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ABSTRACT

A better understanding of cereal-legume interactions could improve the implementation of intercrop
systems for cropping intensification. These interactions affect crop microclimates and the efficiency
of utilizing growth resources such as water and nitrogen. In this study, four morphologically
contrasting green gram varieties with close phenological ranges were intercropped with the
sorghum, Seredo in Katangi and Mwala in southeastern Kenya during the short rains experimental
season in 2022. The four green gram varieties were the tall N26 and dwarf types KS20, Karembo,
and Biashara. The intercrop arrangements were: double alternate rows of sorghum and green gram
(double row), single alternate rows of sorghum and green gram (single row), and single crops of
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each green gram variety and sorghum as control. Treatments were laid out in split plot design with
intercrop arrangement as main plots and green gram variety in subplots. Intercropping reduced soil
temperature, canopy temperature, vapor pressure deficit, and crop water stress index. For green
gram, overall Water Use Efficiency (WUE) and Nitrogen Use Efficiency (NUE) was lower under
intercropping by 2.6 kg ha! mm? and 1.65 kg kg?, respectively compared with sole crop.
Intercropped sorghum reduced WUE by 3.5 kg ha! mm™ and NUE by 1.9 kg kg. Intercropped
sorghum reduced the yield by 26% and green gram by 23%. However, the yield decline was
significantly higher under single row (1.1 t hal) than double row crop arrangement (0.6 t ha?).
Variety N26 out-yielded the other green gram varieties, irrespective of crop arrangement. Green
gram yield was driven by an increase in WUE and NUE while soil and canopy temperatures were
dependent on vapor pressure deficit. However, these trait associations and temperature alterations
were weak in sorghum yield determination. While intercropping promotes crop intensification, this
study demonstrates that double-row intercropping could be more efficient than single-row in
enhancing green gram-sorghum complementarity for increased grain yield, WUE, NUE, and the
regulation of crop microclimate. This study recommends that double-row intercropping with variety
N26 of green gram improves yield in dryland areas of Kenya. Further research is recommended for

other green gram and sorghum varieties and intercropping configurations not used in this study.

Keywords: Temperature; intercropping; water use efficiency; nitrogen use efficiency; vapor pressure

deficit.
1. INTRODUCTION

Cereal-legume intercropping has the potential for
increased crop system productivity and improve
ecosystem services to the understory crop by
altering the crop microclimates (Bremer et al.,
2024; Wang et al., 2020). Dryland agriculture has
been threatened by frequent droughts, high
temperatures, and inadequate nutrients in the
soil leading to reduced crop yields (Fang et al.,
2024; Harisha et al., 2024). Intercropping offers
better opportunities in crop microclimates and
enhanced efficient use of resources to
sustainably improve agricultural productivity
(Vaja and Pankhaniya, 2023). Studies have
demonstrated that intercropping increases yield
compared to sole crops by utilizing resources
such as water and nitrogen (Fang et al., 2024;
Zhang et al., 2023). However, interspecific
competition between cereal and legumes may
lead to decreased yield (Bremer et al., 2024,
Pierre et al.,, 2022). To maximize the yield of
companion crops, intercrop systems should be
designed to maximize resource use such as
water, solar radiation, and nutrients through
proper crop arrangements and varieties (Tang et
al., 2020; Wang et al., 2020).

Water and nitrogen are considered the most
limiting factors of crop productivity in dryland
areas (Fang et al., 2024). To mitigate adverse
climatic effects, crop productivity can be
improved through an intercropping system that
enhances interactions between both WUE and
NUE (Zhang et al., 2023). However, nitrogen

uptake by crops is influenced by soil moisture
availability and high temperature hence drought
conditions can lead to simultaneous limitations in
both water and nitrogen for crops leading to
decreased NUE (Kherif et al., 2023). Sole crops
such as mung bean, soybean, and groundnut
recorded the highest NUE over their
intercropping patterns of the single and double
rows (Lyngdoh et al. 2020). Dryland agriculture
has been threatened by moisture shortage, high
temperatures, and soil infertility (Fang et al.,
2024). Given the present and future situation of
water scarcity and efficiency, researchers should
therefore focus on crop intensification through a
sustainable intercropping system (Ninanya et al.,
2021).

Environmental factors such as soil temperature,
air temperature, solar radiation, and relative
humidity are vital in crop growth and
development (Shumet et al., 2022; Wang et al.,
2020). These agrometeorological factors can
balance competition and complementarity for
resources between species and improve overall
productivity in intercropping systems (Zalac et
al., 2023). Canopy temperature is an important
physiological indicator of stress conditions in
plants that is influenced by environment, variety,
and crop management (Jiang 2022; Changan et
al., 2019; Hou et al.,, 2019). In drylands, the
shaded environment in understory crops could
effectively reduce the air and canopy
temperature of plant leaves during the day (Chen
and Xing, 2022; Tang et al., 2022; Thapa et al.,
2018). Evidence alludes to the use of canopy
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temperature in detecting water stress in plants
and established that it does not always lead to
increased yield (Ninanya et al., 2021; Thapa et
al.,, 2018). However, lower canopy temperatures
and higher yields are reported in jujube-cotton
intercrop systems (Ai et al., 2021) and sorghum-
tomato systems (Gebru, 2015).

Soil temperature impacts crop growth and
development which is influenced by soil water
content and shading which affects rooting activity
(Gitari et al., 2019; Ai et al., 2021). For instance,
high soil temperature decreases moisture
content which further decreases nutrient
absorption by plants leading to reduced growth
and vyields (Li et al., 2016, Daniel et al., 2022).
Intercropping systems lowered soil temperature
which eventually increased soil water content
and crop productivity (Li et al., 2016; Nyawade et
al., 2019). Vapor pressure deficit (VPD) drives
transpiration, regulating water movement in the
plant by minimizing water loss from moist soil
(Amitrano et al., 2019; Grossiord et al., 2020).
High VPD has been associated with leaf
anatomy and nutrient status often leads to a
decrease in growth and productivity in crops
(Lépez et al.,, 2021). Intercropping maize with
sorghum lowered VPD within the canopy and
produced greater yield in maize plants (Thapa et
al., 2018). These agrometeorological factors
could modify crop microclimates in an
intercropping system.

Crop microclimates improvement and resource
use efficiency in intercropping systems are
essential for sustainable crop intensification
(Ninanya et al.,, 2021). Water and nitrogen
management should be optimized
simultaneously to increase grain yield, especially
in dryland areas of southeastern Kenya. The
objectives of this study were to: (i) determine the
effect of different green gram varieties and crop
arrangement patterns on crop microclimatic
parameters and; (ii) assess whether variety and
crop arrangement interactions improve resource
use efficiency in  sorghum-green  gram
intercropping. It was hypothesized that optimizing
crop arrangement patterns would enhance crop
microclimates and improve the resource use
efficiency of the two crops in southeastern
Kenya.

2. MATERIALS AND METHODS
2.1 Experiment Sites

Field experiments were conducted in Mwala and
Katangi, both in southeastern Kenya during the

2022 short rains season. Mwala site is located at
1021°29'S, 37°27°41”E and 1252 m elevation
while Katangi is at 1°40"13"’S, 37°68"18E and
1051 m altitude. Mwala site is in the low midland
agroclimatic zone (LM-3) while Katangi falls in
the drier LM-4 zone. Both sites have two rainy
seasons in a year, which are distributed in a long
rainy season from March to May and a short
rainy season from October to December. The
long-term average annual rainfall in both sites is
300-700 mm and the air temperature range is 17-
35°C (Manzi et al., 2023; Ndolo, 2019). Soils are
well-drained red-brown to clay with pH 6 (Namoi
et al., 2014).

2.2 Treatments and Experiment Design

The intercropping intimacy between four green
gram varieties and one sorghum variety (Seredo)
was investigated. The four green gram varieties
were two old varieties (N26 and KS20) that were
released in the 1990s and two new varieties
(Biashara and Karembo) which were developed
in 2017 (Karimi et al., 2019). These varieties
were early maturing, tolerant to aphids, resistant
to powdery mildew, and high-yielding (Karimi et
al.,, 2019). Sorghum variety Seredo is high
yielding, able to survive in harsh conditions,
tolerate birds, matures early, and is widely grown
in southeastern Kenya (Njagi et al., 2019; Moi,
2021). Crops were grown under three crop
arrangement systems that included: single
alternate rows of green gram and sorghum
(single row), double alternate rows of green gram
and sorghum (double row), and control of both
sole green gram and sole sorghum. Treatments
were laid out in a randomized complete block
design with a split-plot arrangement and
replicated three times. The crop arrangement
system assumed the main plots while the green
gram variety formed the subplots.

2.3 Crop Husbandry

The land was ploughed before sowing to a fine
tilth. Plots of length 11.5 m and width of 6 m, and
separated by 0.5 m alleys were demarcated. In
the sole crop plots, green gram was sown 0.5 m
inter-row and 0.15 m intra-row (13 plants m=)
while sorghum was sown 0.6 m between rows
and 0.2 m between plants (8 plants m2). In the
single-row arrangements, the inter-row spacing
between adjacent sorghum and green gram rows
was 0.3 m. The intra-row spacing of sorghum
plants was 0.2 m, while that of two adjacent
green gram plants was 0.15 m. For double-row
intercropping, the inter-row spacing between
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sorghum and green gram was 0.90 m, and the
intra-row spacing of sorghum plants was 0.20 m
while in green gram plants was 0.15 m. In both
single and double rows, a uniform density of
about 11 green gram plants m2 and 8 sorghum
plants m2 was maintained. Both crops were
sown at the same time.

The major nutrients (N: P20s: K20) and well-
decomposed farm yard manure were applied as
per the crop requirements after the initial soil
analysis. At sowing, plots in Mwala received 20
kg N ha?, 11 kg P ha' and 16 kg K ha? of farm
yard manure while Katangi plots received 45 kg
N hal and 115 kg P ha' as basal fertilizer.
Sorghum received a basal dose of 57.5 kg N ha!
and was later top dressed with 19.5 kg N ha at
stem elongation and 19.5 kg N ha at anthesis.
Manual hand weeding was done periodically to
keep the field free from weeds. Insect pests such
as fall armyworm (Spodoptera frugiperda) in
sorghum and sucking bugs in green gram were
identified and managed effectively using broad-
based insecticides while powdery mildew and
blight in green gram were controlled with
mancozeb fungicide.

2.4 Data Collection
2.4.1 Weather data and soil sampling

Daily rainfall data was obtained from
meteorological stations located near the
experiment sites. Air temperature and relative

humidity were obtained from onsite
measurements using ANENG HS-1 weather
station thermometer and hygrometer

respectively, and measured at 2 m above grass
canopy in clear sky between 1100 and 1300
hours.

Soils were sampled before the sowing and
harvesting stage at 0-30 cm depth. Soil pH was
measured using a pH meter in a soil-suspension
deionized water solution with the ratio = 1:2.5.
Organic carbon was determined by the Walkley
and Black wet oxidation method (Spertus, 2021),
while total nitrogen was analyzed by Kjeldahl
acid digestion method (Saez-Plaza et al., 2013).
Olsens’ method was used to determine available
soil phosphorus (De Silva et al., 2015), while
potassium was measured using a flame
photometer (Potdar et al., 2021).

2.4.2 Green gram and sorghum yield

Green gram plants were harvested at maturity in
the net plot for grain yield determination. The
total grain yield (t hal) was calculated after

drying the grains for at least a week to about
12.5% water content. Mature sorghum heads
were harvested from the net plots and threshed
to remove seeds from the heads. The total grain
yield (t ha') was determined after drying the
grains to about 12.5% water content.

soil

2.4.3 Canopy temperature and

temperature

Leaf temperature was recorded using a handheld
DT8220 infra-red thermometer placed at a right
angle beside the crops. Soil temperature data
was collected using a 20-inch stainless steel soil
thermometer in the middle of the plots to avoid
the effects of the edges.

2.4.4 Soil water and water

efficiency

content use

Soil water content was measured at the planting
and harvesting stage. Soils were sampled and
drilled from the center of plots and oven-dried at
110°C for 48 h to constant weight and then
gravimetric soil water content was calculated.
Soil bulk density was evaluated by collecting
undisturbed soil samples (Zhang et al., 2022).
Volumetric water content was estimated by
multiplying the measured gravimetric water
content by the corresponding soil bulk density
(Fang et al., 2024). Water use efficiency (WUE,
kg ha!l mml) was calculated as the ratio
between grain yield and water use in the system
(Fang et al., 2024).

2.4.5 Nitrogen
efficiency

uptake and nitrogen use

At physiological maturity, five plants were
randomly uprooted from each plot and then
separated into stover/straw and grains. The plant
samples were oven-dried at 105°C for one hour
and further dried at 80°C to attain constant dry
weight. The N content of the samples was
determined using the Kjeldahl method and the
total N uptake was computed by adding the N
content of grain to the N content of the
stover/straw (Raza et al., 2019). The N uptake
was calculated by multiplying the total dry matter
with N content (Lyngdoh et al., 2020). Nitrogen
use efficiency (NUE, kg kg) was computed as
the ratio of N output in harvested products
against the amount of N input (EU Nitrogen
Expert Panel, 2015).

2.4.6 Vapor pressure deficit and crop water
stress index

The vapor pressure deficit is determined by
getting the difference between saturation vapor
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pressure and actual vapor pressure (Grossiord et
al., 2020). The crop water stress index is
computed using air temperature and canopy
temperatures of both stressed and non-stressed
crops (Katimbo et al., 2022).

2.5 Data Analysis

Before statistical analyses, all data collected on
various parameters were analyzed using the
Shapiro-Wilk test for normal distribution and
homogeneity of variables. When normality was
not met data was transformed while when
normality was met, data were subjected to R
software version 4.3.3.0 using two-way analysis
of variance. Treatment means were separated
using Fisher's least significant difference (LSD)
at P< .05. All data were expressed as means *
standard error of the mean (SEM). Simple linear
regression analyses explored relationships
between parameters.

3. RESULTS
3.1 Weather Data and Soil Characteristics

Total rainfall in Mwala was 227 mm while in
Katangi was 191 mm (Table 1). This amount is
about 90% of the long-term average for the short
rains season in each site. While the rainfall
amount fell below the estimated 250 mm critical
water requirement to maximize vyield in green
gram (Mugo et al., 2020) and 300 mm for
sorghum (Moi, 2021), both crops did not
experience significant moisture deficit. The mean
air temperature range was 24 to 30°C while
relative humidity was 47 to 64%, which is typical
of the growing season.

Soils sampled were moderately acidic in Katangi
(5.7-7.2) with low fertility. Total nitrogen (0.8-1.5
g kg1) and phosphorus (13-26 mg kg1) were low,
while organic carbon (9.8-17.6 g kg?) was low to
moderate, and potassium (8.4-11.6 g kg?) was
adequate. Soil bulk density within the root zone
was of the range 1.08-1.37 g cm, and could not
restrict root growth. Nitrogen and phosphorus
were supplied through the application of
inorganic fertilizers.

3.2 Green Gram and Sorghum Grain Yield

Significant interactions (P<.001) between variety
and crop arrangement on green gram grain yield
were observed (Table 2). Across the two sites,
sole crops out-yielded (0.91 t hal) those crops
grown under single row (0.62 t ha') and double

row (0.75 t hal). However, higher yield decline
occurred under single row compared with double
row crop arrangement. While grain yield among
the varieties changed with crop arrangement,
variety N26 outperformed the rest in both sites.
Sorghum vyield was significantly (P<.001)
influenced by crop arrangement (Table 2). The
sole crop recorded the highest yield (2.2 t ha'l),
while the yield of intercropped sorghum was
reduced in a single row by 35.8% lower than the
sole crop.

3.3 Water and Nitrogen Use Efficiency

As shown in Table 3, water use efficiency (WUE)
was affected by variety, crop arrangement, and
their interactions. Sole green gram was the most
efficient in terms of water use (3.9 kg ha* mm-)
followed by double row (2.8 kg ha! mm) and
lowest in a single row (2.4 kg hal mm).
Intercropping green gram with sorghum reduced
WUE in a single row by 38% in comparison with
sole crops. Variety N26 enhanced WUE (3.6 kg
ha! mm-1), but declined by 11% in Biashara and
21% in Karembo compared with N26.
Intercropping green gram with sorghum reduced
NUE by 63% in a single row and 54% in a double
row compared with the sole crop.

3.4 Soil and Canopy Temperature

There were significant differences (P<.05)
between crop arrangement on soil and canopy
temperatures (Table 4). The seasonal soll
temperature was higher in the sole crop (21.7-
23.8°C) relative to the single row (21.0-22.3°C).
Soil temperature was always lower in N26
(21.5°C), while KS20 recorded the highest soil
temperature (22.6°C) in the soil layer (0-20 cm).
The sole crop had higher canopy temperature
(18.1-22.2°C) than those in the double row (18.0-
23.1°C) and the single row (17.7-20.2°C). N26
recorded lower canopy temperatures than other
varieties (Table 4).

3.5 Vapor Pressure Deficit
Water Stress Index

and Crop

Vapor pressure deficit (VPD) was different
among the green gram varieties where N26
scored the lowest VPD (1.2 kPa) (Table 5). The
crop arrangement system had a higher effect
on VPD where the single row recorded the
lowest VPD of 1.2 kPa Crop water stress index
(CWsI) varied among the green gram varieties
where KS20 exhibited the lowest water stress
(CWsSI = 0.22). The single row recorded the
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lowest CWSI of 0.29 while the sole crop had the
highest value of 0.58 (Table 5). There was a
weak relationship between grain yield and CWSI.

3.6 Crop Aggressivity

From the intensity of interspecific competition,
green gram was the dominant species with
positive values in all treatments while sorghum
was the dominated species. Green gram variety
Biashara had an aggressivity of 0.57 as
averaged across the two sites (Table 6).

3.7 Relationship between Green Gram
Grain Yield and Nitrogen and Water
Use Efficiency

Green gram yield had a weaker relationship with
nitrogen use efficiency (R? = 0.34) in Mwala and
(R%2 = 0.47) in Katangi (Fig. 1a and 1b). Green
gram vyield was dependent on water use
efficiency (0.4 < R? < 0.5) in both sites (Fig. 1c
and 1d).

3.8 Relationships between Soil
Temperature, Canopy Temperature,
and Vapor Pressure Deficit

Soil temperature was weakly dependent on
vapor pressure deficit (0.20 < R? < 0.37) (Fig. 2a
and 2b). Similarly, canopy temperature had a
weaker relationship with vapor pressure deficit
(017 £ R? £ 0.33) (Fig. 2c and 2d). The
relationship between canopy temperature and
soil temperature was fitted to a strong positive
linear equation (R? = 0.84) (Fig. 2e and 2f).

3.9 Relationship between Grain Yield and
Nitrogen and Water Use Efficiency

Regression analysis between grain vyield,
nitrogen use efficiency, and water use efficiency
revealed significant positive associations (Fig. 3a
to 3d). Results show that sorghum grain yield
had a linear correlation with nitrogen use
efficiency (R?z 0.62) (Fig. 3a and 3b) and water
use efficiency (R?2 0.54) (Fig. 3c and 3d).

15 7y=0.1722x + 0.5135 a 7y =0.3559x + 0.4343 b
R?=0.3361 R?=0.4676
P <0.0001 . ° > P>0.0001 ¢
L .
1.0
)
=
-
o
>
=
T 0.5
(U]
0.0
0 1 2 3 4 5 6 1 2 3 4 5 6 7
Nitrogen use efficiency (kg kg) Nitrogen use efficiency (kg kg?)
20 1y =0.1723x+ 0.2783 C  7y=0.1693x+0.2008 d
R? = 0.4029 R?=0.5002
P <0.0001 P <0.0001

Grain yield (kg ha')
= =
o w

o
wn

0.0

Water use efficiency (kg ha! mm1)

Water use efficiency (kg hal mm-)

Fig. 1. Association between green gram grain yield and nitrogen use efficiency in Mwala (a)
and Katangi (b), and the relationship between green gram grain yield and water use efficiency
in Mwala (c) and Katangi (d). Lines are least-square linear regressions. N = 36
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Table 1. Monthly Rainfall (mm), Mean Air Temperature (°C), and Mean Relative Humidity (%) in
Mwala and Katangi During the Short Rains Experimental Season in 2022

Site and Month Rainfall (mm) Temperature (°C) Relative humidity (%)
Mwala
October 2022 0 26.9 56.4
November 2022 194.1 25.4 46.8
December 2022 16.8 24.2 47.6
January 2023 16.1 25.4 52.4
Total rainfall 227.0
Katangi
October 2022 0 28.9 64.2
November 2022 139.7 29.4 60.8
December 2022 44.7 29.2 57.7
January 2023 6.4 30.2 554
Total rainfall 190.8
24 - a . b
y =1.5903x + 19.302 y = 2.363x + 19.096
R? =0.2035 . R2=0.3713
P < 0.0001 o . ) P <0.0001

Soil temperature (oC)
N N
N w

N
-

20

N

w
(o]
[oR

1y =2.006x + 16.875 % y =3.0344x + 15.326

» R2=0.1658 . | R?=0.3347
P <0.0001 P < 0.0001

N
-
]

Canopy temperature (oC)
& 8

I
o
L
L]

T 1 T 1
1.0 1.5 2.0 0.5 1.0 15

Vapor pressure deficit (kPa) Vapor pressure deficit (kPa)
23 7
y = 1.3598x - 9.6304 ° e y = 1.239x - 8.227 f
22 R?=0.9467 R?=0.8392
P <0.0001 P <0.0001

N
-

Canopy temperature (°C)
> N
-] o

-
o
L
[ ]

20 2I1 2'2 2'3 2I4 20 2'1 2I2 2'3 2I4
Soil temperature (°C) Soil temperature (°C)
Fig. 2. Association between green gram soil temperature and vapor pressure deficit in Mwala
(a) and Katangi (b), the correlation between canopy temperature and vapor pressure deficit in
Mwala (c) and Katangi (d), and the relationship between canopy temperature and soil

temperature in Mwala (e) and Katangi (f). Lines are least-square linear regressions.
N =36
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Table 2. Grain Yield (t ha) of Green Gram Varieties Grown under Sole Crop or Intercropped with Sorghum in Single and Double Row Arrangement
in Mwala and Katangi during the Short Rains Experimental Season in 2022

Site & Variety Sole Crop Single Double Mean Sorghum Grain Yield

Mwala

N26 1.30 £ 0.01a 0.89 £0.01c 1.08 £ 0.01b 1.09 +0.01a Sole crop 3.2+0.03a
Biashara 1.12 + 0.02a 0.79 £0.01c 0.95 +0.02b 0.95+0.02b Single row 2.1 +£0.04c
Karembo 0.76 £ 0.02a 0.53+0.01c 0.65 £ 0.02b 0.65 £ 0.02c Double row 2.7 £0.05b
KS20 0.60 £ 0.01a 0.36 £ 0.01c 0.49 £ 0.02b 0.48 £ 0.02d Mean 27+0.04
Mean 0.95 £+ 0.02A 0.64 £0.01C 0.79 £ 0.02B

Katangi

N26 1.20 + 0.02a 0.82 £0.02c 0.95 £+ 0.03b 0.99 £ 0.02a Sole crop 2.1+0.03a
Biashara 0.89 £ 0.02a 0.66 £ 0.01c 0.80 £0.02b 0.78 £ 0.02b Single row 1.3+£0.03c
Karembo 0.74 £ 0.01a 0.52 £0.01c 0.62 £ 0.02b 0.63+0.01c Double row 1.7 £0.04b
KS20 0.62 £ 0.01a 0.35+0.03c 0.45 £ 0.02b 0.47 £0.02d Mean 1.7+£0.03
Mean 0.86 £ 0.02A 0.59 £ 0.02C 0.71 £ 0.02B

Values are means + standard error of the mean. Means followed by the same letter are not significantly different at a 5% probability level.

Table 3. Water Use Efficiency (kg ha® mm™) and Nitrogen use Efficiency (kg kg?) of Green Gram Varieties Grown under Sole Crop or Intercropped
with Sorghum in Single and Double Row Arrangement in Mwala and Katangi During the Short Rains Experimental Season in 2022

Site & Variety Water use efficiency (kg ha mm™) Nitrogen use efficiency (kg kg™?)

Sole crop Single Double Mean Sole crop Single Double Mean
Mwala
N26 4.55 + 0.05a 2.88 £ 0.05c 3.25 £ 0.05b 3.56 £ 0.05a 3.44 £ 0.55a 1.25 + 0.06b 1.36 £ 0.33b 2.02£0.31a
Biashara 3.82 +0.06a 2.76 £ 0.04c 3.00 £ 0.07b 3.19 + 0.05b 2.76 £ 0.25a 1.06 £ 0.16b 1.15 + 0.09b 1.66 £ 0.17ab
Karembo 3.50£0.07a 2.36 £ 0.04c 2.79 £ 0.05b 2.88 £ 0.04c 2.34 £ 0.40a 0.93 £ 0.03b 1.06 £ 0.13b 1.44 +0.19b
KS20 3.30+0.04a 1.60 £ 0.06¢ 2.07 £0.07b 2.32 £ 0.05d 2.22 £ 0.63a 0.89 + 0.08b 0.98 +0.11b 1.36 £0.27b
Mean 3.79 £ 0.06A 2.40 £ 0.05C 2.78 £ 0.06B 2.69 + 0.46A 1.03 + 0.08B 1.14+£0.17B
Katangi
N26 4.46 + 0.09a 2.90 £ 0.10c 3.33+0.13b 3.56 +0.11a 1.59 £ 0.27a 0.60 + 0.03b 0.80+0.11b 1.00 £ 0.14a
Biashara 4.09 +0.10a 2.56 £ 0.06¢c 3.12 £ 0.08b 3.26 £ 0.08b 1.28 +0.29a 0.43 £ 0.04b 0.73£0.26b 0.81 £ 0.20ab
Karembo 3.76 £ 0.04a 2.24 +0.06¢ 2.53 +0.09b 2.84 + 0.06¢ 1.17 £ 0.09a 0.40 + 0.07b 0.62 + 0.04b 0.73+0.07b
KS20 3.61 £ 0.06a 1.75+0.13c 2.44 £ 0.03b 2.60 £ 0.07d 1.05+0.10a 0.36 £+ 0.00b 0.51 £ 0.05b 0.64 £0.12b
Mean 3.98 + 0.07A 2.36 £ 0.09C 2.86 + 0.08B 1.27 £ 0.19A 0.45 + 0.05B 0.67 £0.12B

Values are means + standard error of the mean. Means followed by the same letter are not significantly different at a 5% probability level.
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Table 4. Soil Temperature (°C) in the 0-20 cm Layer and Canopy Temperature of Green Gram Varieties Grown under Sole Crop or Intercropped with
Sorghum in Single and Double Row Arrangement in Mwala and Katangi During the Short Rains Experimental Season in 2022

Site & Soil temperature Canopy temperature

Variety Sole crop Single Double Mean Sole Single Double Mean
Mwala

KS20 23.8 £ 0.02a 22.3 £0.09b 23.1 £0.04a 23.1 £ 0.05a 22.2 £0.03a 20.2 £ 0.20b 20.9 £ 0.08b 21.1 £0.10a
Karembo 23.6+£0.17a 22.2 £ 0.05b 22.6 £ 0.02b 22.8 £ 0.08b 21.6 £ 0.32a 20.5+0.18b 20.7 £0.12b 20.9+0.21b
Biashara 22.1 £0.10a 21.8 £ 0.03b 21.9 £ 0.03b 21.9 £0.05c 20.0 £ 0.25a 19.7 + 0.08b 19.6 £ 0.06b 19.8 £ 0.13c
N26 22.0 £ 0.05a 21.2+0.03b 21.5+0.09b 21.6 £ 0.08c 19.9+0.31a 18.9+0.10b 18.9 £ 0.01b 19.2 £ 0.14c
Mean 22.9 £ 0.09A 21.9 £ 0.05B 22.3 £ 0.05B 20.9 £ 0.23A 19.8+0.14B 20.0 £ 0.07B

Katangi

KS20 22.4 £ 0.02a 21.9 £ 0.04b 22.1 £0.04a 22.1 £0.03a 19.2 + 0.03a 18.3 £ 0.07b 18.4 £ 0.03b 18.6 + 0.04a
Karembo 22.2 £0.02a 21.9£0.02b 22.0 £ 0.02a 22.0 £ 0.02a 18.6 + 0.05a 18.1 + 0.01b 18.3 £ 0.06b 18.3 £ 0.04a
Biashara 21.8+0.01la 21.5+0.02a 21.6 £ 0.01la 21.6 £ 0.01b 18.2 + 0.04a 18.0 + 0.02a 18.0 £ 0.05a 18.1 £ 0.04b
N26 21.7 £ 0.05a 21.0+£0.32b 21.4 £ 0.08a 21.4£0.15b 18.1 + 0.01a 17.7 £ 0.04b 17.9 £ 0.09a 17.9 £ 0.05b
Mean 22.0 £ 0.03A 21.6+£0.10B 21.0+0.04B 18.5 + 0.03A 18.0 + 0.04B 18.2 + 0.06A

Table 5. Vapor Pressure Deficit (kPa) and Crop Water Stress Index of Green Gram Varieties Grown under Sole Crop or Intercropped with Sorghum
in Single and Double Row Arrangement in Mwala and Katangi During the Short Rains Experimental Season in 2022

Values are means + standard error of the mean. Means followed by the same letter are not significantly different at a 5% probability level.

Site & Vapor pressure deficit Crop water stress index

Variety Sole crop Single Double Mean Sole crop Single Double Mean
Mwala

KS20 1.89 + 0.04a 1.59 + 0.20b 1.75+0.10a 1.74 +0.14a 0.41+0.01la 0.10+0.13c 0.20 £ 0.02b 0.24 £ 0.05c
Karembo 1.78 £ 0.06a 1.46 £ 0.10b 1.64 £0.11a 1.63+0.23a 0.44 +0.27a 0.30 + 0.06b 0.34 + 0.02b 0.36 + 0.12b
Biashara 1.75 + 0.04a 1.35+0.12b 1.56+0.17a 1.55+0.21b 0.77 £ 0.06a 0.40 + 0.05c 0.61 + 0.05b 0.59 + 0.05a
N26 1.69 £+ 0.05a 1.40 £ 0.14b 1.51 £ 0.03a 1.53+0.17b 0.90 + 0.10a 0.50 + 0.02b 0.64 + 0.03b 0.68 + 0.07a
Mean 1.78 + 0.05A 1.45+0.14B 1.62 + 0.10A 0.63+0.13A 0.33+0.07B 0.45 +0.03B

Katangi

KS20 1.17 + 0.02a 1.00+0.11b 1.09 £ 0.04b 1.09 + 0.06a 0.30 + 0.02a 0.10 + 0.03b 0.20 + 0.03b 0.20 + 0.03b
Karembo 1.11 £ 0.04a 0.91 + 0.08b 1.02 £ 0.09b 1.01 £ 0.07b 0.40 + 0.05a 0.20 + 0.01b 0.30 + 0.02b 0.30 + 0.03b
Biashara 1.09 £ 0.04a 0.86 + 0.10b 0.96 + 0.06a 0.97 +0.07b 0.50 + 0.00a 0.20 + 0.02b 0.50 + 0.03a 0.40 + 0.03b
N26 1.07 £ 0.06a 0.72 +0.12b 0.94 + 0.08a 0.91 + 0.09b 0.90 + 0.03a 0.50 + 0.05c 0.70 + 0.09b 0.70 + 0.06a
Mean 1.11 £ 0.04A 0.87 + 0.10B 1.00 + 0.07B 0.53 + 0.03A 0.25 + 0.03B 0.43 + 0.05B

Values are means * standard error of the mean. Means followed by the same letter are not significantly different at a 5% probability level.
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Table 6. Aggressivity of Green Gram Varieties Grown under Sole Crop or Intercropped with Sorghum in Single and Double Row Arrangement in

Mwala and Katangi During the Short Rains Experimental Season in 2022

Site & Variety

Green gram aggressivity

Sorghum aggressivity

Single Double Mean Single Double Mean
Mwala
N26 0.38 + 0.01ab 0.54 £ 0.04a 0.46 + 0.03a -0.38 + 0.01ab -0.54 + 0.04a -0.46 + 0.03a
Biashara 0.52 + 0.04a 0.53 + 0.02a 0.53 +0.03a -0.52 + 0.04b -0.53 + 0.02b -0.53 £ 0.03a
Karembo 0.55 +0.02a 0.58 +0.01a 0.57 £ 0.02a -0.55 + 0.02b -0.57 £ 0.01b -0.57 £ 0.02a
KS20 0.27 + 0.03b 0.41 + 0.02ab 0.34 + 0.03b -0.27 + 0.03a -0.41 + 0.02ab -0.34 £ 0.03b
Mean 0.43 £ 0.03B 0.52 £ 0.02A 0.48 £ 0.03 -0.43 £ 0.03A -0.52 + 0.03B -0.48 + 0.03
Katangi
N26 0.44 £ 0.02ab 0.34 £ 0.02bc 0.39 £ 0.02a -0.44 + 0.02bc -0.34 + 0.02ab -0.39 £ 0.02a
Biashara 0.59 + 0.03a 0.62 + 0.05a 0.61 + 0.04a -0.59 + 0.03c -0.62 + 0.04c -0.61 + 0.04a
Karembo 0.50 + 0.04ab 0.49 + 0.02ab 0.50 + 0.03a -0.50 + 0.04bc -0.49 + 0.03a -0.50 £ 0.03bc
KS20 0.18 £ 0.01c 0.18 £ 0.01a 0.18 £ 0.01b -0.18 £ 0.01a -0.18 £ 0.01a -0.18 £ 0.01b
Mean 0.43 + 0.03A 0.41 + 0.03B 0.42 + 0.03 -0.43 + 0.03B -0.41A + 0.03 -0.42 £ 0.03

Values are means + standard error of the mean. Means followed by the same letter are not significantly different at a 5% probability level.

Table 7. Water Use Efficiency (WUE), Nitrogen Use Efficiency (NUE), Vapor Pressure Deficit (VPD), Canopy Temperature, Soil Temperature, and
Crop Water Stress Index of Sorghum Intercropped with Green Gram in Mwala and Katangi During the Short Rains Experimental Season in 2022

Site and Crop WUE NUE VPD Canopy temp. (°C)  Soil temp. Crop water stress
Arrangement (kg ha' mm™) (kg kg™ (kPa) (°C) index
Mwala

Sole crop 13.0 £ 0.04a 5.8 £0.02a 2.03+0.02a 22.9+0.24a 24.3+0.27a 0.8 £0.02a
Single row 8.4 +0.02c 2.8 +0.03c 1.46 + 0.02c 19.7 £+ 0.32c 23.2+0.34b 0.2 +0.01c
Double row 10.7 £ 0.04b 3.8+£0.03b 1.65 +0.01b 21.9+0.41b 23.6 £0.32b 0.6 £0.02b
Mean 10.7 £ 0.03 4.1 +0.03 1.71 £ 0.02 21.5+0.32 23.7+0.31 0.5 +0.02
Katangi

Sole crop 13.1 £ 0.04a 2.6 +0.03a 2.0+£0.03a 21.7 £ 0.36b 25.5+0.35b 0.3+0.01b
Single row 8.3+0.02c 0.9 +0.02c 1.3+0.02c 21.8+0.28b 26.6 £ 0.28a 0.4 +0.01b
Double row 10.7 £ 0.04b 1.7 £0.02b 1.6 +£0.02b 22.6 £0.22a 26.6 £ 0.36a 0.7 £0.02a
Mean 10.7 £ 0.03 1.7+0.02 1.6 £0.02 22.0+0.29 26.2 +£0.33 0.5+0.01
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Fig. 3. Association between sorghum grain yield and nitrogen use efficiency in Mwala (a) and
Katangi (b), and the relationship between sorghum grain yield and water use efficiency in
Mwala (c) and Katangi (d). Lines are least-square linear regressions. N = 27

3.10 Relationship between Soil
Temperature, Vapor Pressure
Deficit, and Canopy Temperature

Soil temperature was dependent on vapor
pressure deficit (R2 = 0.58) (Fig. 4a) in Mwala
and (R? = -0.46) (Fig. 4b) in Katangi. There was
a weak relationship between canopy temperature
and soil temperature (R? = 0.36) (Fig. 4c) in
Mwala and (R? = 0.23) (Fig. 4d) in Katangi.

4. DISCUSSION

4.1 Grain Yield and Companion Crop
Aggressivity

Intercropping significantly reduced grain yield,
both in double row (18%) and in single row (47%)
arrangements compared with sole crops. The
positive values of aggressivity in green gram and
negative values in sorghum among the intercrops
indicate that green gram was better in the
acquisition of resources in this arrangement
except in a single row under KS20. These results
revealed that non-aggressive crops such as

green gram can be better than aggressive
sorghum crops, due to varying levels of
competition in the acquisition of water and
nitrogen across the system (Harisha et al., 2024).
Similar results of the dominant behavior of
legumes when intercropped with cereals were
documented by Wang et al. (2021). This may
therefore require adjusting the crop arrangement
system to decrease interspecific competition for
resources.

4.2 Water and Nitrogen Use Efficiency

Inter-specific competition in intercropping may
lead to either negative or positive effects on yield
depending on water and nutrient availability
(Feng et al., 2021; Zhang et al., 2022). Variety
N26 recorded higher WUE by 1.1 kg hal mm-
compared with the least variety KS20 which
could be linked to variety differences. WUE in the
sole system was more productive per unit of
water used than those in the intercropped
system. This could be due to the absence of
competition for resources (Chen et al., 2022; Xie
et al., 2021). Similar results were reported by
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Lyngdoh et al. (2020) and Kherif et al. (2023).
Therefore, further studies need to be done to
ascertain to what extent intercropping would be
advantageous to green gram without affecting
the yield of both crops.

Cereal-legume intercropping increases the ability
of the absorption and utilization of nitrogen by
crops and thus improves NUE (Zhang et al.,
2022). Sole sorghum recorded the highest NUE
of 4.2 kg kg which implies that sorghum was
more efficient in utilizing nitrogen over green
gram. This could be linked to enhanced N uptake
by deep-rooted sorghum plant roots (Raza et al.,
2019). Variety N26 registered the highest value
of NUE which could be related to the cumulative
effect of the high content of nitrogen in grains
and various characteristics of the green gram
varieties (Kiponda et al., 2023; Lyngdoh et al.,
2020). Further studies are therefore
recommended to verify the decreased NUE in
intercropping arrangements and whether NUE
could benefit subsequent crops in the following
season.

4.3 Modification of Soil and Canopy
Temperature
Soil temperature fluctuations affect rooting

activity which further influences nutrient uptake,
water infiltration, and biomass accumulation in
plants (Setiawan, 2022). Intercropping lowered
soil temperature by 7.2°C in single row and 7.1°C
in double row during the crop growing period.
This was probably caused by the canopy shading
of the intercropped plants which decreased the
radiation and the heating effect on the soil
surface reducing evapotranspiration (Ai et al.
2021). Similar results were reported by Shumet
et al. (2022) and Nyawade et al. (2019).

Leaf temperature is an important parameter that
affects plant physiological and biochemical
processes indicating plant water status, water
use, and stress level (Setiawan, 2022).
Intercropping lowered the canopy temperature
during the growth stages of green gram by 7.7 to
9.5°C in a single row. The present results
demonstrated higher grain yields in green gram

28 - 7 y =-1.9529x + 29.474 b
y = 1.1406x + 21.818 a < 04614
s .
- s 1 P <0.0001
P < 0.0001 o ©
€ 26 | .
o
E ° T
[
@ 25 i °
o
5 . :
= [ ] N
3 24 - [N
23 e o0 |
%
22 T T l T T l
1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
Vapor pressure deficit (kPa) Vapor pressure deficit (kPa)
25 - 7 d
y =1.7564x - 20.261 C y = 0.6358x + 5.3332
24 R2 = 0.3594 R?=0.2333
P <0.0001 °® P < 0.0001
5 ‘%o
=23 [ )
o Y ..'0.
‘z 22 @
e
] § ol o
£ (L)
g2 )
>
a
220
©
o
19 4
LN
18 T T | T !
22 23 24 25 25 26 27

Soil temperature (°C)

Soil temperature (°C)

Fig. 4. Soil temperature (°C) as a function of vapor pressure deficit (kPa) in Mwala (a) and
Katangi (b), and soil temperature (°C) as a function of canopy temperature (°C) in Mwala (c)
and Katangi (d). Lines are least-square linear regressions. N = 27
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variety (N26) having lower canopy temperature
than varieties with higher canopy temperature.
Reduced canopy temperature was probably
brought about by plant architecture, plant water
availability, and reduced soil temperature in
intercropping systems (Luan and Vico, 2021).
Management of canopy temperature in plants
therefore, is a good tool that can be used to
optimize crop yield (Ninanya et al., 2021; Thapa
et al., 2018).

4.4 Relationships
Drivers of Yield

between Traits as

Water and nitrogen are interdependent factors
that can be regulated by agronomic interventions
to optimize crop yield (Gao et al., 2023). This
study identified positive correlations between
grain yield and water use efficiency (R? = 0.40)
and nitrogen use efficiency (0.34 < R? < 0.47).
Despite the yield decline in intercropped green
gram, it was established that if water is not a
limiting factor, sorghum-green gram intercropping
in dryland regions has a lot of potential for
increasing water and nitrogen productivity. Water
and nutrient availability could have been affected
by rainfall distribution which was below the long-
term average (Table 1) as reduced nitrogen
uptake by plants is affected by water status in the
soil which is a major challenge in dryland areas
(Begam et al., 2024). Decreased grain yield in
intercropping could be linked to interspecies
competition of water and nitrogen which
depended on species type, water, and nutrient
availability (Kherif et al., 2023). It is worth
mentioning that in this study, WUE is a stronger
driver of yield (R? = 0.40) than NUE (0.34 < R? <
0.47) in green grams while in sorghum NUE
(0.61 < R?<0.81) is the strong driver.

5. CONCLUSION

This study demonstrates that despite the yield
decline in the intercropping system, the double
row could be more effective than the single row
in enhancing green gram-sorghum
complementarity for increased grain yield, WUE
and NUE, and the regulation of crop
microclimate. Variety N26 recorded the lowest
canopy and soil temperature and highest values
of NUE and WUE indicating that it was more
suitable for growing in the study area. Further
research is needed to confirm these results
under different seasons and geographical
locations.

DISCLAIMER (ARTIFICIAL INTELLIGENCE)

Author(s) hereby declare that NO generative Al
technologies such as Large Language Models

(ChatGPT, COPILOT, etc.) and text-to-image
generators have been used during the writing or
editing of this manuscript.

ACKNOWLEDGEMENTS

All authors made significant contributions to the
manuscript and have read and agreed to the final
version of the manuscript approved for
publication.

COMPETING INTERESTS

Authors have declared that

interests exist.

no competing

REFERENCES

Ai, P., Ma, Y., and Hai, Y. (2021). Influence of
jujube/cotton  intercropping on  soil
temperature and crop evapotranspiration in
an arid area. Agricultural Water
Management, 256 (June), 107118.
https://doi.org/10.1016/j.agwat.2021.10711
8

Amitrano, C., Arena, C., Rouphael, Y., Pascale,
S. De, and Micco, V. De. (2019). Vapour
pressure deficit: The hidden driver behind
plant morphofunctional traits in controlled
environments. Annals of Applied Biology, 1
(2019), 1-13.
https://doi.org/10.1111/aab.12544

Begam, A., Pramanick, M., Dutta, S., Paramanik,
B., and Dutta, G. (2024). Inter-cropping
patterns and nutrient management effects
on maize growth, yield and quality. Field
Crops Research, 310 (January), 109363.
https://doi.org/10.1016/j.fcr.2024.109363

Bremer, E., Ellert, B. H., Pauly, D., and Greer, K.
J. (2024). Variation in over-yielding of
pulse-oilseed intercrops. Field Crops
Research, 305, 109190.
https://doi.org/10.1016/j.fcr.2023.109190

Changan, S. S., Rane, J., and Singh, B. (2019).
Canopy temperature: A reliable water
deficit stress indicator in potato. Central
Potato Research Newsletter January-
March 2018, 1-2.

Chéavez, J. L. (2015). Using canopy temperature
as an indicator of plant stress. Proceedings
of the 26th Annual Central Plains Irrigation
Conference, Colby, KS, February 17-
18,2015, 1, 61-70. https://www.ksre.k-
state.edul/irrigate/oow/p15

Chen, F., and Xing, G. (2022). Impacts of corn
intercropping with soybean, peanut and
millet through different planting patterns on

561



Yumbya et al.; Int. J. Environ. Clim. Change, vol. 14, no. 12, pp. 549-565, 2024; Article no.|JJECC.128639

population dynamics and community
diversity of insects wunder fertilizer
reduction. Frontiers Plant Science, Volume
13,2022 October, 1-17.
https://doi.org/10.3389/fpls.2022.936039
Chen, G., zZhai, Y., Zhou, J., Li, Y., Lin, J., Wan,
S., and Wu, Q. (2022). Optimizing maize
belt width enhances productivity in
wheat/maize intercropping systems.
Sustainability 2022,14,16137.
https://doi.org/10.3390/su142316137
Daniel, D. F., Dallacort, R., Antonio, M., and
Carvalho, C. De. (2022). Crotalaria sowing
times intercropped with off-season maize
in the variability of soil temperature and
moisture. Journal of Agricultural Studies,
10 (3), 2-27.
https://doi.org/10.5296/jas.v10i3.19449
De Silva, C. S., Koralage, I. S. A., Weerasinghe,
P., and Silva, N. R. N. (2015). The
determination of available phosphorus in
soil: A quick and simple method. Open
University of Sri Lanka Journal, 2015 (8),
1-17.
https://doi.org/10.4038/ouslj.v8i0.7315
Fang, Y., Zhang, X., Li, L., Effah, Z., and
Nizamani, M. M. (2024). Effects of the
plastic mulching system and fertilizer
application on the vyield of tartary
buckwheat (Fagopyrum tataricum)
and water consumption characteristics in
a semi-arid area. Agronomy 2024,14,
735.
https://doi.org/10.3390/agronomy14040735
Feng, L., Yang, W., Zhou, Q., Tang, H., Ma, Q.,
Huang, G., and Wang, S. (2021). Effects of
interspecific competition on crop yield and

nitrogen utilisation in  maize-soybean
intercropping system. Plant, Soil and
Environment, 67 (8), 460-467.

https://doi.org/10.17221/665/2020-PSE

Gao, R., Pan, Z., Zhang, J., Chen, X., Qi, Y.,
Zhang, Z., Cai, L., Wu, Y., Guo, N., and
Xu, X. (2023). Optimal cooperative
application solutions of irrigation and
nitrogen fertilization for high crop yield and
friendly environment in the semi-arid
region of North China. Agricultural Water
Management, 283  (April), 108326.
https://doi.org/10.1016/j.agwat.2023.10832
6

Gebru, H. (2015). A review on the comparative
advantage of intercropping systems.
Journal of Biology, Agriculture and
Healthcare, 5 (9), 28-38.
http://www.iiste.org/Journals/index.php/JB
AH/article/view/21387

562

Gitari, H. 1., Nyawade, S. O., Kamau, S.,
Gachene, C. K. K., Karanja, N. N., and
Schulte-Geldermann, E. (2019). Increasing
potato equivalent yield increases returns to
investment under potato-legume
intercropping systems. Open Agriculture, 4
(1), 623-629. https://doi.org/10.1515/opag-
2019-0062

Grossiord, C., Buckley, T. N., Cernusak, L. A,
Novick, K. A., Poulter, B., Siegwolf, R. T.
W., Sperry, J. S., and Mcdowell, N. G.
(2020). Plant responses to rising vapor
pressure deficit. New Phytologist, 1 (2020),
1-17. https://doi.org/10.1111/nph.16485

Harisha, C. B., Rane, J., Halagunde Gowda, G.
R., Chavan, S. B., Chaudhary, A., Verma,
A. K., Ravi, Y., Asangi, H., Halli, H. M.,
Boraiah, K. M., Basavaraj, P. S., Kumar,
P., and Reddy, K. S. (2024). Effect of
deficit irrigation and intercrop competition
on productivity, water use efficiency and oil

quality of chia in semi-arid regions.
Horticulturae, 10 (2).
https://doi.org/10.3390/horticulturae100101

01

He, H., Yang, L., Fan, L., Zhao, L., Wu, H., Yang,
J., and Li, C. (2015). The effect of
intercropping of maize and soybean on
microclimate. International Federation for
Information Processing, 369 (September
2015), 257-263.
https://link.springer.com/content/pdf/10.100
7/978-3-642-27278-3

M., Tian, F., Zhang, T., and Huang, M.
(2019). Evaluation of canopy temperature
depression, transpiration, and canopy
greenness in relation to yield of soybean at

Hou,

reproductive stage based on remote
sensing imagery. Agricultural Water
Management, 222 (January), 182-192.

https://doi.org/10.1016/j.agwat.2019.06.00
5

Karimi, R., Nair, R., Ledesma, D., Mutisya, D.,
and Muthoni, L. (2019). Performance and
participatory evaluation of green gram
genotypes in the semi-arid environments of
Eastern Kenya. East African Agricultural
and Forestry Journal, 83 (2), 119-136.
https://doi.org/10.1080/00128325.2019.159
9491

Katimbo, A., Rudnick, D. R., Dejonge, K. C., Him,
T., Qiao, X., Franz, T. E., Njuki, H., and
Duan, J. (2022). Crop water stress index

computation  approaches and their
sensitivity to soil water dynamics.
Agricultural Water Management, 266
(March), 107575.



Yumbya et al.; Int. J. Environ. Clim. Change, vol. 14, no. 12, pp. 549-565, 2024; Article no.|JJECC.128639

https://doi.org/10.1016/j.agwat.2022.10757
5

Kherif, O., Haddad, B., Bouras, F., Seghouani,
M., Zemmouri, B., Gamouh, R., Hamzaoui,
N., Larbi, A., Rebouh, N., and Latati, M.
(2023). Simultaneous assessment of water
and nitrogen use efficiency in rain-fed
chickpea-durum  wheat intercropping
systems. Agriculture
2023,13,947 .https://doi.org/10.3390/agricul
ture 13050947

Kiponda, O., Muindi, E. M., Ndiso, J. B., Mulinge,
J. M., Wamukota, A. W., and Okello, N.
(2023). Response of maize-green gram
intercropping to manure and mineral
fertilizers in post mined soils. Journal of
Agriculture  and  Ecology Research
International, 24 (2), 34-45.
https://doi.org/10.9734/jaeri/2023/v24i2524

Kitonyo, O. M., Sadras, V. O., Zhou, Y., and
Denton, M. D. (2018). Nitrogen fertilization
modifies maize yield response to tillage
and stubble in a sub-humid tropical
environment. Field Crops Research, 223
(December 2017), 113-124.
https://doi.org/10.1016/j.fcr.2018.03.024

Li, Chen, Y., Mengyu, L., Zhou, X., Yu, S., Dong,
B., Li, Q., Chen, Y., Liu, M., Zhou, X., Yu,
S., and Dong, B. (2016). Effects of
irrigation and straw  mulching on
microclimate characteristics and water use
efficiency of winter wheat in North Chinas
effects of irrigation and straw mulching on
microclimate characteristics and water use
efficiency of winter wheat in North China.
Plant Production Science, 11 (2), 161-170.
https://doi.org/10.1626/pps.11.161

Lépez, J., Way, D. A., and Sadok, W. (2021).
Systemic effects of rising atmospheric
vapor pressure deficit on plant physiology
and productivity. Global Change Biology,

2021  (October  2020), 1704-1720.
https://doi.org/10.1111/gcb.15548
Luan, X., and Vico, G. (2021). Canopy

temperature and heat stress are increased
by compound high air temperature and
water stress and reduced by irrigation—A
modeling analysis. Hydrology and Earth
System Sciences 2021., 25, 1411-1423.
https://doi.org/10.5194/hess-25-1411-2021
Lyngdoh, D. D., Singh, A. K., and Ray, L. I|. P.
(2020). Effect of planting pattern of
intercropped legumes (Soybean,
groundnut and mungbean) on yield and
nutrient uptake of legumes from the
intercropping system at mid altitude of
Meghalaya. Journal of Pharmacognosy

and Phytochemistry, 9 (2), 2137-2140.

Manzi, K. H., Ngene, S., and Gweyi-onyango, P.
(2023). Use of satellite-based leaf area
index data for monitoring green gram crop
growth in Ikombe-Katangi area , Machakos
County, Kenya. Asian Journal of Advances
in Agricultural Research, 23 (3), 53-63.
https://doi.org/10.9734/AJAAR/2023/v23i3
468

Moi, M. (2021). Effect of intercropping sorghum
with cowpea and nitrogen application on
growth and yield of sorghum. M.Sc. thesis,
University of Nairobi.

Mugo, J. W., Opijah, F. J., Ngaina, J., Karanja,
F., and Mburu, M. (2020). Suitability of
green gram production in Kenya
under present and future climate scenarios
using Bias-Corrected Cordex RCA4
Models. Agricultural Sciences, 11 (10),
882—-896.
https://doi.org/10.4236/as.2020.1110057

Mwangi, J. K. (2015). A Review on the
comparative advantages of intercropping
to mono-cropping system. Journal of
Biology, Agriculture and Health Care, 5 (9),
1-14. www.iiste.org

Namoi, N. L., Onwonga, R. N., Karuku, G. N.,
Onyango, C. M., and Kathumo, V. M.
(2014). Influence of selected ecological
farming practices on soil moisture retention
and yield of sorghum (Sorghum bicolor (L.)
Moench) and cassava (Manihot esculanta
Crantz) in semi-arid Yatta Sub-County,
Kenya. Journal of Agricultural Science, 6
(9), 214-231.
https://doi.org/10.5539/jas.v6n9p214

Ndiso, J. B., Chemining, G. N., Olubayo, F. M.,
Saha, H. M., and Ndiso, J. B. (2018).
Effect of different farmyard manure levels
on soil moisture content, canopy
temperature, growth and yield of maize-
cowpea intercrops. Journal of Advanced
Studies in Agricultural, Biological and
Environmental Sciences, 5 (3), 5-21.

Ndolo, M. (2019). Food security in the semi-arid
Machakos County: A case study of Mwala-
Sub county. M.Sc. thesis, Southeastern
Kenya University.

Ninanya, J., Ramirez, D. A., Rinza, J., Silva-
Diaz, C., Cervantes, M., Garcia, J., and
Quiroz, R. (2021). Canopy temperature as
a key physiological trait to improve yield
prediction under water restrictions in
potato. In Agronomy (Vol. 11, Issue 7).
https://doi.org/10.3390/agronomy11071436

Nyawade, S. O., Karanja, N. N., Gachene, C. K.
K., Gitari, H. ., Schulte-Geldermann, E.,

563



Yumbya et al.; Int. J. Environ. Clim. Change, vol. 14, no. 12, pp. 549-565, 2024; Article no.|JJECC.128639

and Parker, M. L. (2019). Intercropping
optimizes soil temperature and increases
crop water productivity and radiation use
efficiency of rainfed Potato. American
Journal of Potato Research, 96 (5), 457—
471. https://doi.org/10.1007/s12230-019-
09737-4

Pierre, J. F., Latournerie-moreno, L., Garrufa,
R., Jacobsen, K. L., Laboski, C. A. M., and
Us-santamar, R. (2022). Effect of maize—
legume intercropping on maize physio-
agronomic parameters and beneficial
insect abundance. Sustainability
2022,14,12385.
https://doi.org/10.103390/su141912385

Potdar, R. P., Shirolkar, M. M., Verma, A. J.,
More, P. S., and Kulkarni, A. (2021).
Determination of soil nutrients (NPK) using
optical methods: a mini review. Journal of

Plant Nutrition, 44 (12), 1826-1839.
https://doi.org/10.1080/01904167.2021.188
4702

Raza, M. A., Hayder, M., Khalid, B., Xia, Z.,
Feng, L. Y., Khan, I, Hassan, M. J,
Ahmed, M., Ansar, M., Chen, Y. K., Fan, V.
F., Yang, F., and Yang, W. (2019). Effect
of planting patterns on yield , nutrient
accumulation and distribution in maize and
soybean under relay intercropping
systems. Scientific Reports, 9 (4947), 1-
14. https://doi.org/10.1038/s41598-019-
41364-1

Saez-Plaza, P., Navas, M. J., Wybraniec, S.,
Michatowski, T., and Asuero, A. G. (2013).
An Overview of the Kjeldahl method of
nitrogen determination. part 1. Sample
preparation, working scale, instrumental
finish, and quality control. Critical Reviews
in Analytical Chemistry, 43 (4), 224-272.
https://doi.org/10.1080/10408347.2012.751
787

Setiawan A.N. (2022). Microclimate dynamics in
sweet corn intercropping with various
legumes microclimate dynamics in sweet
corn intercropping with various legumes.
IOP  conference series: Earth and
Environmental  Science, 985,012013
https://doi.org/10.1088/1755-
1315/985/1/012013

Shumet, S. T., Ayalew, T., Roro, A. G., and
Beshir, H. M. (2022). Intercropping and
rhizobium inoculation affected microclimate
and performance of common bean
(Phaseolus vulgaris L.) varieties. Hindawi
Scientifica, 2022 (1), 1-12.

Spertus, J. V. (2021). Optimal sampling and
assay for estimating soil organic carbon.

Open Journal of Soil Science, 11 (02), 93—
121.
https://doi.org/10.4236/0jss.2021.112006

Tang, X., Zhang, C., and Yu, Y. (2020).
Intercropping legumes and  cereals
increases phosphorus use efficiency; A
meta-analysis. Plant Soil, 111 (4), 4768.

Tang, Y., Wang, X., Wu, Y., and Zhao, D. (2022).
Reduction of high-temperature damage on
Paeonia ostii through Intercropping with
Carya illinoinensis. Horticulturae 2022, 8,
1201.
https://doi.org/10.3390/horticulturae812120
1

Thapa, S., Stewart, B. A., Xue, Q., Rhoades, M.

B., Angira, B., and Reznik, J. (2018).

Canopy temperature, yield and harvest

index of corn as affected by planting

geometry in a semi-arid environment.

Field Crops Research, 227 (August), 110—

118.

https://doi.org/10.1016/j.fcr.2018.08.009

R. P., and Pankhaniya, R. M. (2023).

Impact of sorghum-pulse intercropping with

nitrogen levels on growth and yield of

sorghum. The Pharma Innovation Journal

2023, 12 (8), 1851-1853.

Wambua, J. M., Ngigi, M., and Lutta, M. (2017).
Yields of green grams and pigeonpeas
under smallholder conditions in Machakos
County, Kenya. East African Agricultural
and Forestry Journal, 82 (2-4), 91-117.
https://doi.org/10.1080/00128325.2017.134
6903

Wang, Q., Bai, W., Sun, Z., Zhang, D., Zhang,
Y., Wang, R., Evers, J. B., Stomph, T. J.,
van der Werf, W., Feng, C., and Zhang, L.
(2021). Does reduced intraspecific
competition of the dominant species in
intercrops allow for a higher population
density? Food and Energy Security, 10 (2),
285-298. https://doi.org/10.1002/fes3.270

Wang, R., Sun, Z., Zhang, L., Yang, N., and
Feng, L. (2020). Border-row proportion
determines  strength  of interspecific
interactions  and crop yields in
maize/peanut strip intercropping. Field
Crops Research, 253 (October 2019),
107819.
https://doi.org/10.1016/j.fcr.2020.107819

Xie, J., Wang, L., Li, L., Anwar, S., Luo, Z.,
Zechariah, E., and Fudjoe, S. K. (2021).
Yield, economic benefit, soil water
balance, and water use efficiency of
intercropped maize/potato in responses to
mulching practices on the semiarid Loess
Plateau. Agriculture 2021,11,1100.

Vaja,

564



Yumbya et al.; Int. J. Environ. Clim. Change, vol. 14, no. 12, pp. 549-565, 2024; Article no.|JJECC.128639

https://doi.org/10.3390/agriculture1111110
0

Zalac, H., Herman, G., and Ergovi, L. (2023).
Ecological and agronomic benefits of
intercropping maize in a walnut orchard—A
case study. Agronomy 2023,13,77.
https://doi.org/10.3390/agronomy13010077

Zhang, H., Shi, W., Ali, S., Chang, S., Jia,
Q., and Hou, F. (2022). Legume/

maize intercropping and N application
for improved vyield, quality, water and
N utilization for forage

production.  Agronomy  2022,12,1777.
https://doi.org/10.3390/agronomy12081777

Zhang, Z., Ahmed, S., Chattha, M. S., Liu, A,

Liu, J., Lv, N., Yang, L., Ma, X., Li, X., Hao,
F., and Yang, G. (2023). Managing plant
density and nitrogen fertilizer to reduce
nitrogen input without yield reduction of
late-sown cotton after wheat by improving
light interception and sink nitrogen
partitioning in a double cropping system.
Field Crops Research, 295.
https://doi.org/10.1016/j.fcr.2023.108875

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for
any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.

© Copyright (2024): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
https://www.sdiarticle5.com/review-history/128639

565


https://www.sdiarticle5.com/review-history/128639

