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Abstract

Background: Land-use systems that sequester carbon and reduce CO2 emissions are key in the global mitigation
strategies of climate change. Greenhouse gas emission from agro-ecosystems in sub-Saharan Africa is little studied.
Here, we quantified soil carbon stock (SCS) and CO2 emissions from three land-use systems viz. arable land, oil palm
plantation and forestland in the semi-deciduous forest zone of Ghana.

Results: Soil organic carbon concentration at the 0–15 cm layer in the forestland was 62 and 23% greater than
that in the arable land and palm plantation, respectively. The SCS along the 1.0-m profile was 108.2, 99.0 and 73.5
Mg ha−1 in the forestland, palm plantation and arable land, respectively. Arable land emitted 30–46% more CO2

than palm plantation and forestland. In the dry season, CO2 emissions were respectively 0.93, 0.63 and 0.5 kg ha−1

h−1 from the arable land, palm plantation and forestland. Positive relationships were observed between CO2

emissions and SCS, soil temperature, and moisture. The SCS greatly influenced CO2 emission in the dry season
more than in the wet season in the relatively higher carbon-input systems (forestland and palm plantation). Soil
temperature accounted for more than 55% of CO2 emissions in both seasons, which has implications in the era of
rising global temperatures.

Conclusions: The study provides relevant information on carbon storage abilities of the three land-use types in
tropical climate and calls for drastic climate change actions to reduce degradation of forest cover and soil
disturbance in agro-ecosystems in sub-Saharan Africa.

Keywords: Arable land, Carbon dioxide emission, Climate change, Soil moisture, Soil temperature, Sub-Saharan
Africa

Background
Climate change has, over the years, been a global con-
cern driven by elevated concentrations of greenhouse
gases (GHGs) in the atmosphere, of which, carbon diox-
ide (CO2) is the most important (Stavi and Lal 2013).
Land management practices, which sequester carbon or
reduce the emissions of CO2,, are being considered in
the mitigation strategies of climate change (Zomer et al.
2008; Logah et al. 2020). Programmes and institutions
have been established at national and international levels
to look into climate change and land use, predict likely
changes and corresponding impacts and suggest

responses regarding adaptation to climate change and
mitigation (Garnaut 2008; Department of Environment
and Resource Management (DERM) 2011). For example,
programmes such as the Clean Development Mechanism
(CDM), which was commenced under the Kyoto Proto-
col and the reducing emissions from deforestation and
forest degradation in developing countries (REDD+)
through the United Nations Framework Convention on
Climate Change (UNFCCC) are giving financial assist-
ance to support the sequestration of carbon and reduce
the emissions of greenhouse gas from land-use change
(Dayamba et al. 2016). However, data availability on soil
carbon stocks and emissions of CO2 associated with land
use is hindering the implementation of these mecha-
nisms in tropical countries (Verchot et al. 2012).
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The soil has become one of the most vulnerable re-
sources globally via climate change, land degradation
and loss of biodiversity (FAO and Intergovernmental
Technical Panel on Soils (ITPS) 2015). It plays a crucial
role in the fight against climate change by controlling
the global carbon cycle. The soil represents the most im-
portant long-term organic carbon reservoir in the terres-
trial ecosystems, which act as a source or a sink of
atmospheric CO2. It contains approximately twice (1500
Pg C) the amount of carbon (C) in the atmosphere
(about 800 Pg C) and about three times the amount in
plant biomass (500 Pg C) (Schimel 1995; Lal 2004; Inter-
governmental Panel on Climate Change (IPCC) 2007;
Tarnocai 2009). However, the large soil reserve is not
permanent and results from a dynamic equilibrium be-
tween organic and inorganic materials leaving and enter-
ing the system. Hence, a relatively small change in the
soil carbon pool can enhance or mitigate considerable
CO2 concentrations in the atmosphere (Lal 2004; FAO
2017). Land-use types have major influence on soil C
stock. The type of vegetation cover influences the abun-
dance of organic carbon in the soil (Jobbagy and Jackson
2000), which in turn affects plant production.
In tropical countries, the contribution of agriculture

and forest to GHG emissions is very significant
(Asumadu-Sarkodie and Owusu 2016). Agriculture being
a major contributing factor of climate change, contribut-
ing up to 29% of the annual GHG emissions, is also part
of the solution as it offers opportunities for alleviation
through soil carbon capture, plant biomass production
and improved land use management (Nelson 2009;
Vermeulen et al. 2012). In spite of the global attention
given to agricultural land use management as an import-
ant initiative in reducing C emissions to the atmosphere,
its inclusion in farming systems in sub-Saharan Africa
(SSA) is limited (Tiessen et al. 1998; Smalling and Dixon
2006; Bationo et al. 2007; Agboadoh 2011).
The REDD+ initiative currently considers C conver-

sion in farming systems a thematic area for emission re-
duction. Also, the potential consideration of soil carbon
credit under the Kyoto Protocol emphasizes the need for
a detailed data on soil C stocks in SSA (Takimoto et al.
2008; Nketia et al. 2009). However, the complexity of
the dynamics underlying soil C storage and release
makes the evaluation of soil C sources and sinks difficult
and still not well understood (Wang and Hsieh 2002;
Scharlemann et al. 2014). In Africa, not much has been
done on soil C storage and especially emissions in land-
use systems (Yao et al. 2010). This is despite the fact that
such data will help predict the rate of change of carbon
stock and other environmental variables associated with
land-use systems and also engender a better understand-
ing of the influence of terrestrial ecosystems on the cli-
mate. This study therefore sought to quantify soil

carbon stock and CO2 emissions under selected agro-
ecosystems and adjacent forestland and to establish the
extent to which the emission is influenced by soil factors
in a tropical climate.

Methods
Experimental site and plot layout
The study was conducted at the Agricultural Research
Station, Anwomaso of the Kwame Nkrumah University of
Science and Technology (KNUST), Kumasi. The site is lo-
cated in the Semi-deciduous Forest Agro-ecological Zone
of Ghana and lies on latitude 6.69514° N and longitude
1.52477° W geographically. The area is characterized by a
bimodal rainfall regime with March to July as the major
season with the minor season spanning from September
to November. The bimodal rainfall regime is interspersed
with a short dry spell in August. The mean rainfall
amount in the study area ranges between 1300 and 1500
mm annually (Opoku-Ankomah and Cordery 1994;
Nkrumah and Adukpo 2014) with the mean annual
temperature ranging between 22 and 31 °C (Adu 1992).
The soil type is Plinthic Vetic Lixisol (Amegashie 2014).
Three different land-use systems, namely, oil palm

plantation, arable land and natural forestland at the Re-
search Station were selected for the study. The oil palm
plantation has been in existence since the year 2000.
Soils in the plantation do not receive any form of
fertilizer. Weed control (manual, mechanical and some-
times the use of weedicides) and pruning are the key
management practices carried out in the plantation. The
arable land at the Research Station is mainly used for
the cultivation of maize, plantain, cassava, yam, coco-
yam, vegetables (cabbage, tomato, pepper, okro, lettuce)
and sometimes legumes. It has been under cultivation
for over 20 years. Experimental plots on the arable land
were laid on the maize farms. Inorganic fertilizers (spe-
cifically N, P and K) are applied to the soils in areas
where maize is cultivated at a rate of 90 – 60 − 60 kg
ha-1 N − P2O5 − K2O (Tetteh et al. 2008; Logah et al.
2011). Other management practices such as weed and
pest control are also carried out. The nearby forestland
(measuring (~ 2½ ha) used for this study has never been
cultivated. In each of the land-use systems, a 1.0-ha area
was demarcated within which, five 20 × 20m plots were
randomly demarcated. The three land-use systems con-
stituted the treatments for the study.

Soil and CO2 fluxes sampling
Soil sampling was done randomly at 0–15 and 15–30 cm
depths from each of the subplots for routine analyses.
Ten (10) samples were taken at both depths in each sub-
plot and bulked as composite sample, representative of
each plot. In the ecosystems, deep auguring was also
carried out in each subplot at 0–15, 15–30, 30–50 and
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50–100 cm depths for soil organic carbon stock deter-
mination. Carbon dioxide (CO2) fluxes sampling was
done at three randomly selected points in each plot
within each land-use system. This was done for 30 days
each in both the dry (February to March 2019) and wet
(June to July 2019) seasons at 48 h interval.

Laboratory and analytical procedures
All analyses were carried out in the Soil Science Labora-
tory of the Department of Crop and Soil Sciences,
KNUST. Prior to analysis, soil samples were air-dried,
crushed and sieved through a 2-mm mesh sieve. Bulk
density was determined from core samples following
oven drying at 105 °C for 24 h. The hydrometer method
was used for soil texture determination (Anderson and
Ingram 1998). The pH of the soils was measured using
pH meter (PHS – 3E 510) in a 1:1 soil: water suspension.
Soil organic carbon (SOC) and total nitrogen (N) were
determined on the elemental analyser (Vario Macro
cube, Germany). The Bray 1 method was employed for
the determination of available phosphorus (Bray and
Kurtz 1945). Exchangeable bases (Ca2+, Mg2+, K+ and
Na+) were extracted with ammonium acetate (1.0 M
NH4OAc) at pH 7 (Black 1986) whereas exchangeable
aluminium was extracted with 1.0M KCl and titrated
with 0.1 M NaOH. Effective cation exchange capacity
(ECEC) was calculated by summation of the exchange-
able bases and exchangeable aluminium (Al3+). Soil mi-
crobial biomass carbon, nitrogen and phosphorus (MBC,
MBN and MBP) were determined using the chloroform
fumigation and extraction procedure described by Ladd
et al. (1990).

Calculation of soil organic carbon stock (SCS)
The SCS was calculated using the Donovan (2013)
formula:

SCS Mg ha − 1� � ¼ SOC� BD� V ð1Þ

where:
SCS = soil organic carbon stock (Mg ha−1)
SOC = soil organic carbon concentration
BD = soil bulk density (kg m−3)
V = volume of soil (m3)

Measurement of soil CO2 production
The gas entrapment method was employed to measure
CO2 emissions from the soil (Hutchinson and Mosier
1981; Sullivan et al. 2008). Polyvinylchloride (PVC)
chambers were inserted into the soil (5 cm deep). Ten
millilitres of 3M NaOH solution was dispensed into a
vial and placed under the chamber to trap CO2 evolving
from the soil. Control vials containing the same volume
of 3M NaOH (with their lids on to exclude CO2

evolving from the soil) were also placed under the cham-
bers. Sampling of CO2 emission from the soil was done
at 48 h interval for 30 days. At sampling, the vials were
removed and covered immediately with lids. The evolved
CO2 from the soil was measured by back titration using
1.0M HCl and phenolphthalein indicator. The mass of
CO2 was calculated as (Crossno et al. 1996):

CO2 gð Þ ¼ C HClð Þ � V HClð Þ �MCO2 ð2Þ

where:
CO2 = mass of carbon dioxide evolved
C(HCl) = molarity of HCl used
V(HCl) = volume of HCl
MCO2 = molecular weight of CO2

Soil temperature and moisture content were measured
along with CO2 sampling during the period of the ex-
periment. Soil temperature was measured at 5 cm depth
using a digital probe while moisture content was deter-
mined by the gravimetric method.

Statistical analysis
Analysis of variance (ANOVA) was performed on all pa-
rameters separately using the GenStat statistical package
(edition 12). Mean separations were done using the least
significant difference (LSD) method at 5% probability
level. Regression and correlation analyses were done to
determine the relationship between CO2 emission rates
and selected soil parameters (temperature, moisture)
and SCS. The significance of the relationships was tested
at 5% level of probability.

Results
Edaphic characteristics of the land-use systems
Soil physical properties of the land-use systems exam-
ined are presented in Table 1. Generally, soil bulk dens-
ity increased with depth in all the land-use systems with
higher values (p < 0.05) observed in the arable land than
in the oil palm plantation and forestland at the 0–15 cm
depth. However, similar values (p > 0.05) were observed
among the land-use systems at the 15–30 cm depth. Soil
moisture content was significantly greater (p = 0.002) in
the oil palm plantation and forestland than in the arable
land in the surface soil. The soil textural class was sandy
loam in the arable land and loam in both the oil palm
plantation and forestland.
Soil pH differed across the land-use systems (Table 2).

Lower values (p < 0.001) were recorded in forestland
than in arable land and oil palm plantation. At the 0–15
cm depth, SOC content was about 62% greater in the
forestland than in the arable land and about 23% greater
than in the oil palm plantation. At the 15–30 cm depth,
similar amounts of SOC were recorded between the for-
estland and oil palm plantation, which were significantly
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(p < 0.001) greater than that of the arable land. The for-
estland had the greatest (p < 0.001) soil total N content
with that of the arable land being the least. In the sur-
face soil, the forestland was about twice greater in soil
total N than the arable land with values also 37% greater
than that of the palm plantation. Soil available P was >
20mg kg–1 in the land-use systems and was greater (p <
0.05) in the forestland at both depths than in the oil
palm plantation and the arable land. As typical of SSA
soils, effective cation exchange capacities (ECEC) ob-
served were very low (< 10 cmol(+) kg

−1 soil) in all land-
use types.
Soil microbial biomass C, N and P across the land-use

systems were greater during the wet season than in the
dry season (Table 3). As expected, MBC was relatively
greater in the surface soil. In the dry season, the forest-
land had greater MBC, MBN and MBP (p < 0.05) than
the arable land and oil palm plantation. During the wet
season, there were 117 and 41% increase in MBC in the
forestland over the arable land and the palm plantation,
respectively in the surface soil. Similarly, MBN and MBP
were greatest (p < 0.05) in the forestland and least in the
arable land.

Soil organic carbon stock (SCS) of the land-use systems
The amounts of SOC stored in the various land-use sys-
tems to 100 cm depth were estimated (Table 4). The

greatest SCS (p < 0.001) was recorded in the forestland
at 0–15 cm depth, followed by the oil palm plantation
(18.8 Mg ha−1). The arable land had the least SCS (16.4
Mg ha−1). There were no significant differences (p >
0.05) in SCS between the forestland and the oil palm
plantation in the 15–30, 30–50 and 50–100 cm depths.
However, smaller amounts of SCS (p < 0.05) were re-
corded in the arable land than in both the forest and oil
palm plantation. The total SCS (0–100 cm) observed
among the land-use systems was greatest (p < 0.001) in
the forestland, which was about 47 and 9% more than
that of the arable land and oil palm plantation,
respectively.

Soil temperature and moisture variations in the land-use
systems
Soil temperature and moisture variations were moni-
tored to determine their effect on soil CO2 emissions
throughout the study period (Figs. 1 and 2).

Soil temperature
Temperatures were particularly higher in the arable land
than in the forestland in both seasons (Fig. 1). Average
soil temperatures during the study period were 36.3,
28.9 and 26.7 °C in the dry season and 28.4, 25.9 and
25.2 °C in the wet season in the arable land, oil palm
plantation and forestland, respectively. Similar patterns

Table 1 Soil physical characteristics in the land-use systems

Bulk density (g cm−3)

Land-use type

Soil depth (cm) Arable land Oil palm plantation Forest land LSD (0.05) F.pr CV (%)

0–15 1.56 1.22 1.19 0.16 0.002 7.1

15–30 1.62 1.54 1.52 NS 0.27 5.6

30–50 1.63 1.51 1.53 0.10 0.05 3.9

50–100 1.65 1.52 1.55 0.10 0.04 3.7

Land-use type

Soil depth (cm) Arable land Oil palm plantation Forest land LSD (0.05) F.pr CV (%)

0–15 Dry season Soil moisture (g g-1) 0.03 0.07 0.09 0.03 0.002 17.5

Wet season 0.08 0.24 0.19 0.03 0.01 19.5

Sand (%) 54.55 50.39 45.73 NS 0.06 8.2

Silt (%) 30.33 38.03 34.75 NS 0.13 13.2

Clay (%) 15.12 11.57 19.53 5.9 0.04 22.5

Texture Sandy loam Loam Loam

15–30 Dry season Soil moisture (g g-1) 0.05 0.9 0.09 NS 0.15 28.7

Wet season 0.09 0.17 0.12 3.3 < 0.001 7.1

Sand (%) 55.55 47.36 42.05 3.5 < 0.001 4.3

Silt (%) 31.65 38.87 37.66 3.5 0.01 5.6

Clay (%) 12.80 13.77 20.03 4.9 0.02 18.5

Texture Sandy loam Loam Loam
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in temperature variations were observed between the
wet and the dry seasons among the land-use systems. In
the arable land, soil temperature ranged between 31.2
and 41.3 °C (13th and 5th sampling periods respectively)
in the dry season and 25.7 and 30.5 °C (15th and 8th
sampling periods respectively) in the wet season.
Temperature recorded under the oil palm plantation in

the dry season was highest at the 1st sampling period
and least during the 11th sampling period. In the wet
season, temperature decreased from 27.3 °C during the
1st sampling period to 24.3 °C in the 2nd period and
thereafter increased to 26.8 °C in the 3rd period. The
fluctuation continued and peaked again at the 8th sam-
pling period (27.8 °C) and declined to 24.3 °C in the last

Table 2 Soil chemical characteristics in the land-use systems

Soil depth
(cm)

Land-use type

Arable land Oil palm plantation Forest land LSD (0.05) F pr CV (%)

0–15 pH (1:1 H2O) 6.17 5.85 4.80 0.66 0.01 6.8

SOC (%) 0.69 0.91 1.11 0.09 < 0.001 6.4

Total N (%) 0.05 0.08 0.11 0.02 < 0.001 11.5

Ava. P (mg kg−1) 23.00 21.91 25.74 1.90 0.01 4.7

Exchangeable cations (cmol(+) kg
−1 soil)

K+ 0.21 0.23 0.28 0.04 0.01 8.7

Ca+ 1.03 1.58 1.70 0.34 0.01 13.6

Mg2+ 0.48 0.58 1.00 0.43 0.05 37.1

Na+ 0.12 0.16 0.22 0.03 0.001 12.8

Al3+ 0.09 0.12 0.17 0.03 0.02 12.1

ECEC 1.92 2.65 3.38 0.23 0.001 11.6

15–30 pH (1:1 H2O) 6.15 5.90 4.83 0.33 < 0.001 3.4

SOC (%) 0.58 0.90 1.01 0.12 < 0.001 8.6

Total N (%) 0.05 0.08 0.08 0.01 0.001 12

Ava. P (mg kg−1) 22.43 21.10 25.58 3.33 0.04 8.4

Exchangeable cations (cmol(+) kg
−1 soil)

K+ 0.17 0.21 0.18 NS 0.21 19.2

Ca+ 0.73 1.88 1.78 0.45 0.001 17.9

Mg2+ 0.7 0.55 1.47 0.35 0.001 22.4

Na+ 0.09 0.10 0.13 NS 0.09 24.4

Al3+ 0.06 0.09 0.11 0.02 0.002 21.5

ECEC 1.74 2.83 3.67 0.88 0.003 20.67

Table 3 Soil microbial biomass C, N and P in the land-use systems

Land-use type Soil depth
(cm)

Dry season Wet season

MBC MBN MBP MBC MBN MBP

(mg kg−1)

Arable land 0–15 61.99 33.8 6.12 68.4 33.8 10.19

15–30 53.82 39.51 6.52 49.5 39.5 8.88

Oil palm plantation 0–15 75.75 58.93 9.83 104.9 84.4 15.58

15–30 70.03 38.47 8.20 79.9 53.4 14.33

Forest land 0–15 101.98 81.7 11.88 148.6 101 15.69

15–30 99.65 66.11 10.59 119.4 88.4 18.14

LSD (0.05) 11.72 18.6 2.85 12.92 15.79 6.58

Fpr < 0.001 < 0.001 0.003 < 0.001 < 0.001 0.05

CV (%) 10.1 23.2 21.3 9 15.7 31.6

MBC Microbial biomass carbon, MBN Microbial biomass nitrogen, MBP Microbial biomass phosphorus
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(15th) sampling period. In the forestland, temperatures
were highest in the 1st, 5th and 15th sampling periods
in the dry season. In the wet season, temperature ranged
from 24 °C in the 2nd and 15th sampling periods to
26.9 °C in the 8th sampling period.

Soil moisture
Soil moisture contents were generally lower in the arable
land than in the other land-use systems in both seasons
(Fig. 2). Average soil moisture contents were 0.04, 0.11
and 0.12 g g−1 in the dry season and 0.07, 0.19 and 0.18
g g−1 in the wet season in the arable land, oil palm plan-
tation and forestland, respectively. During the dry sea-
son, soil moisture content peaked at three sampling
periods in all land-use systems: 7th, 10th and 13th with
0.08, 0.17 and 0.2 g g−1, 0.06, 0.2 and 0.18 g g−1 and 0.12,
0.22 and 0.24 g g−1 for the arable land, oil palm plantation
and forestland, respectively. In the arable land, soil mois-
ture content fluctuated from the 1st sampling period till it

peaked at the 11th sampling period (0.12 g g−1), dropped
to 0.05 g g−1 at the 13th period and up-surged to 0.09 g g−1

at the last sampling period (15th) in the wet season. Fluctu-
ations in soil moisture contents were also observed from
the 1st sampling time till there was a peak at the 9th sam-
pling period in the oil palm plantation and 10th and 11th
periods in the forestland. There was a general decrease in
moisture content to 0.12 and 0.15 g g−1 at the 13th period
and a rise at the last period (15th) in oil palm plantation
and forestland, respectively.

Soil CO2 emission from the land-use systems
Figure 3 shows the results of CO2 emitted from the
land-use systems in both dry and wet periods of the
study. Carbon dioxide emissions were greater in the wet
season than in the dry season across the land-use sys-
tems. Emissions in the wet season were 3-fold greater in
forest and palm plantation and 6-fold greater in the ar-
able land than in the dry season. Average CO2 emissions

Table 4 Soil organic carbon stock in the land-use systems

Land-
use
type

Soil carbon stock (Mg C ha−1)

Soil depth (cm) 0–15 15–30 30–50 50–100 Total (0–100)

Arable land 16.4 13.9 15.0 28.3 73.5

Oil palm plantation 18.8 18.6 21.4 40.2 99.0

Forest land 22.5 20.5 23.4 41.7 108.2

LSD (0.05) 1.9 2.7 3.6 4.7 6.7

F.pr < 0.001 0.003 0.003 < 0.001 < 0.001

CV (%) 5.7 9 10.6 7.4 4.2

Fig. 1 Soil temperature of the land-use systems
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for arable land, oil palm plantation and forestland were
0.93, 0.63 and 0.5 kg ha−1 h−1 and 3.18, 2.22 and 3.02 kg
ha−1 h−1 in the dry and wet seasons, respectively.
In the dry season, CO2 emissions were generally

greater (p < 0.05) in the arable land followed by the oil
palm plantation, while the forestland produced the least
emission. At the first sampling period, CO2 emission
was significantly (p = 0.01) greatest in the oil palm plan-
tation and least in the forestland. The emission patterns
were maintained till the 4th sampling period where sig-
nificantly greatest CO2 emission was recorded in the ar-
able land with forestland emitting the least. The CO2

emissions increased sharply from the 4th period and
peaked at the 7th sampling time in all land-use systems
with oil palm plantation producing relatively greater
emissions and the arable land, the least. The emissions
peaked at the 13th sampling time with the arable land
emitting more CO2. The CO2 emissions decreased to
0.97, 0.43 and 0.67 kg ha−1 h−1 at 30 days in the arable
land, oil palm plantation and forestland, respectively.
Similarly, the arable land emitted more CO2 in the wet

season than the forestland and oil palm plantation. Simi-
lar (p > 0.05) amounts of CO2 were emitted from the 1st
to the 6th sampling periods among the land-use systems.

Fig. 2 Soil moisture content of the land-use systems

Fig. 3 CO2 emissions from the land use systems
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At the 7th period, the arable land significantly (p = 0.03)
emitted the greatest amount of CO2 while the oil palm
plantation emitted the least. The emissions fluctuated
from the 7th to the 9th periods and then peaked at the
10th sampling period with the forestland emitting sig-
nificantly the greatest amount of CO2 (p = 0.01). Cumu-
latively, greater CO2 emissions were recorded in the wet
season than the dry season.

Relationships between soil temperature, moisture, SCS
and CO2 emissions
Regression and correlation analyses were performed to
determine the relationships among soil CO2 production

and soil temperature, moisture and SCS in both the dry
and wet seasons. There were significant (p < 0.05) corre-
lations between CO2 production and soil temperature,
moisture and SCS (Figs. 4, 5 and 6). Soil temperature ex-
plained 68.5, 66.7 and 68.2% of total CO2 emitted in the
dry season and 62.8, 67.6 and 55.4% in the wet season in
the arable land, oil palm plantation and forestland, re-
spectively (Fig. 4a, b). The predictive power of the
models, given by R2 for soil moisture and CO2 evolu-
tions were generally low in both seasons (Fig. 5a, b).
Nonetheless, positive and significant (p < 0.05) relation-
ships were recorded between soil moisture contents and
CO2 emissions in the dry season (a) and in the wet

Fig. 4 Relationships between soil temperature and CO2 production in the land-use systems for both dry (a) and wet (b) seasons
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season (b) for the arable land, oil palm plantation and
forestland, respectively. Significant (p < 0.05) and posi-
tive correlations were recorded between SCS and CO2

production. Soil carbon stock was responsible for 51.7
and 59.9% of CO2 productions in forestland and oil palm
plantation respectively, in the dry season. Relationships
between CO2 production and SCS were stronger in the
dry season than in the wet season in both the oil palm
plantation and forestland, but weaker in dry season than
the wet season in the arable land (Fig. 6).

Discussion
Soil characteristics in the land-use systems
Soil bulk density is one of the important physical prop-
erties, which connects the general structural characteris-
tics of the soil (Chen et al. 2010) and is very relevant in

ecosystem studies. Though it is influenced by a number
of factors, the lower values observed in the forestland
than in the arable land and the palm plantation may be
due to the relatively greater SOC (Table 2) and clay con-
tents (Table 1) in the forest system. Soil organic carbon
is known to increase soil stability by reducing compac-
tion (Morisada et al. 2004). Apart from the variations in
the clay and SOC contents accounting for the differ-
ences in soil bulk density among the land-use systems,
the higher values of the arable land may also be due to
soil disturbance via tillage operations from intensive
farming activities (Homann et al. 2004; Agbeshie et al.
2020). Tillage causes soil compaction through increase
in soil micro-porosity and reduction in macro-
porosity with adverse implications for ecosystem plant
productivity.

Fig. 5 Relationships between soil moisture and CO2 production in the land use systems for both dry (a) and wet (b) seasons
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Soil moisture content was greater in the forestland
and oil palm plantation (Table 1) as a result of the
closed canopy cover in these land-use systems. This pos-
sibly reduced the direct impact of the sun’s rays, thereby
reducing evaporation of soil water from these systems.
The greater SOC and clay contents of these land-use
systems could also account for the observation. Higher
SOC levels generally correspond to increase water-
holding capacity, soil aggregation and decreased alumin-
ium toxicity (Saiz et al. 2012).
Apart from the forestland, where the SOC and total N

contents were moderate (as per the ratings of Boerma
et al. 1995 and Council for Scientific and Industrial
Research-Soil Research Institute (CSIR–SRI) 2007), the
values recorded in the arable land and the palm planta-
tion were low. Vegetation has been identified to have
significant impact on soil properties (Wang et al. 2010).
This comprises species-specific influence on the quality
and amount of leaves and roots litter produced (Talkner
et al. 2009; Agboadoh 2011). According to Chen et al.
(2000), litter production is a key supplier of SOM in for-
est biomes, probably accounting for the relatively greater
SOC content in the forestland than the other land-use
systems (Table 2). Significant changes in soil chemical
properties following change in vegetation from natural
forest to other land-use systems have been reported
(Owusu-Bennoah 1997; Gimeno-Garcia et al. 2000;
Wang et al. 2001; Mhawish 2015). Carbon turnover,
transformation and microbial biomass are linked to the
texture of the soil and these processes are usually

connected to the amount of clay (Bauhus et al. 1998). As
indicated earlier, greater clay content in both depths was
recorded in the forestland than in the other land-use
systems (Table 1).
Soil total N is highly related to C content in the soil as

it forms part of organic matter. Loss of nitrogen occurs
by volatilization and reduction in organic matter when
forest vegetation is converted to other land-use systems
(Gol and Dengiz 2008; Sigua et al. 2014). This suggests
that lands without enough canopy cover are predisposed
to high temperatures (especially in tropical climate),
which increases rate of organic matter decomposition
(Alegre et al. 1988). This may account for the lower total
N contents of the arable land than in the forestland and
oil palm plantation (Table 2). The forestland had greater
soil available P content than the arable land and oil palm
plantation as a result of its relatively greater SOC con-
tent (Table 2). Organic matter is normally responsible
for about 50% of total P in tropical soils (Sanchez 1976).
Organic P circulates via the litter between plant and soil,
and it is released through decomposition.
Soil microbial biomass is known to encompass the liv-

ing portion of organic matter. It represents a major la-
bile pool of nutrients in the soil (Sun et al. 2010) and as
such, is used as a key indicator for soil fertility in various
ecosystems and in different land-use systems (Bastida
et al. 2008). One of the major factors, which affect mi-
crobial biomass and activities in the soil, is moisture, ac-
counting for the higher soil microbial biomass values
observed in the wet season than in the dry season (Table

Fig. 6 Relationships between SCS and soil CO2 production in the land-use systems for both seasons
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3). Differences in amount and quality of substrate
through different litter and root types drive soil micro-
bial biomass (Wang et al. 2010). Soil microbial biomass
has been found to increase when soil organic matter in-
creases and vice versa (Jenkinson 1988; Chen et al.
2005). Apart from greater soil moisture content of the
forestland (Table 1), its relatively greater SOC, total N
and available P (Table 2) may account for the relatively
greater microbial values than in the two land-use sys-
tems. These observations were expected as studies have
shown that up to 3%, 5% and between 2 and 10% of the
total SOC, soil N and soil phosphorous is made up of
MBC, MBN and MBP, respectively (Jenkinson and Ladd
1981; Baldwin 2006).

Soil organic carbon stock and carbon emissions
The soil is the largest terrestrial carbon pool (Scharle-
mann et al. 2014) and plays a key role globally in the C
balance by controlling the changing bio-geochemical
processes and the exchange of greenhouse gases (GHG)
within the atmosphere (Lal 2009). According to Li et al.
(2012), land-use and vegetation cover have a major influ-
ence on the global C balance through different soil C ac-
cumulation and turnover, soil depletion and plant
biomass. Soil carbon stock was greater in the 0–15 cm
depth than in the 15–30 cm across all land-use systems
(Table 4), affirming earlier reports that most of soil car-
bon is stored in the upper meter layer and especially, in
the 0–20 cm depth (Lal 2004; Le Quéré et al. 2015). This
notwithstanding, the contribution of deep soil carbon to
the global carbon stock cannot be underestimated (Job-
bagy and Jackson 2000; Schmidt et al. 2011). Some earl-
ier reports also show that the varying horizontal
distribution of SCS depends on large-scale factors such
as soil type, vegetation, topography and regional climate
(Wang et al. 2010). However, SCS can vary for a specific
soil type as a result of the balance of net C inputs to the
soil and net losses of C from the soil and is the interplay
between soil bulk density and carbon concentration. The
greater SCS observed in the forestland than in the oil
palm plantation and arable land was due to the low or-
ganic inputs in the latter systems. The annual cultivation
of the arable land disturbs the soils (Logah et al. 2020)
more than the oil palm plantation and the forestland,
explaining its comparatively lower SCS. According to
Morris et al. (2007), less soil disturbance tends to pre-
serve SCS, and mixed species forests are more resilient
and hence, better systems for carbon storage.
Emission of CO2 from the soil surface represents a

major component of C cycle in the biosphere as it may
account for about three-fourth of total ecosystem respir-
ation (Law et al. 2001). The relatively greater CO2 emis-
sions in the wet season across all land-use systems (Figs.
3 and 4) were a result of higher soil moisture content

during the period (Fig. 2). This probably increased the
rate of decomposition of soil organic matter (SOM) as
moisture is a major driver of soil microbial activity, lead-
ing to greater CO2 production (Luo and Zhou 2006). This
observation is consistent with the findings of other studies
in temperate climate where CO2 flux increases with en-
hanced microbial activity as a result of an increase in soil
moisture content (Sainju et al. 2010). Our results (Table
3) show greater microbial biomass in the wet season,
which is an indicator of higher microbial activity than in
the dry season. Differences in CO2 emission from the soil
may also be partly dependent on soil temperature varia-
tions in the land use types (Fig. 1). According to Reichle
et al. (1975), microflora accounts for 99% of the CO2 ori-
ginating from decomposition of SOM, while root respir-
ation contributes up to 50% of total soil respiration
(Macfadyen 1970). Microbial respiration is dependent on
soil temperature while both microbial and soil respirations
are dependent on soil moisture, and hence CO2 evolution
(Robinson et al. 2017).
Soil cultivation increases the mineralization of SOM

and consequently, the emission of CO2 (Reicosky 2001).
Decomposition of SOM is increased when the soil is
physically disturbed and breaks down macroaggregates,
exposing the protected C in their interiors to microbial
processes (Cambardella and Elliott 1992). Continuous
cultivation of the arable land coupled with the higher
soil temperature recorded in the system (Fig. 1)
accounted for its greater emissions of CO2. This was
confirmed by the positive and significant correlations be-
tween CO2 emission and soil temperature (Figs. 4a, b),
with temperature accounting for 68.5, 66.7 and 68.2% of
total CO2 production in the dry season and 62.8, 67.6
and 55.4% in the wet season in the arable land, oil palm
plantation and forestland, respectively. Positive relation-
ships between soil temperature and CO2 emission have
been reported in few earlier studies under various land-
use types (Tufekcioglu et al. 2001; Sainju et al. 2010;
MacCarthy et al. 2018). Other important factors that in-
fluence the production of CO2 include substrate C avail-
ability. Positive relationships were observed between
CO2 evolution and SCS (Fig. 6), which was more prom-
inent in the dry season in the relatively higher carbon-
input systems (forestland and palm plantation) than in
the lower carbon-input system (arable land). This is an
indication that soil CO2 production is also dependent on
C availability and subsequently microbial processes.

Conclusions
Arable land, due to continuous cultivation, stored less
carbon and emitted 30–46% more CO2 than forestland
and oil palm planation which were less disturbed. Soil
carbon stock accounted prominently for CO2 emission
in the dry season under the relatively higher carbon-
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input systems (palm plantation and forestland) than in
the low carbon-input system (arable land). Carbon diox-
ide emissions were greater in the wet season than in the
dry season across land-use systems with soil temperature
accounting for increased emissions. The study calls for
drastic climate change policies to reduce degradation of
forest cover and reduction of soil disturbance in agro-
ecosystems in SSA and elsewhere.
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