources.
Due to the lower amount of rainfall received yearly compared to the crop water require-
ment, maize grown in the Ruzizi Plain obtains most of its seasonal rainfall during the first
months and, thus, experiences sporadic drought at critical phases, such as flowering and
grain filling [27,28]. Several studies reported that SWC practices as a strategy to increase
WUE are unreliable below a certain crop available stored water threshold [29-31]. Thus,
efforts to improve WUE using SWC practices could be undermined by low water supply



Land 2022, 11, 1833

3 of 21

[21]. It is noteworthy that stored soil water deficit often coincides with critical growth
phases when maize water demand is high. It is, therefore, important to investigate how
water storage at different growth stages affects the maize WUE under different SWC prac-
tices in the Ruzizi Plain. Maize absorbs ~45% of its water requirements during its critical
growth periods (prior the tasseling to mid-milk stages). Each single plant needs 8-9 mm
of water daily during the flowering period. An early drought occurring two weeks before
flowering can reduce grain yield by 25% [32]. The yield loss may exceed 50-60% if the
water stress coincides with flowering [27,32].

The objectives of this study were as follows: (i) to determine variations in evapotran-
spiration, rainfall, and water storage under the Ruzizi Plain’s climatic conditions; (ii) to
assess the relationships between the maize growth parameters and the WUE under dif-
ferent SWC practices along the slope gradient; (iii) to assess trends of water use by the
crop and supply by rainfall during critical maize growth phases in the Ruzizi Plain, east-
ern DRC.

2. Materials and Methods
2.1. Description of the Study Area

This research was conducted in the Great Tanganyika basin, specifically in the Ruzizi
plain (near the Uvira town). The Ruzizi Plain is spread over three countries, namely
Rwanda, the DRC, and Burundi, and covers 175,000 ha (Figure 1). The experiments were
conducted over three cropping seasons (November 2017 to March 2018, March 2018 to
July 2018, and November 2018 to March 2019) on three slope gradients (0-2, 2-8, and 8-
15%).
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Figure 1. Location of the experimental site, Ruzizi Plain, eastern DRC.

The Ruzizi Plain has a type Aw4 tropical climate according to the Kppen climatic
classification. This climate is characterized by a bimodal rainfall regime. The long rainy
season commences in October and ends in February, while the short rainy season starts in
February and ends in June. The short rainy season is followed by a four-month dry season
(June to September). The Ruzizi plain receives an average annual rainfall ranging from
600 to 900 mm [17,28]. Minimum and maximum temperatures are 18 and 32 °C, respec-
tively, with high daily variations (14 °C). For estimating water supply and climate condi-
tions for maize growth and development, weather parameters (rainfall, temperature, solar
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radiation, wind speed, and relative humidity) were recorded using an automatic weather
station (Davis Vantage Pro2 Weather Station) installed ~500 m from the experimental site
(Supplementary Table S1). During the study periods, the maximum temperatures varied
from 30.4 to 32.2 °C while the minimum temperatures ranged from 15.2 to 19.4 °C. The
average temperature was 24.4 °C. The actual evapotranspiration (ETc) was generated us-
ing the FAO-56 crop coefficient equation, as follows:

ETc = ETo X Kc (1)

where ETo is the potential evapotranspiration calculated using the Penman and Monteith
equation, and Kc the maize crop coefficient, which is a function of physiological stages
[33]. We assume that the sand-related soil texture and semi-arid climate characteristics of
South Texas as described by Piccinni et al. [33] are close to the Ruzizi Plain soils and, thus,
use a similar Kc value.

Ruzizi Plain soils belong to various types linked to different geological formations.
The geological history of the Ruzizi Plain is linked to the great tectonic movements that
shaped the landforms of East Africa [19]. The bulk density of these soils varies between
1.28 and 1.65 g/cm?. The texture is predominantly loam to sandy loam. The soil of the
experimental site was analyzed for each plot at the three slope gradients. Composite soil
samples were collected at depths of 0-20, 20-40, and 40-60 cm before implementing SWC
practices and sowing. A total of five composite soil samples were collected at each slope
gradient along the diagonal using a soil auger of 20 cm depth. These soil samples were
then bulked prior to the analyses of soil chemical and physical properties. The soil pH was
determined by a digital pH meter at a 1:5 (solute—solution) ratio. The soil organic carbon
(50OC) was determined by wet oxidation using the Walkley and Black method [34]. Total
nitrogen and available phosphorus were determined using the Kjeldahl and modified Ol-
sen methods, respectively [35]. The soil texture was determined by the hydrometer
method [34], while the soil bulk density was determined using the core method in which
core samples were oven-dried at 105 °C for 24 h. Soil water characteristic curve elements,
such as permanent wilting point at 1.5 MPa, field capacity at 0.033 MPa, saturation point
at 0 MPa, and hydrodynamic properties, such as saturated hydraulic conductivity, were
estimated using the Saxton and Rawls [36] pedotransfer function for loams and sandy
loam soils.

2.2. Experimental Design and Field Management

The experiment was conducted under a 3 x 3 x 2 factorial design for three growing
seasons (November 2017 to March 2019) as specified above. We used three factors, namely
slope gradients (0-2, 2-8, and 8-15%), SWC practices (tied ridges, Zai pits, and conven-
tional tillage) and varieties (Ecavel and Bazoka). Each SWC practice and each variety were
replicated three times at each slope gradient. Ecavel is the most widely cultivated maize
variety in the Ruzizi Plain, while Bazoka is a hybrid variety introduced in 2016 from
Uganda. Ecavel is an open pollinated variety with a growth cycle of 90-110 days and a
yield potential of 1.5-3 t ha™'. This variety is recommended at altitudes of 800-1300 m
above sea level. No report on its drought resistance exists [15]. On the other hand, Bazoka,
a drought resistant variety which averages two ears per plant, is perfect for silage, and
has good grain quality, with superior yields (3.6 to 4 t ha™). Its growth cycle is 130 days
(data retrieved from NASECO SEEDS website: http://www.nasecoseeds.net/, accessed on
1 December, 2020). Each subplot was 4 m wide and 6 m long.

The Zai pits technique consisted of excavating a shallow depression of 15 cm depth
and 35 cm diameter [37,38]. Zai pits were spaced out 80 cm between planting rows and 50
cm within rows. Tied ridges were built by raising the earth to 50 cm height with a 20 cm
diameter. To avoid erosion, ridges (6 m) were partitioned every 2 m. Damage to the ridges
was continuously repaired throughout the season. The distance between ridges was 80
cm, as described by Araya and Stroosnijder [39] and McHugh [40]. The tillage was carried



Land 2022, 11, 1833

5 of 21

out at a depth of 15 cm using a hand hoe for the conventional tillage. Maize seeds were
sown at an 80 and 50 cm spacing between and within rows. Fertilizer was applied in the
form of NPK (17-17-17) at the planting date and urea (46—0-0) was used as a top-dressing
fertilizer at the rate of 120 kg ha™ and 25 kg ha, respectively. Weeding was carried out
14, 42, and 60 days after sowing (DAS) to keep the fields clean throughout the growing
season.

2.3. Data Collection
2.3.1. Determination of Stored Soil Water (SWS)

The global equation of the stored soil water (SWS) as suggested by Mueller et al. [41]
was used, as follows:

SWS=P-D-R )

where SWS is the stored soil water. The inflow components are daily rainfall (P) and irri-
gation (which was zero for this study). The outflow components included daily surface
runoff (R) and daily downward drainage (D).

Rainfall (P) was collected using an automatic weather station equipped with a tip-
ping bucket rain gauge. Surface runoff (R) was collected using bounded runoff traps in-
stalled in each plot. Each runoff trap was equipped with a V-gutter to collect and transport
runoff water into a storage tank of 0.4 m?. The storage tank was connected to a 20 liter
container in case of overflow. The runoff volume collected was converted to water depth
(mm) by dividing it by the plot size.

The downward drainage (D) was collected by a drainage system tray of 50 cm depth
and 50 cm diameter installed in each plot. The tray was filled with the on-site soil and the
amount was estimated based on the bulk density. Thus, 122, 127, and 130 kg of soil were
filled for slope gradients of 0-2, 2-8, and 8-15%, respectively. Maize was sown on the tray
to maintain water suction and nutrient fluxes. The volume of drainage water was con-
verted to water depth (mm) by dividing it by the plot size.

The SWS was estimated daily and calculated by cumulating daily values for different
growth stages for the three growing seasons. Growth stage designations were based on
the crop coefficient developed by FAO-56, as suggested by Piccinni et al. [33]. These were
converted into their equivalence as suggested by Udom and Kamalu [42] and Dong et al.
[43]. These included the initial (VE-V3), crop development (V4-VT), mid-stage
(reproductive stages R1-R3, silking to milk), and end-stage (R4-R6, dough to
physiological maturity) designations.

2.3.2. Assessment of Growth Parameters

Plant height, stem diameter, internode distance, leaf area index (LAI), root biomass
(RBM), and shoot biomass (SBM) were collected. Ten maize plants were selected ran-
domly for growth parameter measurements for each plot at the flowering (mid-) stage.
Plant height was measured from ground to the plant apex while the internode distance
was measured between two nodes using a ruler. For the stem diameter, a digital calliper
was used at ~10 cm above the ground. The leaf area index (LAI) was then calculated by
dividing the total leaf area (LA) by the total plot area. The LA was estimated using a gen-
eralized leaf area calculation, as follows in Equation (3):

LA = aXLxXW 3)

where LA is the leaf area, L is leaf length, W is the leaf width, and a is the weighing
factor that equals 0.75 for the tropical maize [44,45].

For RBM, an excavation of roots embedded in soil was performed, which consisted
of opening a pit (surface area of 0.25 m?) to a depth of 0.30 m, perpendicular to the sowing
bed. The root—soil mixture was then carefully shaken to extract the roots. The roots were
washed with tap water and dried before being weighed and brought to the laboratory.
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Shoots were weighed before being sent to the laboratory for drying. Root and shoot sam-
ples were oven-dried at 75 °C for ~72 h and re-weighed. Root/shoot ratio (RSR) was esti-
mated using dry root and shoot biomasses.

2.3.3. Assessment of Yield and Yield-Related Parameters

The maize was harvested at maturity, at 105-110 DAS for Ecavel and 121-125 DAS
for the Bazoka variety, depending on the cropping season. A 5.2 m x 3.5 m (18.2 m?) har-
vesting area per plot was selected for yield measurement. Harvesting was carried out
manually when all leaves and husks were completely dry. The cobs were separated from
husks and then sun-dried at 15.5% moisture content. Thirty maize cobs were randomly
selected per plot to estimate the number of cobs, the number of rows per cob (NRC), and
the number of kernels per row (NKR). Subsequently, the kernels were separated from the
cobs; their length (LCP) was measured using a digital calliper. The grain was then sepa-
rated from the cobs, and sun-dried again to ~15.5% moisture content. The final plot grain
yield was then extrapolated to yield per ha. The harvest undex (HI) was estimated by
dividing the grain yield by the total dry biomass (root and shoot).

2.3.4. Water Use Efficiency Estimation

The WUE was obtained by comparing harvested rainwater (stored soil water) per
SWC practice with harvested maize grain yield as suggested by Yang et al. [20] and Liu et
al. [46]. The WUE was expressed in Equation (4), as follows:

Y (kg)

WUE = SWS (mm) (4)

where WUE is the water use efficiency, Y the maize yield (kg ha), and SWS is the
stored soil water during the crop growing season.

2.3.5. Statistical Analysis

Data were analyzed using R 3.5.3 software. Data normality was tested using the
Shapiro-Wilk test. The mixed model analysis with restricted maximum likelihood
(REML) was used to assess the treatments’ statistical differences. The SWC practices,
slopes, and varieties were considered fixed effects, and the three seasons and replications
were random effects. Models were tested using the Akaike information criterion (AIC),
and the one with the smallest value was selected. Thus, the interaction effect model (SWC
x slope x variety) was selected for growth parameters, yield, and WUE analyses, as rec-
ommended by Roy [47]. When the treatment effects were statistically significant, standard
error of difference (SED) post hoc range test was used to determine how the treatments
differed from each other at an alpha level of 0.05 [48]. The relationship among variables
was assessed using a multiple linear regression model. All predictors’ value data were
normalized to avoid the influence of some parameters with larger values on the estimator.
The collinearity was checked for removing inter-correlated variables.

3. Results
3.1. Characterization of Soil, Rainfall and ETc for the Three Growing Seasons

Table 1 presents the soil physical and chemical characteristics of the experimental
fields. Supplementary Table 52 shows no significant variations in soil physical and chem-
ical parameters before implementing the SWC practices (p > 0.05). There are, however,
significant differences in some parameters for slope gradient and soil depths. From Table
1, a significant variation in the coarse fraction for different slope gradients (p < 0.05) and
soil depths (p < 0.05) was observed. The coarse fraction did not vary significantly with soil
depth for the slope gradient of 0-2%, and it was 2.5% on average. A similar trend was
observed for slopes of 8-15% but with an average of 29.3%. The coarse fractions were 4.69,
45.6, and 34.6% for the depths of 0-20, 2040, and 40-60 cm, respectively, for the slope
gradient of 2-8%. The soil texture was a sandy loam for all depths of all slope gradients,
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except for the slope of 0-2% at 40-60 cm soil depth where the texture was sandy clay loam.
The bulk density varied with soil depth (p < 0.05) but showed no variation with the slope
gradient (p >0.05). The averages of 1.15, 1.33, and 1.41 g cm3 were recorded for the depths
of 0-20, 2040, and 40-60 cm, respectively. The saturation point (at 0 MPa) was 40.2%
while the field capacity (at 0.03 MPa) was 14.03%. For soil organic carbon (SOC), the result
shows a variation in SOC for slope gradients (p < 0.05) and soil depths (p <0.05) (Table 2).
SOC was higher at slopes of 0-2% (27.03 g kg™') compared to slopes of 2-8% (20.4%) and
8-15% (16.9%). The SOC varied with different soil depths, as follows: it was 34.4, 19.1, and
10.8 g kg at soil depths of 0-20, 2040, and 40-60 cm, respectively. The soil pH varied
with slope gradients (p < 0.05). The highest pH was recorded at the slope of 8-15% (8.4).

Table 1. Soil physical and chemical properties at the experimental sites along the slope gradient in
the Ruzizi Plain, eastern DRC.

Slope (%) 0-2 2-8 8-15

Depth (cm) 0-20 20-40 40-60 0-20 20-40 40-60 0-20 20-40 40-60
Coarse fraction (%) 242 455 0.66 469 4564 3463 31.73 23.12 33.29
Clay (g/kg) 60.7 103.3 2227 60.0 102.0 94.0 6.7 109.3 101.3
Silt (g/kg) 261.3 3133 953 386.0 338.0 216.0 4233 2873 281.3
Sand (g/kg) 678.0 583.3 682.0 554.0 560.0 690.0 570.0 603.3 617.3
Bulk density (g/cm?) 1.15 1.19 1.43 1.08 1.45 1.42 1.24 1.36 1.38
pH water 7.6 7.4 7.9 7.9 7.8 7.5 8.4 8.4 8.5
SOC (g/kg) 412 234 16.5 36.7 16.8 7.7 25.4 17.2 8.2
Nitrogen (g/kg) 4.4 2.7 2.2 2.8 1.6 1.5 5.3 3.8 4.5
Phosphorus (ppm) 49.20 50.04 55.39 25.06 2384 2243 36.57 39.81 39.35
Saturation point (%) 56.50 56.63 46.13 59.10 4540 4640 53.17 4857 5543
Field capacity (%) 2447 26.67 2577 2480 2020 1730 21.07 2150 23.93

Permanent wilting point (%)

12.67 13.00 16.23 9.50 8.10 8.00 1070 9.70 11.17

Saturated hydraulic conductivity (mm/h) 8270 69.22 21.04 99.21 25.68 4277 7270 46.19 57.92
Available water capacity (cm3/cm?) 012 0.14 0.10 0.15 0.12 0.09 0.10 0.12 0.13

Saturation point, field capacity, permanent wilting point, saturated hydraulic conductivity, availa-
ble water capacity are predicted variables, not measured. Here, SOC = soil organic carbon.

Table 2. Variation in maize growth parameters along the slope gradient in the Ruzizi Plain.

Parameters/Slope (%) 0-2 2-8 8-15 p-Value
LAI 2.63+006a 140+0.06b 1.11+0.11c <0.001
SBM (t ha™) 6.36+028a 582+035b 4.79+044c <0.001
RBM (t ha™') 266+0.17a 261+018a 197+0.20b <0.001
RSR 042+0.02a 043+0.03a 0.37+0.04b <0.001

Here, LAI = leaf area index, SBM = shoot biomass, RBM = root biomass, RSR = root/shoot ratio.
Means followed by the same letter within a row are not statistically different at 5% p-value thresh-
old.

The characterization results of the atmosphere’s ETc demand compared to the
amount of rainfall received during the three growing seasons is presented in Figure 2.
Rainfall of 204.7, 289.5, and 142.3 mm were recorded from sowing to harvest for seasons
1,2, and 3, respectively. In contrast, the demands for evapotranspiration (ETc) were 360.7,
532.7, and 356.2 mm, respectively. On the other hand, several days without rain were re-
current, representing 52.9, 66.9, and 71.5% of the days in seasons 1, 2 and 3, respectively.
Despite the relatively low amount of rain received during season 1, its rainfall distribution
was better than season 2. In season 2, the amount of rainfall at silking (70.5 mm) was lower
compared to 80.3 mm rainfall received in season 1. Season 2 received the least rainfall (0.5
mm) during the physiological maturity phase compared to 56.2 mm rainfall registered in
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season 1. More rainfall was recorded during the establishment and active growth phases
(V4-Vr) in season 2 (178.3 mm) than in season 1 (45.7 mm). Season 3 was exceptional,
receiving only enough rainfall during the establishment phase (40.8 mm), while the other
growth stages had less water than seasons 1 and 2, though it was well-distributed.
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Figure 2. Rainfall and evapotranspiration characteristics of different seasons and maize growth
stages: (a) Season 1, (b) Season 2, (c) Season 3, and (d) comparison of the three growing seasons.

3.2. Water Use Efficiency under Selected Swc Practices along the Slope Gradient

3.2.1. Effects of SWC, Slope Gradient and Variety on Maize Growth Parameters across
Growing Seasons

Maize variety significantly affected the stem diameter and SBM only (p < 0.05). The
Bazoka variety had the largest stem diameter (9.73 cm) and the highest SBM (6.02 t ha™)
compared to Ecavel (7.18 cm and 5.5 t ha! for stem diameter and SBM, respectively).

All maize growth parameters varied significantly with slope gradients (p <0.01) (Ta-
ble 2). The mean plant height and internode distance were highest for the slope of 0-2%
(210.03 and 15.37 cm, respectively) while the lowest means were recorded for 8-15%
(161.18 and 12.44 cm, respectively). The LAI and SBM recorded the highest values at the
slope of 0—2% (2.63 and 6.36 t ha™!, respectively) and the lowest at 8-15% (1.11 and 4.79 t
ha, respectively). No significant differences in RBM and RSR were observed between
slopes of 0-2 and 2-8% (2.6 t ha™ and 0.42, respectively), but these were significantly dif-
ferent at 8-15% slope (1.97 ha™! and 0.37, respectively).

The SWC practices significantly affected maize growth parameters (Table 3 and sup-
plementary Table S3). Tied ridges and Zai pits recorded the highest plant height, at 196.04
and 184.20 cm, respectively, compared to conventional tillage (169.67 cm). Zai pits had the
largest stem diameter (10.30 mm) compared to tied ridges (8.89 mm) and conventional
tillage (6.92 mm). Tied ridges and Zai pits recorded the highest internode distance, SBM,
and RSR compared to conventional tillage. Looking at the sunlight interception, the high-
est LAI was recorded on tied ridges (2.07), followed by Zai pits (1.81) and conventional
tillage (1.62). This implied that the photosynthetically-active radiation was better under
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tied ridges during the vegetative growth phase than the other SWC practice (Zai pits) and
the conventional tillage.

Table 3. Variation in maize growth parameters under selected SWC practices in the Ruzizi Plain.

Parameters/SWC Practices Tied Ridges Zai Pits Conventional Tillage p-Value
LAI 2.07+0.10a 1.81+£0.11b 1.62+0.14 c <0.001
SBM (tha™) 6.71+£0.30 a 6.07+0.37 a 472+032b <0.001
RBM (t ha™) 2.89+0.19a 2.61+£0.18b 2.00+0.17 ¢ <0.001
RSR 0.43+0.03 a 0.44+0.03 a 0.37+0.03b <0.001

Here, LAI = leaf area index, SBM = shoot biomass, RBM = root biomass, RSR = root/shoot ratio.
Means followed by the same letter within a row are not statistically different at 5% p-value thresh-
old.

The interaction between the slope and SWC practices were significant for LAI and
interfoliar distance (p < 0.05). The tied ridge SWC technique recorded the highest inter-
node distance at the 0-2% slope (16.1 cm) while Zai pits had the highest internode at the
2-8% slope (13.76 cm). Tied ridges had the highest LAI for the three slope gradients. At
the slope of 0-2%, Zai pits had a similar LAI (2.55) as conventional tillage (2.61). At the
slope of 2-8% (1.06) and 8-15% (0.80), conventional tillage had the lowest LAI (Figure 3).
The interaction between SWC practices and varieties and between SWC practices, slope,
and varieties showed significant differences only for stem diameter and internode dis-

tance.
3.0 ATied ridge
BZai
25
@ Conventional Tillage
S 20
x
<
(=
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<
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-
0.5
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0-2 28 8-15
Figure 3. Leaf area index under SWC practices along the slope gradient in the Ruzizi Plain.

3.2.2. Effects of SWC Practices, Slope Gradient and Variety on Yield Components across
Growing Seasons

Yield components were not significantly different for the two test varieties (p > 0.05).
However, yield components varied significantly with slope gradients. The length of cob
per plant (L.C.P.) was highest at 0-2% (18.9 cm) and lowest at 8-15% (11.14 cm). The same
trend was observed for NRC and NKR (p < 0.05). The highest values for these two traits
(12.8 and 35.23 for NRC and NKR, respectively) were recorded at the slope of 0-2%. The
SWC practices influenced the NRC and NKR (p < 0.05). No effect of SWC practices on LCP
was observed (p > 0.05).

Figure 4 shows that the grain yield and harvest index (HI) varied with slope gradient
(p <0.01). Grain yield also varied with SWC practices, while HI did not vary with SWC
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practices. The grain yield was highest at the 0-2% slope (2.67 t ha™') and the lowest at 8-
15% (0.38 t ha™), showing a decline of 85.7%. The HI was 0.43 for the slope of 0-2%, while
it was 0.07 for the 8-15% slope. Based on SWC practices, tied ridges had the best yield
(2.16 t ha™') when compared with Zai pits (1.48 t ha™') and conventional tillage (1.58 t ha?).
The yield increment due to tied ridges was 38.7% compared to conventional tillage.
Maize yield was influenced significantly by the interaction between SWC practices
and slope gradient (p < 0.01). The difference in yield among SWC practices was observed
at slope gradients of 0-2 and 8-15%, while at slope gradient of 2-8%, no difference was
observed between SWC practices. Tied ridges registered the highest yield (3.55 t ha™') at
the slope of 0—2% and the lowest at a slope of 8-15% (0.14 t ha) for conventional tillage.
No difference in yield was observed between SWC practices at the slope of 2-8%. This
implies that biomass conversion to yield was most efficient on tied ridges than Zai pits.
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Figure 4. Maize yield (a) and harvest index (b) under SWC practices along slope gradients in the
Ruzizi Plain.

3.2.3. Effects of SWC and Slope Gradient on Water Use Efficiency

The WUE was significantly different for the three growing seasons (p < 0.01). The
highest WUE was observed in season 1 (16.44 kg mm™) and the lowest in season 3 (5.33
kg mm-). While receiving more rain, season 2 performed less than season 1. No significant
difference on WUE was attributed to variety (p > 0.05). There were significant differences
for WUE due to slope gradients (p < 0.01). The slope of 0-2% showed the highest WUE
(15.23 kg mm™) compared to slopes of 2-8% (10.94 kg mm™) and 8-15% (3.28 kg mm™).
The SWC practices significantly affected the WUE (p < 0.01) across the growing seasons
(Figure 5), with tied ridges recording the best score. This SWC practice produced 13.22 kg
of maize grains per each 1 mm of water consumed, while conventional tillage and Zai pits
showed no significant differences. Tied ridges increased the WUE by 27.2% as opposed to
Zai pits.

The interaction between SWC practices and slope gradient was significant (p < 0.01).
Tied ridges had the highest WUE on slopes of 0-2% (19.15 kg mm™') and 8-15% compared
to Zai pits and conventional tillage. There was no statistical difference between Zai pits
and conventional tillage on these slopes. No significant differences in WUE were observed
for the slope of 2-8% regardless of SWC practices. However, Zai pits were efficient at the
8-15% slope compared to conventional tillage. Tied ridges were efficient for slopes of 0-
2% and 8-15%, although they were not efficient on the slope of 2-8%. The deviations of
tied ridges to the control were 61.36% for the slope of 0—2% and 379.9% for 8-15%. Com-
pared to the control, the Zai pits technique was an inefficient SWC practice in the Ruzizi
Plain for the slopes 0-2%. The influence of season, SWC practices, and slope gradient are
presented in Figure 5.
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Figure 5. SWC practices (a), slope gradient (b), and slope x SWC practices interaction effects (c) on
water use efficiency in the Ruzizi Plain, eastern DRC.

3.3. Relationships between Maize Growth Parameters, SWS, and WUE
3.3.1. Changes in Stored Soil Water along Crop Growth Stages

The variation in stored soil water (SWS) among selected SWC practices along the
slope gradient is presented in Figure 6. In general, the SWS followed a similar trend as the
rainfall (Figure 2), meaning that the higher the rainfall, the higher the SWS. The SWS var-
iations were attributed to seasonal effects (p < 0.001) and the slope gradient (p <0.001), but
not to SWC practices (p > 0.05). The interaction between season, SWC, and slopes gave the
significant difference during the growing season (p < 0.001). In the three seasons, the
higher SWS was observed under tied ridges for slopes of 0—2% (193, 219, and 125 mm,
respectively) compared to Zai and conventional tillage (Supplementary Figure S1-S3). For
a 2-8% slope gradient, tied ridges performed well only in season 2, while for slopes of 8-
15%, the storage benefits of the tied ridges are considerably lower and similar for conven-
tional tillage and Zai pits. This performance also depends on growth phases. The effi-
ciency of water retention decreased with a slope gradient at 25.5% for the 2-8% slope and
40.7% for the 8-15% slope.
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Figure 6. Variation in soil water storage among selected SWC practices along the slope gradient in
the Ruzizi Plain.

3.3.2. Influence of Maize Growth Parameters on WUE

Multiple regression analysis (Figure 7) revealed that RBM, SBM, and LAI influenced
WUE with a coefficient of determination (R?) of 58.5%. Among the crop parameters, LAI
had the highest influence on WUE compared to RBM and SBM (Y = 2.956 3, + 1243, —
0.32 B, — 2.44, where f, 32, and 33 are LAL, RBM, and SBM, respectively). The increase in
LAI and RBM tended to increase WUE, while increasing SBM tended to decrease WUE.
The influence of LAI, RBM, and SBM on WUE varied with SWC practices (p < 0.01) and
slope gradient (p <0.01). The effect of LAl on WUE was relatively more important on tied
ridges compared to Zai pits and conventional tillage. It implies that an increase in water
storage by tied ridges during the vegetative growth stage improved the LAI, which con-
sequently influenced the WUE. In contrast, RBM affected the WUE more in conventional
tillage with an estimate of 2 (R2=0.67) compared to Zai pits and tied ridges (Figure 7). The
increment in SBM had no effect on WUE under tied ridges and Zai pits, while it signifi-
cantly improved the WUE on conventional tillage. Shoot biomass accumulation had no
effect on WUE, especially when the maize crop received sufficient water at the establish-
ment and crop development stages. The SBM accumulation had no benefit to WUE under
water stress conditions at the last two stages (cob filling and maturation), irrespective of
the season. The water demand for ETP was higher when the SBM was high. The influence
of LAI and RBM on WUE significantly varied with slope gradient (p < 0.001) (Figure 7).
The highest influence of LAl on WUE was observed on the 0-2% slope (2.3, R? = 0.69)
compared to the 2-8 and 8-15% slopes. For RBM, the same trend was observed, with the
highest influence recorded on the slope gradient of 0—2%, followed by 8-15%. For SBM,
the influence on WUE was independent of the slope gradient (p > 0.05).
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Figure 7. Relationships between the WUE and maize growth parameters under selected SWC prac-
tices (a,b) along the slope gradient (c,d).

3.3.3. Influence of SWS on WUE

Generally, WUE depended significantly on total water storage during the three
growing seasons (R? = 41.02%). However, based on the weather characteristics of the
Ruzizi Plain, SWS influenced the WUE differently during different maize developmental
stages (Figure 8). The influence of SWS on WUE at the reproductive (B;) and maturity
growth stages (B,) canbe modeled by the following equation: Y = 0.165f3; + 0.08868,; —
5.03, with R?=72.94%. No influences of SWS at the establishment and active vegetative
growth stages were observed. The highest influence of the SWS on WUE was observed at
the reproductive and maturity phases. An increase in SWS at the active growth stage
tended to slightly reduce the WUE. For the last two growth stages (cob filling and matu-
ration), the highest influence was observed on tied ridges compared to Zai pits and con-
ventional tillage. The influence of tied ridges was highest compared to Zai pits and con-
ventional tillage.
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Figure 8. Effect of soil water storage on water use efficiency during maize growth stages at (a) crop
establishment, (b) active vegetative growth and tasseling phases, (c) silking and grain filling phases,
and (d) the crop maturity phase.

4. Discussions
4.1. Rainfall and ETP Characteristics in Ruzizi Plain

During the three-growing seasons, the Ruzizi Plain received between 147.5 and 284.7
mm of rainfall and experienced an average of 52.9, 66.9, and 71.5% days of no rain for the
three consecutive seasons, respectively. These rainfall values were below the 450 mm
needed for optimal maize growth. This water supply and demand imbalance implies that
maize farmers need supplemental irrigation or, alternatively, to harvest rainwater
through SWC practices for optimum plant growth and development [49]. Udom and
Kamalu [42] showed that maize requires 48.6 mm of water at the establishment stage, 247
mm at the active vegetative growth stage, 126 mm at the cob silking stage, and 34.4 mm
at the maturity stage. In most of the seasons, the maize crop was under a water deficit
although seasons were characterized by different rainfall patterns and distributions. The
highest rainfall received at initial stage was 40.3 mm in season 3, 178 mm at the active
growth stage in season 2, and 80.3 mm at the silking stage in season 1. Maize was exposed
to water stress mostly during the physiological maturity stages, especially for seasons 2
and 3, while in season 1, maize received 56 mm, which is high compared to the results of
Udom and Kamalu [42].

4.2. Crop Growth Parameters and Water Use Efficiency under Selected SWC Practices along the
Slope Gradient

This study demonstrated that both tied ridges and Zai pits can significantly increase
maize growth parameters (plant height, LAI, stem diameter, internode distance, RBM,
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and SBM). Differences were probably due to the larger amount of water retained by tied
ridges and Zai pits compared to the conventional tillage during the first two growth
phases. The increase in biomass has been influenced by practices and slope gradients that
allow for storing more water. Many reports from several sub-Saharan African environ-
ments showed similar trends to the current study and showed that tied ridges improve
maize biomasses (root and aboveground biomasses) and LAI compared to conventional
tillage [40,50].

No difference in SBM was observed between Zai pits and tied ridges on slopes of 0—
2 and 2-8%. However, a significant difference was observed with conventional tillage on
all slopes. On the slope of 8-15%, tied ridges showed the highest values of SBM compared
to Zai pits and conventional tillage. Zai pits and tied ridges cumulated similar biomasses
during crop establishment and active vegetative growth stages due to their ability to save
more water. At those two maize growth stages, water was sufficiently supplied in all sea-
sons. At these stages, the quantity of water saved, under Zai pits and tied ridges, was
comparable, while it differed from that of conventional tillage. The effect of water supply
in optimizing root and shoot biomasses, LAI, and other growth parameters has been
demonstrated by Zhang et al. [45].

The tied ridges, as a SWC practice, was efficient in improving maize productivity
under water-deficient conditions. In fact, tied ridges recorded the highest WUE on slopes
of 0—2% compared to Zai pits and conventional tillage. No difference in WUE was ob-
served on slope gradient of 2-8% among the three selected SWC practices. This can be
attributed to the high water saving capacity of tied ridges, especially during the last two
crop growth stages. During the experiment, the loss of water by runoff was low on plots
where maize was grown under tied ridges. It was also lower at the slope of 0—2% com-
pared to maize grown on slopes of 2-8 and 8-15%. This significantly improved the SWS
during the three growing seasons. Our findings agreed with Wolka et al. [1] showing that
tied ridges positively affected stored soil water and WUE in low rainfall areas (<1000 mm
year) in 83% of the trials conducted in sub-Saharan African drylands. An earlier review
on tillage research for eastern Africa, especially in Ethiopia, Kenya, Tanzania, and Malawi,
also found that tied ridging positively affected grain yields [51]. Xiao-long et al. [52]
showed that with different rainfall levels (230, 340, and 440 mm), tied ridges led to in-
creased maize water use efficiency by 77.4, 43.1, and 9.5%, respectively, compared with
conventional flat cultivation. These authors explained that tied ridges tend to increase lat-
eral and vertical flows in ridges, which in turn improves water storage. Small amounts of
rainfall are more likely to be retained in the micropores and constitute the soil water re-
serve. Large amounts of rainfall increase soil waterlogging, resulting in a significant de-
crease in oxygen amount, affecting the WUE. Tied ridges showed the highest potential for
saving water compared to Zai pits and conventional tillage. Similar observations were
experienced by Grum et al. [53,54] and Cofie et al. [55] in the Sahelian region. The highest
SWS observed at the slope of 0-2% compared to 2-8 and 8-15% could be attributed to the
cumulative effect of reduced runoff and enhanced infiltration. Tied ridges were efficient
in controlling surface runoff compared to Zai pits and conventional tillage. Many scholars
noted the ability of tied ridges to reduce surface runoff [1,56] and to induce a favorable
distribution of soil water for a better water and nutrient use efficiency [1,40]. The earth
elevation of ridges, set perpendicularly to the slope direction, partly explains the results.
It reduces the overland flow speed, retains the water in the soil profile, and forms an on-
field storage pit [1,50]. Keating et al. [38]'s study in Benin showed that Zai pits cannot
reach satisfactory results in water retention if rainfall is below a reasonable threshold
(minimum 400 mm with a soil storage capacity of 50 mm). There is no structure for con-
ventional tillage to reduce surface runoff [1]. Some research conducted in Ethiopia and in
Kenya showed that the potential of tied ridges remains limited by the amount of rainfall
and the level of soil aeration. Some scholars [57,58] showed that the tied ridge is limited
by variations in seasonal rainfall, which can significantly affect crop yields. In addition,
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the resulting aeration stress could have decreased yield because crop plants require oxy-
gen for proper water and nutrient uptake, and the presence of excess water in the root
zone might have disrupted the normal functioning of the roots [59,60]. Grum et al. [53]
also reported that, in Northern Ethiopia, tied ridges alone did not significantly increase
grain yield or plant biomass compared to the control. The author also explained the excess
of water in the root zone as being from successive and intensive rains which caused aera-
tion stress and reduced yield and biomass.

4.3. Influence of Crop Growth Parameters and Stored Soil Water on Water Use Efficiency

The results showed that an increase in WUE across the three seasons was positively
linked to LAI and RBM, while it was negatively correlated with SBM. Leaf area index
(LAI) was significantly affected by water stress, although effects varied with SWC prac-
tices and slope gradient. The LAI was always low under most water-stressed treatments,
such as the conventional tillage, irrespective of the slope gradient. It was also low under
tied ridges and Zai pits at the slope of 8-15%. Our findings agreed with those of Zhang et
al. [31] and Pandey et al. [61] who showed that the highest LAI value for grain maize was
obtained under conditions of no water stress. Some authors have found that LAl is in a
strong linear relationship with maize WUE (R? = 0.79) [62]. It is noteworthy that Song et
al. [63] found out that low water availability induces low LAL

During the three growing seasons, tied ridges showed the highest WUE on the slope
of 0-2% compared to Zai pits and conventional tillage. In contrast, tied ridges recorded
similar SBM on the same slope gradient compared to conventional tillage. On the slope of
2-8%, no difference in water use efficiency was observed among the three SWC practices.
Tied ridges recorded similar biomass on the same slope gradient as conventional tillage.
On the slope of 8-15%, both SWC practices recorded low WUE. Tied ridges recorded the
best WUE and SBM compared to Zai pits and conventional tillage. It is noteworthy that
maize biomass is established during the crop vegetative development growth and yield
during the last two stages. Many scholars [41,64] observed a linear relationship between
maize biomass and yield. They found a positive relationship between biomass and water
demand for optimum photosynthetic activity. Therefore, Zai pits saved less water to sat-
isfy the water demand of maize than tied ridges on the slope of 0-2%. Thus, that low
water-saving characteristic later hindered reproductive phases of maize, resulting in a low
WUE. At the slope gradient of 2-8%, water conservation efficiency was reduced for both
SWC practices. The water demand to maintain maize biomass was not met for both SWC
practices and, therefore, no difference in WUE was observed between the three practices.
The conventional tillage developed less biomass in its early growth stages, and its water
demand was low, such that it managed to achieve a similar WUE to Zai pits on slopes of
0-2% and both (Zai pits and tied ridges) on slopes of 2-8%. Many authors support the
statement that accumulation of aboveground biomass during active vegetative stages may
negatively impact maize productivity if the last growth stages are under water stress [32].
Yu et al. [65] performed a meta-analysis of 80 peer-reviewed publications on water use
efficiency under stress and suggested that high WUE is not always associated with high
biomass. Therefore, it is important to maintain low biomass when maize water require-
ment cannot be satisfied at later stages.

The challenge in satisfying the water demands of maize grown under Zai pits and
tied ridges for certain circumstances was affected by the rainfall and SWS distribution
during the three seasons and during the growth stages. The results showed an influence
of stored soil water during the last two crop stages on WUE, while no influence of SWS
was observed at the initial and crop active development stages. Many researchers have
shown that the most critical period of maize for water is three weeks before flowering and
two weeks after. For example, Ge et al. [66] and Qi et al. [67] have shown that short-dura-
tion water deficits during the vegetative growth period caused a 28-32% loss of dry matter
weight. Cakir [68] stated that a single irrigation omission during sensitive growth stages
can reduce grain yield by up to 40% during dry years. However, some studies conducted
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by Comas et al. [32] supported our results and identified the timing of water deficit out-
side of this critical period that could reduce water consumption and minimize yield losses.
For Cakir [68], the highest yields were observed when there was no water stress in all
growth stages and when maize was under water stress during the vegetative growth
stage. Comas et al. [32] also showed that plants given sufficient water during the entire
vegetative period followed by stress later during the maturation period had dramatically
low yields. Other scholars, such as Sah et al. [49], showed that water drought stress at the
end of the flowering and grain filling stage results in severe negative effects on phenolog-
ical and yield traits of maize. Results of this research indicate the benefits of applying
deficits during the late vegetative period if there is a chance that the water supply could
be inadequate to meet water requirement during the maturation period.

This study also has limitations, especially in estimating the value of the cultural co-
efficient (Kc). Although the Kc values obtained by Piccinni et al. [33] are used worldwide,
especially when research is conducted in the dry land conditions of South Texas, it is still
necessary to determine them experimentally for better accuracy. Many authors report that
the Kc value can vary with water availability during the crop cycle [69-71]. These authors
showed that evapotranspiration values show more significant variability under high wa-
ter stress. Therefore, we adopted an estimate based on stored soil water to highlight the
effect of SWC practices on WUE.

Our recent study showed that tied ridges could potentially reduce long-term effects
of climate change to certain extent in the Ruzizi Plain [72], as also supported by the present
study. Therefore, we are calling for farmer support structures to promote such SWC prac-
tice in the Ruzizi Plain to cope with present and future rainwater deficits affecting maize
production. Future studies should compare the gap between maize performance under
these yield limiting conditions (142 and 289 mm rainfall water) with a high irrigation treat-
ment (600 mm) in terms of water replacement. By doing so, it would be possible to identify
potential maize productivity even with other limitations. Furthermore, to fill the gap be-
tween the yield potential and current yields in the Ruzizi Plain, research should assess the
influence of high yielding varieties and soil nutrients on maize yields along with water
management.

5. Conclusions

This study assessed the effect of selected SWC practices on maize development, SWS,
and WUE along the slope gradient in the Ruzizi Plain. The highest SWS was observed
under tied ridges for the slope of 0-2%. Tied ridges also recorded the highest WUE and
grain yield on slopes of 0-2 and 8-15%, while no difference in grain yield was observed
on the slope of 2-8% for all tested SWC practices. Decrease in SWS during the silking and
maturity stages negatively affected the maize WUE and grain yield. Tied ridges provide
an opportunity to cope with water scarcity in the Ruzizi Plain and, thus, can be adopted
to improve maize crop productivity. Its efficiency could be improved by supplemental
irrigation during severe water deficit periods.
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Table S3: Effects of SWC, variety and slope gradient on maize growth parameters across three grow-
ing seasons in the Ruzizi plain, eastern DR Congo.
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