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Understanding the carbon dioxide emission rates under diferent agricultural practices is a critical step in determining the role of
agriculture in greenhouse gas emissions. One of the challenges in advocating for an intercropping system as a sustainable practice
in the face of climate change is the lack of information on how much CO2 is emitted by the system. A factorial randomized
complete block design study was set up at two distinct agroecological locations (Syferkuil and Ofcolaco) in the Limpopo Province
of South Africa to investigate carbon dynamics in sorghum-cowpea intercropping and sole cropping system over two seasons.
Intercropping system emitted less CO2 compared to sole cropping system. In 2018/19 at Syferkuil and 2020/21 at Ofcolaco,
intercropping systems emitted 11% and 19% less CO2, respectively, than sole cropping systems. In both agroecological regions,
low cowpea density consistently resulted in higher CO2 emissions than high density. During the 2018/19 cropping season,
sorghum emitted more CO2 of 5.87 t·ha−1 than cowpea with 5.14 t·ha−1 in a sole cropping system at Syferkuil. Cowpea, on the
other hand, emitted more CO2 of 6.5 t·ha−1 and 10.18 t·ha−1 than sorghum during the 2020/21 cropping season at Syferkuil and
Ofcolaco, respectively. Furthermore, intercropping improved the carbon emission efciency (CEE) of the individual crops in the
system. Te treatments used in the intercropping and sole cropping systems had a signifcant impact on the strength of the
relationship between carbon stocks and CEE. Our results revealed that sorghum-cowpea intercropping system at a relatively
higher cowpea density in a no-till system reduces the amount of CO2 lost to the atmosphere. Te system can thus, be promoted as
one of the sustainable farming practices to reduce emissions and improve carbon storage in the soil.

1. Introduction

Agricultural activities, such as crop production, are major
contributors to global CO2 emissions. Agriculture accounts
for more than 21% of global greenhouse gas emissions[1].
CO2 emissions increased by 13% in the agricultural sector
between 2007 and 2016 [2]. Tese emissions are a result of
the need to increase food production in order to feed the
world’s growing population. Sustainable crop intensifcation
is the key to producing food on less land while protecting the
natural ecosystem [3] Preferred crop production practices

such as sole cropping system coupled with conventional
tillage do not enhance the retention of organic matter [4].
According to Paustian et al. [5], crop production practices
emit more greenhouse gases that contribute to climate
change from planting to harvesting compared to other
agricultural practices. Climate plays an important role in
determining the potential of agricultural activities such as
crop production in South Africa, with a particular em-
phasis on smallholder farmers [6]. As a result, climate
change variability has a signifcant impact on smallholder
farmers, particularly in Limpopo Province’s semiarid
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regions, where most farmers produce under rainfed
conditions. As a climate-smart practice, intercropping has
the potential to increase crop production while lowering
greenhouse gas emissions and increasing resilience to
climate change [1].

Sustainable crop production practices such as minimum
tillage and intercropping systems are required for farmers to
continue producing in a way that is environmentally
friendly. Adoption of these practices necessitates a thorough
understanding of the efects of farming practices on the soil
and the environment [7]. Most of the research on inter-
cropping systems in Limpopo Province has focused on
productivity as well as nitrogen dynamics in the soil [8, 9].
However, there is little to no information available on the
system’s impact on carbon dynamics in the soil, with a focus
on CO2 emissions in intercropping. Such information is
critical in understanding the role of conservation practices in
reducing greenhouse gases such as CO2.

Te study conducted in China revealed that when
combined with other sustainable crop production practices
such as mulching and conservation tillage, intercropping
could reduce CO2 emissions by more than 15% [10].
According to research, intercropping systems combined
with conservation tillage can help reduce CO2 emissions
while increasing soil organic carbon [11]. However, carbon
emissions are highly infuenced by the growing conditions
such as temperature, soil moisture, and precipitation.
Hence, the specifc cropping system, as well as the agro-
ecological condition, must be studied to determine the
extent to which an intercropping system reduces CO2
emissions. Te study aimed at investigating soil carbon
emissions and carbon stocks in intercropping versus sole
cropping systems under distinct environmental conditions
in Limpopo Province. Te study also focused on de-
termining whether increased plant density of the com-
panion legume crop in the intercropping system can reduce
the CO2 emissions while increasing accumulation of dry
matter. Te research hypothesised that grain sorghum-
cowpea intercrop under high and low density of cowpea
would reduce soil CO2 emission rates and increase soil
carbon stocks.

2. Materials and Methods

2.1. Experimental Sites. Te study was conducted at two
distinct agroecological zones in Limpopo Province, South
Africa (Figure 1). Te frst location was the University of
Limpopo Experimental Farm, Syferkuil, situated at geo-
graphical coordinates of 23° 50′ 02.7″S and 29° 41″ 25.5″E.
Te area receives an annual rainfall of about 350 to 500mm
with an average maximum and minimum temperatures of
30°C and 15°C,, respectively. Te second location was the
Itemeleng Ba-Makhutjwa Primary cooperative at the
farmers’ feld at Ofcolaco, located at 24° 06″ 38.3″S and 30°
23″ 11.8″E near Tzaneen town. Ofcolaco receives an annual
rainfall of approximately 650 to 700mm with an average
maximum and a minimum temperature of 35°C and 18°C,
respectively. Te two locations also have diferent soil types:
sandy-clay at Syferkuil and clay-loam at Ofcolaco. Both soils

were classifed as Hutton according to the Soil Classifcation
System for South Africa. Syferkuil soils were also classifed as
chromic Luvisols while those at Ofcolaco were classifed as
rhodic Luvisols according to the World Reference Base
of 2014.

2.2. Weather Data. Two automatic weather stations were
used to provide daily weather data. At the University of
Limpopo Experimental Farm (Syferkuil), the weather station
was located at the farm, whereas at Ofcoalco, an automatic
weather station, situated approximately 25.7 km from the
experimental site were used to access daily weather data
during the period of experimentation. Te variables mea-
sured daily minimum and maximum temperatures, daily
rainfall during the growing seasons. Te variables were used
to plot Figures 2 and 3 as presented under results.

2.3. Experimental Design. Te experiment was laid out in
a randomized complete block design (RCBD) in a 2× 4× 2
factorial arrangement, replicated four times. Te treatment
factors studied were two cropping systems (intercrop and
sole), four sorghum cultivars (Avenger, Enforcer, Titan, and
NS5511), and two cowpea densities of 37037 p·ha−1 (low)
and 74074 p·ha−1 (high) under no-till dryland conditions.
Each experimental unit was 3.0m× 3.6m, consisting of four
rows of sorghum and four rows of cowpea in the inter-
cropped treatment (Figure 4). For grain sorghum, seeds were
planted at inter- and intrarow spacings of 0.9m and 0.3m,
respectively.Te cowpea was planted at an inter-row spacing
of 0.9m and an intrarow spacing of 0.3 and 0.15m to obtain
the treatment densities of 37037 and 74074 plants ha−1,
respectively. Te spacing between sorghum and cowpea in
the intercropped treatment was thus 0.45m, and the size of
the experimental unit was 10.8m2. Te details of the ex-
perimental design and management are also outlined by
Mogale et al. [12].

2.4. Installation of Collars and Measurement of Soil CO2.
For this research, CO2 emission measurements were taken
between 09h00 and 15h00 throughout the experiment from
each gas chamber. Te CO2 measurements were taken using
GMP343 CO2 probe along with MI70 data logger. Te gas
chambers were installed at each experimental unit from the
onset of the experiment during the 2018/19 and 2020/21
cropping seasons.Te chambers were installed in the middle
rows of each plot and between sorghum and cowpea in
intercropping (Figure 5(a)). Te gas chambers consisted of
two separate PVC collars. One PVC ring (0.20m diameter
and 0.15 in height) was inserted to the ground using hammer
to about 0.05m. Te other PVC collar (0.20m diameter and
0.10m height) was used as a lid, ftted CO2 probe on it, and
had a small gas valve on it to discourage pressure build up in
the chambers during measurements (Figure 5(b)). Modif-
cation of chambers, the size of PVC ring/collar, the in-
formation on the chamber lid, and measurements and
calculations of CO2 were done following the procedure
described by Munjonji et al. [13].
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2.4.1. CO2 Flux Calculations. Te CO2 collected from the
feld was in part per million, therefore was converted to
mg·m−3 using the following equation:

PV � nRT, (1)

whereP is the pressure,V is the volume, n is themoles of gas,
R is the constant value of gas law, and T is the temperature.

Te molar volume was calculated at diferent pressures
using the following formula:

Molar Volume �
RT
P

. (2)

Te CO2 in mg·m−3 was calculated at diferent tem-
peratures and pressure as follows:

Syferkuil

Experimental plot

Ofcolaco

Africa

South Africa

Limpopo Province

Syferkuil

Ofcolaco

Experimental plot

Figure 1: Te map of agroecological regions where the feld experiments were conducted during the 2018/19 and 2020/21 cropping seasons
(Risk and Vulnerability Science Centre, University of Limpopo).
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Figure 2: Rainfall, maximum and minimum temperature from
Syferkuil during the 2018/19 and 2020/21 cropping seasons.

0
10
20
30
40
50

0
10
20
30
40
50

rain (mm)
maxt (°C)
mint (°C)

Date

Te
m

pe
ra

tu
re

 (º
C)

0

50

100

150

0

10

20

30

Ra
in

fa
ll 

(m
m

)

01
-O

ct
-1

8

01
-N

ov
-1

8

01
-D

ec
-1

8

01
-J

an
-1

9

01
-F

eb
-1

9

01
-M

ar
-1

9

01
-A

pr
-1

9

01
-M

ay
-1

9

01
-J

un
-1

9

01
-O

ct
-2

0

01
-N

ov
-2

0

01
-D

ec
-2

0

01
-J

an
-2

1

01
-F

eb
-2

1

01
-M

ar
-2

1

01
-A

pr
-2

1

Figure 3: Rainfall, maximum and minimum temperature at
Ofcolaco during the 2018/19 and 2020/21 cropping season.
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CO2
mgm
3

􏼒 􏼓 �
CO2ppmxMolarweight(CO2)

22.4Lmol
⎛⎝ ⎞⎠ x

273.15K

T(K)

⎛⎝ ⎞⎠ x
P(kPa)

101kPa
⎛⎝ ⎞⎠, (3)

where CO2 in ppm is measured every 0.5 second for
5minutes, T represent the temperature of the chamber,
and P is the ambient pressure.

Te CO2 in mgm−3 was plotted against time to get the
slope inmgm−3·min−1.TeCO2 fux was calculated using the
following formula:

0.45 m

1 m

Intercrop row spacing

Cowpea sole high
density spacing

0.9 m

Sorghum sole spacing

Cowpea sole low density
spacing

0.1
5 m

0.3
 m

0.3
 m

Figure 4: Binary and sole row arrangements.

(a) (b)

Figure 5: (a) Installed pvc chamber/collar and (b) soil CO2 chamber to measure CO2 emission rates.
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CO2 Flux
mgM
2

min
1

􏼒 􏼓 �
Slopex voleme of the chamber
area covered by the chamber

.

(4)

Te cumulative CO2 emission was calculated by as-
suming the CO2 emission rate was constant from one data
point to another.

2.5. Determination of Carbon Dioxide Emission Efciency
(CEE). Dry biomass was collected at harvest maturity of
sorghum and cowpea at an area of 2.7m2 for each crop. At
each harvesting area, a total of 10 plants were sampled. Te
samples were dried in the laboratory in an oven at 65°C to
a constant weight to determine biomass weight. Te cor-
relation between dry biomass (DB) and the rate of carbon
dioxide emission (CO2E) of each crop was measured using
carbon dioxide emission efciency (CEE) as described by Hu
et al. [14]. Te authors used the following formula to cal-
culate carbon emission efciency:

CEE �
DB

CO2E
, (5)

where CEE is the carbon emission efciency, DB is the
weight of dry biomass (kg·ha−1), and CE (kg·ha−1) is the rate
of CO2 emission.

2.6.Determinationof SoilBulkDensityandSoilCarbonStocks.
Bulk density was measured at two soil depth, i.e., 0–10 cm
and 10–20 cm, sampled four times each level per plot using
the core ring method. Cores with a diameter of 5 cm and
a height of 5 cm were used. Sampled soils were then oven
dried at a temperature of 105°C for 24 hours. Te bulk
density was collected close to where the chambers for CO2
emission rates were installed. Initial and fnal soil samples
were collected per plot at two diferent depth, i.e., 0–15 cm
and 15–30 cm for two cropping seasons of 2018/19 and 2020/
21. Te drying of samples was done using the oven dry
method at a temperature of 105°C for 24 hours before
weighing them. Te soil carbon stock was determined using
soil organic carbon (SOC), bulk density (BD), and depth (D),
from which soil samples were collected as described by
Mbanjwa et al. [15]. Te following formula was used:

CS � SOCxBDx D, (6)

where CS is carbon stocks (kg·m−2), SOC is soil organic
carbon (%), BD is soil bulk density (kg·m−3), andD is the soil
depth (m).

2.7. Gravimetric Water Content and Soil Chemical Analysis.
Pre- and postplanting soil samples were collected on each
experimental unit at the depth of 0–30 cm using an auger at
the two experimental sites. Each sample was stored in a zip
bag and sealed after being collected to avoid moisture loss.
Te samples were taken to the laboratory where the fresh
weight of each sample was determined using a weighing
balance. Te samples were air-dried for seven days in the
laboratory and were weighed again to obtain dry weight.

Gravimetric water content was calculated using the fol-
lowing formula:

GWC (%) �
Freshwegiht − dry weight

dry weight
x 100. (7)

Te samples were sieved to pass through a 2mm sieve
and analysed for chemical properties. Phosphorus (P), po-
tassium (K), calcium (Ca), magnesium (Mg), zinc (Zn),
manganese (Mn), and copper (Cu) were analysed following
the procedure of Mehlich-III multinutrient extraction
method. Soil organic carbon was determined using Walkley
and Black method.

2.8. Statistical Analysis. Te relevant model assumptions,
including normality, independence, and constant variance,
were checked before data analysis. Te Statistical Analysis
System (SAS) version 9.4 was used to ft CO2 emission and
other soil data collected using a multivariate multifactor
analysis of variance (ANOVA) model. Mean separation was
done where the means were diferent, using the least sig-
nifcant diference (LSD) at probability levels of p≤ 0.05. A
regression analysis was done to test the relationship between
the CO2 emission rate and carbon stocks.

3. Results

3.1. Weather Conditions during Growing Seasons. Rainfall
occurred in most months during the trials at Syferkuil. In the
2018/19 cropping season, it rained from late October
throughout the cropping season until mid-April, as shown in
Figure 2. Te highest rainfall of more than 40mm occurred
in January 2019, with the lowest rain of less than 5mm at the
beginning of the season and towards the end of data col-
lection. During the 2020/21 cropping season, the rain fell from
November throughout the growing season until April, when
the experiment was terminated (Figure 2).Te highest rainfall
of more than 40mm occurred in January, with the lowest at
the beginning and towards the end of the cropping season.
Temperatures fuctuated during the two cropping seasons.
Temaximum temperature reachedmore than 35°C while the
minimum temperature dropped to less than 10°C.

Rainfall fromOfcolaco occurred mainly fromOctober to
February during the 2018/19 cropping season. Te highest
rainfall of more than 20mm was observed in February 2019
(Figure 3). During the 2020/21 cropping season, the highest
rainfall of about 140mm occurred in February 2021. Te
fuctuations in temperatures were also observed at Ofcolaco.
In 2018/19, the highest maximum temperature reached 40°C,
whereas the highest minimum temperature was about 10°C.
Te highest maximum temperature occurred a month before
the highest rainfall occurred (Figure 3). In the 2020/21
cropping season, the highest maximum temperature reached
about 40°C and the minimum temperature was more than
10°C throughout the growing season.

3.2. Te Efect of Cropping System on Soil Physical and
Chemical Properties. Bulk density (BD) was higher in
sole compared to the binary culture at Syferkuil during the
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2018/19 cropping season, with a mean of 1270.01 kg·m−3 and
1260.41 kg·m−3, respectively (Table 1). Te results indicated
that binary cultures had more gravimetric water content
(GWC) of 11% compared to sole cultures, which had 10%.
Phosphorus (P), potassium (K), calcium (Ca), and zinc (Zn)
concentrations were higher in the sole compared to the
binary cultures, with means of 28.49mg·kg−1,
301.84mg·kg−1, 1061.30mg·kg−1, and 3.05mg·kg−1, re-
spectively. Te results revealed that organic carbon (Org.C),
the carbon and nitrogen ratio (C:N ratio), and carbon stocks
(CS) were 8%, 18%, and 8% higher in binary compared to
sole cultures, respectively. Phosphorus was higher, with
a mean of 45.2mg·kg−1 in binary compared to sole culture,
which had 29.21mg·kg−1 P. Te soil had 8% more K in the
sole compared to binary cultures. In 2020/21 season, the BD
was 1463.10 kg·m−3 in binary and 1448.70 kg·m−3 in sole
cultures. Organic carbon and carbon stocks were 12% and
11% more in sole compared to binary cultures during the
2020/21 cropping season, respectively.

Te results fromOfcolaco revealed that BD was higher in
binary compared to sole cultures during the 2018/19
cropping season (Table 2). Sole cropping had a higher GWC
of 26% compared to binary culture, which had 21%. Te soil
had 34%, 15%, and 10% higher P, Zn, and Mn in binary
culture compared to sole culture, respectively. Te results
further revealed that soil under a sole cropping system had
higher K and Ca compared to the soil under binary culture of
10% and 1%, respectively. Te CN ratio was higher in binary
cultures compared to sole cultures. Te soil from Ofcolaco
had a BD of 1277.48 kg·m−3 compared to binary culture
which had 1201.91 kg·m−3 (Table 2) during the 2020/21
cropping season. P, Zn, and Mn were higher, whereas K was
lower in binary compared to sole cultures. Te soil had 3%
more CN ratio in the sole compared to binary culture.

3.3. Te Efect of Cropping System and Temperature on CO2
Emission Rate. During the 2018/19 growing season, the
grain sorghum-cowpea intercropping system signifcantly
(p< 0.01) infuenced CO2 emissions at 42, 28, and 56 days
after planting at Syferkuil (Figure 6). Te cropping system
did not afect CO2 emissions at 11, 78, 88, 98, and 112 days
after planting. Sole CO2 emissions were higher in sole
cultures, ranging from 0.05 t·ha−1·day−1 to 0.09 t·ha−1·day−1,
compared to binary cultures, which were between
0.04 t·ha−1·day−1 and 0.06 t·ha−1·day−1 from 11 to 56 days
after planting (Figure 6) with the average temperature
ranging from 21 to 23°C. Te CO2 emission rate decreased
from 76 to 112 days after planting in both cases as the av-
erage temperature dropped from 22 to 18°C.

In the 2020/21 cropping season, the CO2 emission rate
was higher at Syferkuil in binary cultures compared to sole
cultures between 39 and 67 days after planting, which ranged
from 0.1 t·ha−1·day−1 to 0.07 t·ha−1·day−1 and
0.09 t·ha−1·day−1 to 0.04 t·ha−1 day−1, respectively. From 91
to 117 days after planting, the CO2 fux dropped in binary
and increased in sole cultures (Figure 7). Te average
temperature did not infuence the fuctuations in CO2
emission rates in the 2020/21 cropping season. However, at

117 days after planting when CO2 emission was lower
compared to other sampling days when the average tem-
perature dropped to 15°C.

At Ofcolaco, the CO2 emission rate was higher in sole
compared to the binary culture at 39 days after planting, as
shown in Figure 8 with the means of 0.1 t·ha−1·day−1 and
0.07 t·ha−1·day−1, respectively. However, at 49 and 63 days
after planting, the CO2 emission rate was similar in sole and
binary cultures.Te CO2 emission rate continued to increase
in sole culture from 83 to 101 days after planting.

Plant density had a signifcant efect (p≤ 0.05) on CO2
emission at Syferkuil from 28 to 56 days after planting
during the 2018/19 cropping season. In the 2020/21 cropping
season, CO2 emission was signifcantly diferent (p≤ 0.05)
between low and high density between 104 and 117 days
after planting. During the 2018/19 cropping season, low
density cowpeas emitted more CO2 between 11 and 56 days
after planting (DAP) than high density cowpeas
(Figure 9(a)). CO2 emissions ranged between
0.05 t·ha−1·day−1 and 0.87 t·ha−1·day−1 at low density, and
between 0.05 t·ha−1·day−1 and 0.058 t·ha−1·day−1 at a high
density from 11 DAP to 56 DAP. CO2 emissions did not
difer between binary and sole cultures, as well as low and
high cowpea density between 76 and 112 days after planting,
according to the fndings. CO2 emission rates in low and
high density were comparable from 39 to 91 days after
planting in the 2020/21 cropping season. Low density, on the
other hand, emitted more CO2 than high density from 104 to
117 days after planting (Figure 9(b)).

Te results further revealed that the low density of the
companion crop emitted more CO2 compared to the high
density from 39 to 63 days after planting with the means of
0.087 t·ha−1·day−1, 0.133 t·ha−1·day−1, and 0.072 t·ha−1·day−1.
However, between 83 and 101 days after planting, CO2
emission rates were similar in low and high density (Fig-
ure 10). On average, low density emitted about
0.098 t·ha−1·day−1 from 39 DAP to 63 DAP, while under high
density, 0.086 t·ha−1·day−1 was emitted between the same
days after planting.

3.4. Te CO2 Emission Rate for Each Crop and the Combi-
nation of the Two Crops. Sorghum had higher emissions of
CO2 0.065 t·ha−1·day−1 in monocropping between 28 and
76 days after planting compared to cowpea inmonocropping
and the combination of sorghum and cowpea which had
0.052 t·ha−1·day−1 and 0.054 t·ha−1·day−1, respectively, dur-
ing the 2018/19 cropping season at Syferkuil (Figure 11(a)).
Te sorghum-cowpea combination emitted less CO2 com-
pared to when the two crops are planted in sole cultures
between 28 and 76 days after planting. CO2 emissions were
similar in binary and sole cropping between 88 and 112 days
after planting. When compared to other sampling dates
during the 2020/21 cropping season, sorghum-cowpea
combination and cowpea had high CO2 emissions 39 days
after planting. Sorghum emitted less CO2 in the sole at
39 days after planting. At 91 to 117 days after planting, CO2
emissions were higher in cowpea soles compared to sor-
ghum soles and the combination of sorghum and cowpea
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(Figure 11(b)). On average, cowpea sole emitted
0.060 t·ha−1·day−1 of CO2, while a combination of sorghum
and cowpea and sorghum sole emitted 0.057 and
0.054 t·ha−1·day−1, respectively.

Cowpea sole had a higher CO2 emission of
0.11 t·ha−1·day−1 at 39 days after planting compared to

sorghum sole (0.09 t·ha−1·day−1) and the combination of
sorghum and cowpea (0.07 t·ha−1·day−1) at Ofcolaco (Fig-
ure 12). However, CO2 emissions were similar for cowpea
and sorghum in sole and binary at 49 days after planting.
From 63 to 101 days after planting, cowpea sole had a higher
emission of CO2 compared to sorghum sole as well as the
combination of the two crops.

Table 1: Bulk density (BD), gravimetirc water content (GWC), and soil chemical properties from Syferkuil collected at the end of 2018/19
and 2020/21 cropping seasons.

Chemical properties
2018/19 2020/21

Binary Sole Binary Sole
BD (kg·m−3) 1260.41± 192.30 1270.01± 210.62 1463.10± 412.10 1448.70± 335.41
GWC (%) 11.08± 5.99 9.61± 4.46 10.74± 2.06 10.80± 2.49
P (mg·kg−1) 25.29± 14.19 28.49± 20.71 45.20± 18.65 29.21± 11.74
K (mg·kg−1) 250.87± 81.60 301.84± 82.55 255.60± 56.18 325.09± 53.90
Ca (mg·kg−1) 1057.92± 93.26 1061.30± 88.68 992.79± 72.97 1001.84± 57.71
Mg (mg·kg−1) 595.90± 98.18 589.01± 83.06 658.39± 95.30 712.20± 109.24
Zn (mg·kg−1) 2.48± 1.69 3.05± 2.49 6.25± 3.65 2.92± 1.45
Mn (mg·kg−1) 13.43± 3.86 13.85± 2.20 15.58± 2.13 15.08± 2.87
Cu (mg·kg−1) 2.83± 0.45 2.94± 0.33 3.19± 0.40 3.27± 0.35
Org.C (%) 0.65± 0.22 0.60± 0.23 0.75± 0.18 0.84± 0.14
C :N ratio 13.93± 8.10 11.83± 7.97 12.68± 2.87 12.68± 3.60
CS (kg·m−2) 1.46± 0.60 1.40± 0.63 2.88± 0.87 3.19± 0.66

Table 2: Soil chemical properties from Ofcolaco collected at the end of 2018/19 and 2020/21 cropping seasons.

Chemical properties
2018/19 2020/21

Binary Sole Binary Sole
BD (kg·m−3) 1555.25± 404.03 1440.97± 269.56 1201.91± 289.70 1277.48± 368.98
GWC (%) 21.27± 5.97 25.58± 7.86 15.71± 4.10 15.10± 4.85
P (mg·kg−1) 71.73± 35.66 53.43± 21.09 50.66± 26.89 43.63± 19.44
K (mg·kg−1) 151.50± 37.40 166.47± 43.74 116.78± 44.30 141.95± 46.80
Ca (mg·kg−1) 748.18± 98.77 756.69± 94.54 744.38± 98.69 741.08± 76.38
Mg (mg·kg−1) 141.87± 18.44 163.41± 24.79 149.84± 163.24± 21.37
Zn (mg·kg−1) 8.29± 3.21 7.21± 2.73 9.00± 4.79 5.75± 1.96
Mn (mg·kg−1) 39.75± 12.44 36.21± 11.98 30.91± 5.04 28.57± 4.21
Cu (mg·kg−1) 4.64± 0.39 4.51± 0.35 4.37± 0.61 4.45± 0.53
Org.C (%) 1.51± 0.14 1.58± 0.13 1.38± 0.13 1.41± 0.14
C :N ratio 70.50± 30.05 50.96± 26.67 69.68± 57.48 71.88± 36.03
CS (kg·m−2) 6.99± 1.82 6.84± 1.49 2.49± 0.56 2.67± 0.84
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Figure 6: CO2 emission rates in intercropping (binary) and sole
cropping system during the 2018/19 cropping season at Syferkuil.
ns�not signifcant; ∗� signifcant at p≤ 0.05.
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Figure 7: CO2 emission rates in intercropping (binary) and sole
cropping system during the 2020/21 cropping season at Syferkuil.
ns� not signifcant; ∗� signifcant at p≤ 0.05.
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Figure 8: CO2 emission rates in intercropping (binary) and sole cropping system during the 2020/21 cropping season at Ofcolaco. ns� not
signifcant; ∗� signifcant at p≤ 0.05.
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Figure 9: CO2 emission rate in low and high density of cowpea at Syferkuil during the 2018/19 and 2020/21 cropping seasons. ns� not
signifcant; ∗� signifcant at p≤ 0.05.
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Figure 10: CO2 emission rate in low and high density of cowpea at Ofcolaco during the 2020/21 cropping season. ns�not signifcant.
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3.5. Te Cumulative CO2 Emission during the Growing
Seasons. Te cumulative CO2 emissions emitted during
the 2018/19 cropping season were signifcantly diferent
(p≤ 0.05) in binary and sole cultures (Figure 13(a)). In the
2020/21 cropping season, there was no variation in the
cumulative CO2 emitted in binary and sole cultures at
Syferkuil. Ofcolaco showed a signifcant variation in
cumulative CO2 fux in sole and binary cultures during the
2020-21 cropping season. Te cumulative CO2 emissions
were 13% and 26% more in sole compared to binary
cultures at Syferkuil and Ofcolaco during the 2018/19 and
2020/21 cropping seasons, respectively (Figure 13(a)). Te

density of companion crops showed a signifcant variation
in CO2 emission rates at Syferkuil during the 2018/19
cropping season. During the 2018/19 cropping season,
there was a high emission of cumulative CO2 at low
density compared to high density. However, there was no
signifcant diference in cumulative CO2 fux at Syferkuil
and Ofcolaco during the 2020/21 cropping season
(Figure 13(b)). Although there was no statistical difer-
ence between low and high density during the 2020/21
cropping season at Syferkuil and Ofcolaco, more CO2 was
emitted under low density compared to high density
(Figure 13(b)).
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Figure 11: CO2 emission rates of sorghum intercropped with cowpea, sorghum in sole and cowpea in sole cultures collected at Syferkuil
during the 2018/19 (a) and 2020/21 (b) cropping seasons. ns� not signifcant; ∗� signifcant at p≤ 0.05.
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Figure 12: CO2 emission rates of sorghum intercropped with cowpea, sorghum in sole and cowpea in sole cultures collected at Ofcolaco
during the 2020/21 cropping season. ns�not signifcant; ∗� signifcant at p≤ 0.05.
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Sorghum sole cumulatively emitted higher CO2 of
5.87 t·ha−1 in 2018/19 compared to cowpea sole and the
intercrop of the two crops which had 5.14 t·ha−1 and
4.88 t·ha−1 respectively. However, in the 2020/21 cropping
season, sorghum sole had the lowest cumulative CO2
compared to cowpea when the two crops were intercropped
together. At Ofcolaco, cowpea sole had the highest cumu-
lative CO2 emitted followed by sorghum sole while the two
crops emitted less when grown in the intercropping system
(Figure 14).

Te linear regressions of cumulative CO2 at Syferkuil
and Ofcolaco during the two cropping seasons are repre-
sented in Figure 15.Te coefcient of determination (R2) for
all treatments in the sole cropping and intercropping sys-
tems was more than 0.9445 during the 2018/19 and 2020/21
cropping seasons. Sorghum intercropped with cowpea;
sorghum and cowpea in sole cropping showed a strong
linear relationship at the two locations. From 42DAP to
112DAP, a day increase resulted in cumulative CO2 of
sorghum sole increasing by 0.83 t·ha−1 followed by cowpea
sole with 0.70 ta·ha−1. Sorghum and cowpea intercrop
emitted 0.66 t·ha−1 CO2 for an everyday increase during the
2018/19 cropping season (Figure 15(a)). At Syferkuil, the
cumulative CO2 was similar in sorghum sole cropping,
cowpea sole, and a combination of sorghum and cowpea
between 11DAP and 28DAP in the 2018/19 cropping season.
In the 2020/21 cropping season, sorghum sole had 0.87
increase in CO2 for every increase in days which was the
lowest compared to cowpea sole and sorghum+ cowpea at
Syferkuil which had 0.92 and 0.94.Te results fromOfcolaco
indicated that cowpea sole had the highest cumulative CO2
followed by sorghum sole during the 2020-21 cropping
season (Figure 15(b)). At Ofcolaco, sorghum+ cowpea had
the lowest cumulative CO2 fux compared to sole cultures.
Cowpea sole had 1.5 t·ha−1 followed by sorghum sole with
1.3 t·ha−1 of CO2 emitted with an increase in each day,
whereas intercrop of the two crops had 1.2 t·ha−1 of cu-
mulative CO2 emission (Figure 15(c)).

3.6.CarbonDioxide (CO2)EmissionEfciency of Sorghumand
Cowpea in Sole Cropping and Intercropping System. Te
cropping system had a signifcant efect (p≤ 0.05) on the
CO2 emission efciency (CEE) of sorghum and cowpea at
Syferkuil in the 2018/19 cropping season. Cultivar NS5511
had a higher CEE when intercropped with cowpea, followed
by cultivars Enforcer intercropped with cowpea and En-
forcer sole, with means of 1.15, 1.10, and 1.00, respectively
(Table 3). Te treatments Avenger +Cowpea, Titan sole, and
Avenger sole had lower CEE of 0.84, 0.82, and 0.74 com-
pared to all other treatments. At Ofcolaco, the CEE of
sorghum and cowpea was signifcantly afected by the
cropping system in the 2020/21 cropping season. Te
treatment Avenger +Cowpea had a higher CEE of 0.75
compared to all other treatments in intercrop and sole
systems (Table 3).Te cultivar Enforcer utilized CO2 emitted
less efciently compared to all other treatments.

Cowpea sole had the highest CEE of 0.83 compared to all
other cowpea treatments in the intercropping system. In the
2020/21 cropping season, the cropping system did not afect
sorghum; only cowpea showed signifcant variation in terms
of CEE (Table 4). In terms of cowpea, all cowpea treatments
in the intercropping system utilized CO2 emitted more ef-
fciently at Ofcolaco compared to the sole system, as shown
in Table 4.

3.7. Te Relationship between Carbon Stocks and CO2
Emission Rate of Intercropped and Sole Treatments.
Carbon stocks and CO2 fux were regressed for each
treatment in binary and sole cultures for the two cropping
seasons at the test locations (Figures 16–18). Te results
presented are of the treatments that showed either a strong
negative or strong positive relationship between carbon
stock and CO2 fux. At Syferkuil, Avenger + cowpea,
Enforcer + cowpea, and cowpea sole showed negative re-
gression, whereas Titan + cowpea had a strong positive linear
regression between carbon stocks and CO2 fux during the
2018/19 cropping season (Figure 16).
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Figure 13: Cumulative CO2 emission rates in binary and sole cultures (a) as well as low (37037 p/ha) and high (74074 p/ha) population
density (b) at Syferkuil and Ofcolaco during the 2018/19 and 2020/21 cropping seasons.
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Figure 14: Cumulative CO2 emission rates of sorghum and cowpea in binary and sole cultures at Syferkuil and Ofcolaco during the 2018/19
and 2020/21 cropping seasons.
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Figure 15: Cumulative CO2 emissions of sorghum and cowpea in sole, sorghum, and cowpea in intercrop at Syferkuil during 2018/19 (a)
and 2020/21 (b) as well as Ofcolaco in 2020/21 (c).
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During the 2020/21 season, the intercropping systems,
Avenger + cowpea, Titan + cowpea, and NS5511 + cowpea
resulted in a negative linear relationship between carbon
stocks and CO2 fow at Syferkuil (Figure 17). Cowpea sole

showed a positive relationship between carbon stock and
CO2 fux.

Te results from Ofcolaco revealed that the relationship
between carbon stock and CO2 fux in Avenger + cowpea

Table 3: Carbon dioxide emission efciency (CEE) of sorghum in intercrop and sole systems at Syferkuil and Ofcolaco during the 2018/19
and 2020/21 cropping seasons.

Treatments Syferkuil 2018/19 Syferkuil 2020/21 Ofcolaco 2020/21
NSS551-intercrop 1.15a 0.44 0.51b

Enforcer-intercrop 1.10ab 0.40 0.47b

Enforcer sole 1.00abc 0.41 0.27c

NSS5511 sole 0.97abc 0.51 0.45b

Titan-intercrop 0.90bcd 0.45 0.52b

Avenger-intercrop 0.84cd 0.44 0.75a

Titan sole 0.82cd 0.57 0.55b

Avenger sole 0.74d 0.49 0.58b

Grand mean 0.94 0.46 0.51
P≤ 00.5 ∗∗ ns ∗∗

Table 4: Carbon dioxide emission efciency (CEE) of cowpea in intercrop and sole systems at Syferkuil and Ofcolaco during the 2018/19 and
2020/21 cropping seasons.

Treatments Syferkuil 2018/19 Syferkuil 2020/21 Ofcolaco 2020/21
Cowpea sole 0.83a 0.65a 0.49b

Cowpea-intercrop with Titan 0.69ab 0.53ab 0.84a

Cowpea-intercrop with NS551 0.61b 0.51b 0.74a

Cowpea-intercrop with Avenger 0.50b 0.41b 0.66ab

Cowpea-intercrop with Enforcer 0.50b 0.41b 0.63ab

Grand mean 0.63 0.50 0.67
P≤ 00.5 ∗∗ ∗∗ ∗∗
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Figure 16: Carbon stocks (y-axis) versus CO2 emission rate (x-axis) of sorghum and cowpea in binary and sole cultures at Syferkuil during
the 2018/19 cropping season.
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Figure 17: Carbon stocks (y-axis) versus CO2 emission rates (x-axis) of sorghum and cowpea in binary and sole cultures at Syferkuil during
the 2020/21 cropping season.
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intercrop was best described using a polynomial (Figure 18).
Te treatments Enforcer + cowpea and cowpea sole in-
dicated a strong negative linear regression between carbon
stocks and CO2 fux at Ofcolaco during the 2020/21 cropping
season. Of all the treatments, NS5511 + cowpea was the only
treatment to show a strong linear regression between carbon
stocks and CO2 fux at Ofcolaco in the 2020/21 cropping
season.

 . Discussion

4.1. Weather Conditions during the Growing Seasons and the
Efect on Carbon Emissions. Te amount of carbon stored in
the soil is calculated by balancing the carbon inputs from
crop residues with the carbon loss from emissions into the
atmosphere [14]. Tese carbon dynamics in crop production
are infuenced by cropping systems, management practices,
soil conditions such as soil moisture and bulk density, as well
as climatic variability. Te amount of CO2 emitted in this
study was infuenced by the cropping system, the number of
plants per unit area (plant density), and the environmental
conditions such as temperatures and precipitation of each
growing season. Weather variables such as temperature and
precipitation were found to play a signifcant role in the
variation in CO2 emissions from one cropping season to the
next in this study. Te rainfall and temperature in this study
were diferent from one season to another and across lo-
cations. High rainfall in 2020/21 and the minimum tem-
perature of more than 10°C resulted in higher CO2 emission
rates.Warmer summer temperatures, according toMunjonji
et al. [16], are the driving factors in the soil releasing more
cumulatively CO2. Tese fndings suggest that seasonal
environmental conditions especially temperature and pre-
cipitations had an impact on CO2 emissions. Te fuctua-
tions and seasonal variations were also reported by other
authors [16, 17].

4.2. CO2 Emission under Sole and Intercrop Systems.
During the 2018/19 season at Syferkuil and 2020/21 seasons
at Ofcolaco, intercropping systems emitted 11% and 19%
less CO2, respectively, compared to sole cropping systems.
Other authors have also reported relatively low CO2
emissions in intercropping systems [17–19]. Terefore,

planting two crop species on the same plot of land reduces
CO2 emissions compared to planting only one species as
a result of the interaction between intercropping pop-
ulations [20]. Furthermore, Hauggaard-Nielsen et al. [21]
reported that the lower CO2 emissions in cereal-legume
intercropping compared to sole cropping are due to the use
of fewer amounts of nitrogen fertilizers. Synthetic fertil-
izers are the primary source of greenhouse gas emissions
in cropping systems and thus, planting in a sole cropping
system would require more fertilizers to improve pro-
ductivity. However, in an intercropping system,
cereal plants could beneft from the legume thereby re-
ducing the cost of fertilizer. Cereal-legume intercrop
may be an appropriate production practice for mitigating
high CO2 emissions as shown by the fndings of this
study [22].

Our fndings also revealed that sorghum sole produced
more CO2 than cowpea sole or the intercrops. Many studies
have found that cereal crops emit signifcantly more CO2
than legumes or cereal-legume intercrops [23–25].
According to Shao et al. [26], as a coping mechanism for
high competition in an intercropping system, cereal crops
inhibit growth by reducing their root node. As a result, more
CO2 may be emitted by crops rather than utilized for
photosynthetic activities. In this study, sorghum in the
intercropping system emitted more CO2 during the growing
period and began to decrease when cowpea was harvested
76 days after planting. Te author also stated that the CO2
peak occurred at the same time in intercrop and sole
cropping and decreased signifcantly as crops matured and
harvested. A similar pattern was observed in this study. Te
CO2 emission rate decreased after crops have reached
fowering and milking stages and were moving towards
maturity.

4.3. Diferent Cowpea Densities and CO2 Emissions. Plant
density is frequently used to gain yield advantage per unit
area. Te density of the companion crop cowpea had
a signifcant efect on CO2 emissions in this study where
a relatively higher emission of CO2 was recorded at low
density than at high density. Te fndings contradicted what
Yang et al. [25] discovered, as the author reported that high
maize density increased CO2 emissions compared to low
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Figure 18: Carbon stocks (y-axis) versus CO2 emission rates (x-axis) of sorghum and cowpea in binary and sole cultures at Ofcolaco during
the 2020/21 cropping season.
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density. High density increases plant community compo-
nents such as dry biomass as a result of efcient utilization of
carbon in the soil [27].

4.4. Carbon Dioxide Emission Efciency of Intercrop and Sole
Sorghum and Cowpea. CO2 emission efciency is used to
calculate how much dry biomass or grain yield is accu-
mulated per unit of carbon emitted under various crop
production practices [14]. Te study’s fndings revealed
that cropping system had a signifcant efect on CEE of
sorghum and cowpea across various agroecological con-
ditions. Intercropping has a higher CEE than sole cropping,
according to Yin et al. [24]. Te higher CEE for cultivars
NS5511 and Enforcer reported in this study indicates that
the cultivars were able to accumulate more biomass per
unit of carbon emitted from the soil. CEE by sorghum
cultivars, on the other hand, was infuenced by cropping
season and agroecological regions. When compared to
Syferkuil, Avenger was able to use carbon more efciently
in intercrop and sole at Ofcolaco. Te results also revealed
that cowpea sole cropping had higher CEE than inter-
cropping at Syferkuil due to less competition and an im-
proved root system [28]. Cowpea intercropping had
a higher carbon use efciency than sole cropping at
Ofcolaco. According to Mathew et al. [29], carbon allo-
cation is afected by crop species and growing environment
temperature.

4.5. Physical and Chemical Properties of the Soil.
Regression analysis can be used to determine the relation-
ship between carbon stocks and CO2 emission rates. In-
tercrop and sole treatments were used in this study to regress
CS and CE. Te fndings revealed that the strength of the
relationship between the two variables varied according to
the treatment, which difered from one agroecological region
to the next. At Syferkuil, soil carbon stocks increased with an
increase in gravimetric water content which also resulted in
high organic carbon. Although the cropping system had no
signifcant efect on the physical and chemical properties of
the soil, visualization revealed variation from one location to
another and across seasons. For example, BD, org.C, and CS
were higher in 2020/21 at Syferkuil compared to the 2018/19
cropping season. However, at Ofcolaco, BD, org.C, and CS
were higher during the 2018/19 cropping season than during
the 2020/21 cropping season. Te results were in contrary
with what Abbady et al. [30] reported. Te author indicated
that soil properties such as BD and moisture content were
signifcantly afected by the cropping system. Furthermore,
the seasonal variability and treatment efect showed dif-
ference in soil properties in intercrop and sole system. Te
seasonal variability efect on soil physical and chemical
properties was also observed in this study. Additional in-
formation on the variation across the seasons is outlined by
Mogale et al. [31]. Across all cropping seasons of test lo-
cations, cropping system did not afect P, K, Ca, Mg, Zn, Mn,
and Cu. Munjonji et al. [13] reported no signifcant dif-
ference for P, K, Ca, Mg, Zn, Mn, and Cu under drought
conditions.

5. Conclusion and Recommendations

Findings from the study revealed that cowpea-sorghum
intercrop released less soil CO2 compared to the sole of
the two crops, and hence could be a more sustainable crop
production practice. Tis assist with provision of data on the
intercropping system as a sustainable crop production
practice with protection to cultivated land. Furthermore,
growing crops in intercrops improved the crop’s carbon
emission efciency. More dry matter (biomass) is accu-
mulated with the reduction in CO2 emission. When the two
crops were planted as monocultures, sorghum was found to
emit more CO2 than cowpea. Cowpea density also signif-
cantly impacted CO2 emission rates, with high density
(74,074 plants per hectare) emitting less soil CO2. Fur-
thermore, the study found that agroecological conditions
that difer from season to season play an important role in
carbon dynamics in the soil. Tis implies that the long-term
seasonal CO2 emissions in the intercropping system is re-
quired to understand the patterns of fux over a magnitude
of growing period. Te fndings from this study may be
useful in understanding the importance of intercropping
systems on carbon storage and loss. However, more research
is needed to fully understand how intercropping systems and
conservation practices such as no-till systems afect CO2
emissions. Te study also had limitations of relating the CO2
emissions results observed in this study to soil microbial
activities. Soil microbial activity was not studied in the re-
search but for future research, a serious consideration must
be given to it. Furthermore, root activities should be in-
vestigated in order to observe the carbon dynamics between
plants and soil.
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