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Abstract: Weather conditions are among the major factors leading to the increasing greenhouse
gas (GHG) fluxes from the agricultural soils. In this study, variations in the soil GHG fluxes with
precipitation and soil temperatures at different elevation ranges in banana–coffee farms, in the
Wakiso District, Uganda, were evaluated. The soil GHG fluxes were collected weekly, using the
chamber method, and analyzed by using gas chromatography. Parallel soil temperature samples
were collected by using a REOTEMP soil thermometer. Daily precipitation was measured with
an automated weather station instrument installed on-site. The results showed that CO2, N2O,
and CH4 fluxes were significantly different between the sites at different elevation ranges. Daily
precipitation and soil temperatures significantly (p < 0.05) affected the soil GHG fluxes. Along an
elevation gradient, daily precipitation and soil temperatures positively associated with the soil GHG
fluxes. The combined factors of daily precipitation and soil temperatures also influence the soil GHG
fluxes, but their effect was less than that of the single effects. Overall, daily precipitation and soil
temperatures are key weather factors driving the soil GHG fluxes in time and space. This particular
study suggests that agriculture at lower elevation levels would help reduce the magnitudes of the
soil GHG fluxes. However, this study did not measure the soil GHG fluxes from the non-cultivated
ecosystems. Therefore, future studies should focus on assessing the variations in the soil GHG fluxes
from non-cultivated ecosystems relative to agriculture systems, at varying elevation ranges.

Keywords: weather; soil; carbon dioxide; nitrous oxide; methane; elevation range; banana–coffee
cropland

1. Introduction

Global warming and climate change are caused by the increasing concentration of atmospheric
greenhouse gases (GHGs) emitted from the burning of fossil fuels and agricultural practices [1].
The most important GHGs causing global warming are carbon dioxide (CO2), methane (CH4),
and nitrous oxide (N2O) [1,2]. Since the 19th century, there has been an unprecedented increase in the
carbon footprint of agriculture [3]. The agriculture sector, which includes forestry and related land-use
forms, contributes nearly 14% of the total global anthropogenic GHGs [4], where over 15% of it is
emitted from the agricultural soils [1]. During the 20th century, the global temperature rose by 0.6 ◦C,
which increased both the intensity and frequency of climate-change-induced extremes, such as drought
and flooding, causing adverse effects in the agriculture sector [5]. The mean global temperature is
projected to further increase within a range of 1.1 and 6.4 ◦C by 2099 [6]; as a result, this will further
increase the intensity and frequency of the already erratic precipitation projected [7].
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The projected rise in the global surface temperatures and erratic precipitation will further increase
the intensity and frequency of climate-change-induced extremes, causing more adverse effects to the
environment and agriculture [8]. The increase in food demand due to the growing global population
will increase agricultural intensification. More than one billion hectares of additional fragile forest
land is projected to be cleared for arable activities, which will further increase the agricultural GHG
budget by up to 80% by 2050 [9].

The temperature and precipitation are the leading climatic factors influencing emission of the
GHGs from the agricultural soils [10]. The rewetting of the soil after the onset of the rainy season,
also called the “Birch effect” [11], increased the GHG fluxes—mainly soil CO2 flux—from different
ecosystems, namely, savanna land [12], semiarid grass land use [13], and deserts [14]. During the
Birch effect, the influence of precipitation on the production of the soil GHG fluxes correlated with soil
microbes, soil pH, bulky density, and soil pore space [15]. In addition, the elevation and latitudinal
location of an area influence the seasonal frequency and intensity of precipitation [16], which could also
affect the soil GHG fluxes. The onset of the rainy season initiates infiltration of the rainwaters into dry
soils, which displaces the CO2 gathered and withheld in the soil physical pores during the preceding
dry season [17]. The seasonal precipitation increases soil moisture, which boosts the growth of fungal
biomass and other microbial activities. The increase in the microbial biomass and activities increases
soil aeration and respiration rate, which amplifies the production of CO2 [15,18] and N2O [19,20].
The increase in soil respiration from the microbial activities after the onset of precipitation could
further accelerate the oxidation of soil organic matter, with transient effects on the seasonal GHG fluxes.
However, a complete understanding of the effect of seasonal precipitation and soil temperature on
the GHGs emission at different elevation ranges has not been achieved, and only a few studies have
quantified aggregate GHGs emissions from the agricultural sector in sub-Saharan Africa (SSA) [21,22].

Seasonal precipitation and temperatures are among the most important weather parameters
influencing agriculture production in the SSA region [23]. The temporal variation in precipitation and
soil temperatures is dependent on the latitude and elevation of a specific area [16]. Climate-change
models project a general increase in frequency and magnitude of extreme temperatures and erratic
precipitation across the SSA region over the 21st century [22]. Uganda is one of the SSA countries
that is most vulnerable to the aggravated climate change impacts, coupled with extreme poverty
and food insecurity [24]. Therefore, a better understanding of how short-term precipitation and soil
temperature could affect the soil GHG fluxes at the altitude of any locality is needed to inform local
climate change mitigation and adaptation actions. This is because deficient empirical data could
compromise accurate estimations of the soil GHG fluxes from the SSA agricultural systems [21],
and consequently lead to misdirection of the limited financial resources, local GHG mitigation actions,
and policy interventions [25]. In this study, therefore, the effect of daily precipitation and soil
temperatures on the soil GHG (CO2, N2O, and CH4) fluxes at three elevation ranges was evaluated.
The relationships between the soil GHG fluxes and the daily precipitation and soil temperature were
assessed. The influence of the combined effect of daily precipitation and soil temperature at varying
elevation ranges on soil GHG fluxes was also determined. It was hypothesized that (i) the daily
precipitation and the soil temperatures could significantly influence the soil GHG fluxes at the different
elevation ranges and (ii) the influence of the combined effects of daily precipitation and the soil
temperatures on GHG fluxes could be higher than their single effect.

2. Materials and Methods

2.1. Site Description

The study was conducted during the wet season, from March to June 2018, in the Wakiso District
(0◦22′29′′ N, 32◦26′36′′ E), Uganda. Wakiso District lies at an altitude between 900 and 1340 m above
mean sea level [26]. The topography of the Wakiso District is undulating, characterized by flat-topped
hills, which are dissected by broad valleys that are occupied by swamps. The study area has tropical
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climatic conditions, with a mean annual precipitation of 1320 mm. Between 2005 and 2018, the mean
monthly minimum and maximum surface air temperatures of the district were 11.0 and 33.3 ◦C,
respectively [27].

Three model farms (banana–coffee mixed farms) were selected based on the elevational differences
(Figure 1). These farms were established in 2015 by Makerere University, School of Agriculture,
at varying elevations, to determine the influence of elevation on crop yields. Farm C was established at
an elevation range of 900–1000 m a.s.l, farm B was established between 1100 and 1200 m a.s.l, while farm
A was established between 1200 and 1340 m a.s.l. The soil in the study sites was a sandy clay loam:
52.5% sandy, 35.3% clay, pH (CaCl2) = 5.9 at farm A; 52.0% sandy, 34.9% clay, pH (CaCl2) = 5.4 at farm
B; and 52.1% sandy, 35.0% clay, pH (CaCl2) = 5.0 at farm C. They were classified as Lixic Ferralsols by
FAO [28]. The farms were tilled once a year, and mulches from live biomass (elephant grass and crop
residues, mainly common beans) at a thickness of 3–5 cm were used. The mulches suppressed weeds
and provided manure, since synthetic fertilizers were not applied.
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2.2. Experimental Layout

Two plots (5 × 5 m) were established on each experimental site. The chambers were placed
randomly in each plot, based on the position of minimal canopy coverage, in order to reduce the effect
of the canopy on precipitation and sunlight. The greenhouse-gas fluxes, daily precipitation, and soil
temperatures were measured in duplicates within each plot, and the values were averaged as described
in Section 2.5. Repetitive field data for soil GHG fluxes, the soil temperatures, and precipitation were
collected on a weekly basis.
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2.3. Measurement of Precipitation and Soil Temperature

For each sampling day, the daily precipitation was recorded with a rain gauge embedded in the
automatic-weather-station instruments (model: JL-03-Q4; Shandong, China). The soil temperatures
were measured at the same time duration as GHG sampling during the whole experimental period.
Soil temperature was measured between a depth of 0 and 12 cm by using a REOTEMP soil thermometer
(model: REOTEMP, San Diego, CA, USA).

2.4. Soil Sampling and Analysis

The soil sample (0–15 cm depth) was collected from each plot during gas sampling, for the entire
sampling period. Soil physical and chemical properties were analyzed following standard procedures.
Total N and soil organic C were analyzed by a dry combustion method, using a C/N analyzer [29].
A 1:25 wet-soil-to-extract-volume ratio method was used to determine the soil pH, following the
protocols described by Rayment and Higginson [30]. Bulk density was obtained by using the core
method, following protocols outlined by Blake [31]. Soil texture (sand and clay) of the samples was
determined by using the particle-size-distribution method, following procedures of Rayment and
Higginson [30].

2.5. Greenhouse Gas Fluxes: Sampling and Analysis

The soil GHG fluxes were collected by using the static chamber method [32] for four months
(04 May 2018 to 28 June 2018). The chamber method was used because it allows gas samples to be stored
for future analysis and can be deployed in small plots. The chambers consisted of two parts: the base
(14 cm × 20 cm × 16 cm), which was inserted 5 cm into the soil, and the lid (14 cm × 20 cm × 18 cm).
The frame base was fixed in the soil for the whole experiment period. The lids were equipped with
thermometers, in order to measure the internal temperature. The two pieces were held together with
clamps and foam placed between them, to form an airtight seal. The measurement was conducted
after every five days, four to five times per month. Three chambers in total were installed at each site.
At each point of sample collection, the mulches and weeds growing in the chamber were cut, and the
chambers were placed on the bare soil, to capture the soil GHG fluxes. The chambers were installed
2 days before the first soil GHG flux measurements, to minimize soil disturbances and disruption
in soil microclimate [33]. To make turbulence when chambers were closed, a fan was installed on
the top wall inside each chamber. The outside of the chambers was insulated with the white cover,
to reduce the impact of direct radiative heating during sampling [34,35]. The top of the chambers
contained rubber septa, through which a syringe was inserted to collect air samples after the closing
of the chamber [36]. The air samples (15 mL) were taken from the chamber at 0, 30, 45, and 60 min
intervals, following linear stabilization of the soil fluxes produced [32,37]. The collected air samples
were immediately injected into the pre-evacuated airtight gas vial tubes (12 mL) capped with butyl
rubber stoppers (Voigt Global Distribution Inc, Lawrence, Kansas, USA). The soil GHG fluxes were
measured in the morning hours, between 9:00 am and 11:30 am, for comparability enhancement of the
data, measuring in different days [38]. The measurements were used to represent the daily average
flux value [39].

The gas chromatography (GC) (model 8610C, SRI Instruments, Torrance, CA, USA) method was
used to determine the concentration of the soil CO2, CH4, and N2O fluxes within 48 h. To facilitate the
sample injection to the GC, an auto-sampler (Teledyne Tekmar, Mason, OH, USA) was connected to the
GC, as described by Arnold et al. [40], via a sample valve with a 1.0 mL sample loop. The stainless-steel
packed column (diameter = 0.3175 cm; length = 74.54 cm), with Haysep D contained in the GC column
oven at 50 ◦C, was used for separating the component in gas mixtures. The soil CH4 and CO2 fluxes were
analyzed by using a flame ionization detector set at a temperature of 350 ◦C, with hydrogen as a carrier.
The air and hydrogen gas flow rates were set at 210 and 25 mL per minute, respectively. The CO2 flux
was converted to CH4 flux through a methanizer packed with a nickel catalyst powder [41]. The N2O
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was quantified by using an electron-capture detector set at a temperature of 330 ◦C. The nitrogen was
used as a carrier and set at a flow rate of 20 mL per minute. The GC machine was calibrated to read the
gas sample concentrations in parts per million (ppm), and the GHGs readings were reflected along
with calibrated line graphs. The standards of CO2 (100, 1000, and 10,000 µg m−3), CH4 (10, 100, and
1000 µg m−3), and N2O (1 and 100 µg m−3) obtained from Makerere University were used.

The mean values for the concentrations of the soil GHG (CO2, CH4, and N2O) samples taken
at 0, 30, 45, and 60 min intervals were computed and converted from ppm to µg m−2 h−1, following
protocols described by Liu et al. [42]. The mean concentration of the GHG fluxes and the volume of the
gas chambers were standardized, as described in Equation (1):

GHG Concentration
(
µg·m−2

·hr−1
)
=

(
∆C
∆t

)
×

V
A × P×M

R× (T + 273.15)
(1)

where: (∆C/∆t) is the concentration of GHG in the chamber during the closure time (ppm per hour);
V is the volume of the chamber (m3); A is the base area of the chamber (m2); P is the atmospheric
pressure; M is the molecular mass of the gas (g mol−1); R is the gas constant (8.3145 J mol−1 K−1); and T
is the air temperature (◦C) in the gas sampling chamber.

2.6. Statistical Analysis

A repeated measures analysis of variance (ANOVA) was used to test for the main effect of
soil temperature, daily precipitation, and their interactive effect on the soil GHG fluxes. The data
were tested for normal distribution before analysis, using the Shapiro–Wilk test for goodness of
fit, and homoscedasticity was evaluated by using Levene’s test for equality of variances. To avoid
multi-collinearity and autocorrelations between independent variables (daily precipitation and soil
temperatures), collinearity diagnostic tests were performed.

The Pearson correlation method and simple regression analysis were used for relating mean GHG
fluxes to site data (daily precipitation and soil temperatures) when data were normally distributed.
The Spearman rank correlation was used to test relationships between GHG fluxes and site data
when data were not normally distributed. Regression model fitting (linear or quadratic function)
were selected via the Bayesian information criterion (BIC), following the procedures of Schwarz [43].
Statistical analyses were performed in Statistical Package for the Social Sciences (SPSS) version 20.0
(SPSS, Chicago, IL, USA). All results are shown as arithmetic means ± standard error (SE), with the
analyses performed at a 95% confidence interval.

3. Results

3.1. Precipitation and Soil Temperatures in the Study Sites

Large weekly variation in daily precipitation was observed from March to June in 2018, with a dry
spell in the last days of May. As expected, higher precipitation was observed at the higher elevations
(>1200 m), and precipitation decreased at lower elevations (900–1800 m) (Figure 2). On average,
precipitation was 3.5 mm/day at 1200–1340 m (farm A), 2.6 mm/day at 1100–1200 m (farm B),
and 3.0 mm/day at 900–1000 m (farm C) (Figure 2). The total precipitation for the entire sampling
period (March, April, May, and June) was 561, 477, and 395 mm, at 1200–1340 m (farm A), 1100–1200 m
(farm B), and 900–1000 m (farm C), respectively. The amount of precipitation was higher in March
and June and lowest in May at all the elevation ranges. On average, the soil temperatures in the
upper 12 cm were higher at 900–1000 m (farm C), followed by 1100–1200 m (farm B), and lowest at
1200–1340 m (farm A), with the mean values of 23.2, 21.1, and 20.5 ◦C, respectively (Figure 2).
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Figure 2. Temporal and spatial variations in daily precipitation and soil temperatures from the banana–
coffee farms at three elevation ranges (1200–1340 m (a), 1100–1200 m (b), and 900–1000 m (c)) from
March to June 2018, in Wakiso District, Uganda.

3.2. Physical–Chemical Characterization of the Soil Sampled at the Studied Sites

The physical–chemical properties of the soil in the studied sites are presented in Table 1.
The nitrogen and carbon content was highly variable at each elevation range and greater at the
higher elevations compared to the lower elevations. The nitrogen content was 4.8 ± 2.1 g kg−1 at
1200–1340 m (farm A), 3.6 ± 1.1 g kg−1 at 1100–1200 m (farm B), and 2.4 ± 1.2 g kg−1 at 900–1000 m (farm
C). The carbon content was 17.8 ± 5.8 g kg−1 at 1200–1340 m (farm A), 15.9 ± 5.5 g kg−1 at 1100–1200 m
(farm B), and 12.9 ± 3.4 g kg−1 at 900–1000 m (farm C). Similarly, the soil bulk densities were greater at
the higher elevation sites (1.5 ± 0.2 g m−3 at 1200–1340 m and 1.3 ± 0.1 g m−3 at 1100–1200 m) compared
to the lower elevation site (1.0 ± 0.1 g m–3 at 900–1000 m) (Table 1).

Table 1. Physical–chemical characterization of the soil (0–15 cm depth) sampled at the studied sites
(mean ± standard error; n = 24 for each elevational range).

Elevation Range (m) N C Sand Clay Bulk Density pH

g kg−1 % g cm−3 -

1200–1340 (Farm A) 4.8 ± 2.1 17.8 ± 5.8 52.5 ± 7.2 35.3 ± 8.1 1.5 ± 0.2 5.9
1100–1200 (Farm B) 3.6 ± 1.1 15.9 ± 5.5 52.0 ± 6.5 34.9 ± 0.2 1.3 ± 0.1 5.4
900–1000 (Farm C) 2.4 ± 1.2 12.9 ± 3.4 52.1 ± 6.3 35.0 ± 7.6 1.0 ± 0.1 5.0

3.3. Spatial and Temporal Variation in the Soil Greenhouse-Gas Fluxes

The soil greenhouse-gas fluxes varied both spatially and temporally (Figure 3). The soil GHG
fluxes were higher on wet days than dry days. The lowest soil GHG fluxes were observed during the
dry spell, which occurred in May (Figure 3). The soil GHG fluxes followed similar patterns, but they
varied in magnitude at all the elevation ranges.
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Figure 3. Temporal and spatial variations in methane (A), nitrous oxide (B), and carbon dioxide (C) fluxes
from the banana–coffee farms at three elevation ranges (1200–1340 m, 1100–1200 m, and 900–1000 m),
from March to June 2018, in Wakiso District, Uganda.

3.4. Effect of the Daily Precipitation and Soil Temperatures on the Soil Greenhouse-Gas Fluxes

Table 2 presents the mean values of the soil GHG fluxes at different elevation ranges and the
effect of daily precipitation and soil temperatures on the soil GHG fluxes. The highest soil GHG (CO2,
N2O, and CH4) fluxes were observed at 1200–1340 m (farm A), followed by 1100–1200 m (farm B),
and the lowest at 900–1000 m (farm C) (Table 2). The soil CO2 flux varied significantly (p < 0.05)
between the elevation ranges, with the means of 87.42 ± 5.6 µg C m−2 h−1, 67.62 ± 4.4 µg C m−2 h−1,
and 52.41 ± 3.9 µg C m−2 h−1 at 1200–1340 m (farm A), 1100–1200 m (farm B), and 900–1000 m (farm
C), respectively. Similarly, the soil N2O flux varied significantly (p < 0.05) between the elevation ranges.
The highest soil N2O flux was observed at 1200–1340 m (farm A), with a mean of 6.82 ± 0.8 µg N m−2

h−1, followed by 1100–1200 m (farm B), with a mean of 4.75 ± 0.7 µg N m−2 h−1. The lowest soil N2O
flux was emitted at an elevation range of 900–1000 m (farm C), with a mean of 3.65 ± 0.6 µg N m−2 h−1.
Both negative and positive soil CH4 flux were observed (Figure 3A). The soil CH4 flux ranged from
–0.33 to 0.82 µg C m−2 h−1 (mean: 0.31 ± 0.01 µg C m−2 h−1) at 1200–1340 m (farm A), −0.4 to 0.62 µg
C m−2 h−1 (mean: 0.20 ± 0.01 µg C m−2 h−1) at 1100–1200 m (farm B), and −0.5 to 0.43 µg C m−2 h−1

(mean: 0.04 ± 0.00 µg C m−2 h−1) at 900–1000 m (farm C) (Table 2).
The daily precipitation and soil temperatures significantly (p < 0.05) influenced all the soil GHG

(CO2, N2O, and CH4) fluxes. Hence, the hypothesis that daily precipitation and soil temperatures
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could significantly influence the soil GHG fluxes received empirical evidence. Likewise, the combined
effect of soil temperatures and daily precipitation significantly (p < 0.05) affected soil CO2 and N2O
fluxes (Table 2). However, the influence of the combined effect on the soil GHG fluxes was less than
that of the single effects, hence the hypothesis that the combined effect could influence the soil GHG
fluxes more than their single effect was rejected.

Table 2. Mean values of the GHG fluxes and two-way ANOVA testing the effect of daily precipitation, soil
temperatures, and their interactions on the soil greenhouse-gas fluxes emitted from the Banana–coffee
mixed farms in Wakiso district, Uganda.

Elevation Range (m) P (mm/day) T (◦C) CO2
(µg C m−2 h−1)

N2O
(µg N m−2 h−1)

CH4
(µg C m−2 h−1)

1200–1340 (Farm A) 3.5 ± 0.15 a 20.5 ± 0.5 a 87.42 ± 5.6 a 6.82 ± 0.8 a 0.31 ± 0.01 a

1100–1200 (Farm B) 3.0 ± 0.15 b 21.1 ± 0.5 a 67.62 ± 4.4 b 4.75 ± 0.7 b 0.20 ± 0.01 b

900–1000 (Farm C) 2.6 ± 0.10 c 23.2 ± 0.7 b 52.41 ± 3.9 c 3.65 ± 0.6 c 0.04 ± 0.00 c

ANOVA

Factor
CO2 (µg C m−2 h−1) N2O (µg N m−2 h−1) CH4 (µg C m−2 h−1)

F-value p-value F-value p-value F-value p-value

T 142.263 0.000 56.781 0.010 53.011 0.010
P 235.521 0.000 201.026 0.000 115.078 0.000

T × P 4.521 0.001 5.610 0.014 18.023 ns

The superscript lower-case letters (a, b, and c) in the columns represent significance (p < 0.05) in the greenhouse-gas
fluxes. The p-values marked in bold are considered significant (p < 0.05); nonsignificant p-values are reported as
ns in the ANOVA. Soil temperature is for T and daily precipitation for P. Mean ± standard error; n = 24 for each
elevation range.

3.5. Relationship between the Daily Precipitation, Soil Temperatures, and Soil Greenhouse-Gas Fluxes

Figure 4A,B shows the correlation between the daily precipitation, soil temperatures, and the soil
GHG fluxes at three elevation ranges (1200–1340 m, 1100–1200 m, and 900–1000 m). Varying patterns
of changes over time in the soil CO2, N2O, and CH4 fluxes were observed at the elevation ranges in
response to increasing daily precipitation and soil temperatures (Figure 4A,B). During the sampling
period, the soil GHG fluxes showed increasing trends, with small fluctuation in the soil temperatures
(Figure 4B).

The amount of the daily precipitation affected the magnitude of the soil GHG fluxes at the different
elevation ranges. Daily precipitation positively associated with the soil GHG (CO2, N2O, and CH4)
fluxes (Figure 4A). Strong and significant (p < 0.05) relationships were observed between soil CO2 flux
with daily precipitation with Adj. R2 of 0.84, 0.77, and 0.80, at 1200–1340 m (farm A), 1100–1200 m
(farm B), and 900–1000 m (farm C), respectively. The soil N2O flux strongly correlated with the daily
precipitation with Adj. R2 = 0.81, 0.90, and 0.91, at 1200–1340 m (farm A), 1100–1200 m (farm B),
and 900–1000 m (farm C), respectively. Similarly, the soil CH4 flux positively associated with daily
precipitation with Adj. R2 of 0.70, 0.70, and 0.58, at 1200–1340 m (farm A), 1100–1200 m (farm B),
and 900–1000 m (farm C), respectively (Figure 4A).

Similarly, there were strong relationships between the soil CO2 flux and the soil temperatures at
all the elevation ranges with Adj. R2 of 0.93, 0.91, and 0.89, at 1200–1340 m (farm A), 1100–1200 m
(farm B), and 900–1000 m (farm C), respectively. The soil N2O flux also strongly correlated with the
soil temperatures with Adj. R2 of 0.90, 0.96, and 0.81, at 1200–1340 m (farm A), 1100–1200 m (farm
B), and 900–1000 m (farm C), respectively. Similarly, the soil CH4 flux strongly associated with the
soil temperatures with Adj. R2 of 0.92, 0.93, and 0.88 at 1200–1340 m (farm A), 1100–1200 m (farm B),
and 900–1000 m (farm C), respectively (Figure 4B).
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Figure 4. (A) Correlations between daily precipitation and greenhouse-gas fluxes during the wet season
(March to June 2018) from the banana–coffee farms located at three elevation ranges (1200–1340 m,
1100–1200 m, and 900–1000 m), Wakiso District, Uganda. The data plotted are the grand means for
each sampling day. (B) Correlations between the soil temperatures and greenhouse-gas fluxes during
the wet season (March to June 2018) from the banana–coffee farms located at three elevation ranges
(1200–1340 m, 1100–1200 m, and 900–1000 m), Wakiso District, Uganda. The data plotted are the grand
means for each sampling day.
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4. Discussion

4.1. Spatial and Temporal Variation in the Soil Greenhouse Gas Fluxes

The soil GHG fluxes varied both spatially and temporally (Figure 3). These variations in the
soil GHG fluxes could be attributed to the differences in weather conditions and the physiochemical
properties of the soil at the different elevation ranges. For example, Novara et al. [44] reported that
the soil physiochemical properties can alter the ecosystem and affect its source and sink capacity for
the soil GHG fluxes. Carbon, nitrogen, soil pH, and bulky density can influence the biogeochemical
activities, which are the processes affecting the soil GHG fluxes [45]. In the current study, the nitrogen
and carbon contents were higher at the 1200–1340 m (farm A) range than the other elevation ranges
(1100–1200 m (farm B) and 900–1000 m (farm C)), which could have led to the higher soil GHG fluxes
at 1200–1340 m (farm A) (Table 1).

The climate variables also affect the biogeochemical processes, which are important in the carbon
and nitrogen cycles that influence the production of the soil GHG fluxes [46]. The differences in
the amount of precipitation and soil temperatures at the elevation ranges could have resulted in the
variations in the magnitude of the soil GHG fluxes spatially. The soil moisture changes through
precipitation variability is an important factor limiting microbial biomass and activity in soils [47],
hence affecting the soil GHG fluxes [48]. The precipitation amount varied significantly between the
elevation ranges (Table 2), and this is likely to be one of the major reasons for the difference in the soil
GHG fluxes emitted at the different elevation ranges. Scott-Denton et al. [49] reported that the quantity
of CO2 fluxes from the agricultural soil is dependent on soil carbon content, moisture, and temperatures.
Hence, the increase in the soil temperatures and moisture accelerate the microbial decomposition of the
soil organic matter [50] and thereby influences the emission rates. The temporal variations in the soil
GHG fluxes are likely to be caused by the short-term fluctuations in precipitation and soil temperatures
in the days of sampling at each elevation range, which might have differently affected the soil microbes.

4.2. The Effect of Daily Precipitation on the Soil Greenhouse-Gas Fluxes

The soil GHG fluxes increased significantly with increasing daily precipitation (Figure 4A),
which is in good accord with the results from the literature, which reported increasing soil GHG
fluxes with increasing precipitation [1,51]. The precipitation increases the soil moisture content,
which instantaneously influences the soil microbes, soil pH, bulky density, and soil pore space [15,52],
hence releasing the GHG fluxes. The increase in the soil microbial activities enhances soil respiration
and aeration, which tend to physically boost the production of CO2 [15,18] and N2O [20]. The onset of
precipitation also directly influences the soil microbes [53], through reducing the water limitations to
the soil microbes and, hence, increasing their respiration and releasing oxidized soil carbon in the form
of CO2 [54]. Högberg et al. [55] further explained that the increasing precipitation tends to increase
soil respiration indirectly by increasing plant photosynthesis, causing further physical changes in the
micro soil environment. Smith et al. [56] attributed the increase in soil CO2 flux during precipitation to
disturbance of the soil aggregate structures which increase substrate supplies and facilitate oxidation
of the soil carbon and CO2 release. This mechanism could further be explained by the fact that the
increase in the soil moisture after precipitation indirectly affects soil temperature and respiration of the
temperature-sensitive microbes [57].

The soil N2O flux increased significantly with increasing daily precipitation (Figure 4A). The increase
in the precipitation-induced soil moisture could have been a crucial factor regulating partitioning of soil
N2O flux between denitrification and nitrification sources [58,59]. The rewetting of the soil after a dry
season could have increased the microbial community and activities, which led to rapid consumption
of the accumulated mineral N and organic substrates and accelerated the release of the soil N2O
flux [60]. Additionally, the increasing precipitation may stimulate soil N2O flux from denitrification
by increasing soil N and C availability [61], whereas a reduction in precipitation stimulates soil
aeration, resulting in unfavorable conditions for soil N2O flux production by denitrification process [62].
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Similarly, the decreasing precipitation may affect nitrifiers by reducing their growth rate, hence leading
to reduced soil N2O flux [63].

In this study, daily precipitation events exerted a great influence on the soil CH4 flux in the
banana–coffee farms. The soil CH4 flux was positively affected by daily precipitation (Figure 4A).
However, both negative and positive soil CH4 fluxes were observed (Figure 3A). Other studies in
the agricultural soils e.g., Bayer et al. [64] and Chan and Parkin [65], assessed CH4 flux in the no-till
cropping systems of grass and legume cover crops and non-manured agricultural sites, respectively,
and observed both negative and positive soil CH4 flux, as well. Baggs et al. [66], also observed soil CH4

production from an agroforestry system during a rainy season. The release of the soil CH4 flux from the
soil could be linked to the increase in moisture of the soil after the precipitation event [67]. The presence
of both methanogens and methanotrophs in any terrestrial ecosystems depends on the soil moisture
content [68,69], and they can simultaneously be active in the same ecosystem [70]. Flooding events
were frequent in the studied areas during the wet season, and this could have caused the positive soil
CH4 flux from the banana–coffee farms. One of the leading mechanisms behind the increased soil CH4

flux in the soil is decreasing O2 diffusion [71]. The flooding episodes could have led to poorly drained
soils, resulting in CH4 production [72]. As reported by Chamberlain et al. [73], soil CH4 flux from a
flooded ecosystem can be a product of CH4 production, consumption, and transport within soils and
water. This is because the production and consumption of CH4 in soils is influenced by the position of
the water table and O2 status [74]. The rise in the water table tends to create anaerobic conditions,
leading to CH4 production by methanogens [75].

However, the current study used daily precipitation as a proxy for soil moisture, which could
have influenced the magnitude of the soil GHG fluxes. This is because moisture tends to build up
in the soil ecosystem over subsequent days to weeks, during the wet season [76]; this might have
influenced the soil GHG fluxes.

4.3. The Effect of the Soil Temperatures on the Soil Greenhouse-Gas Fluxes

The soil GHG (CO2, N2O, and CH4) fluxes significantly increased with the soil temperatures
(Figure 4B). The current results are consistent with the findings of Zhou et al. [77], who observed a 13%
increase in CO2 emissions for every 2 ◦C rise in the soil temperatures. The increase in soil temperatures
could have caused the increase in microbial activities and, hence, accelerated the production of the
GHG fluxes [78]. The increase in the soil temperatures affects the soil respiration, leading to an increase
in the soil CO2 flux [51,79]. Sensitivity in soil C pool due to changes in the soil temperatures could also
partly explain the increase in soil CO2 flux [80].

The soil N2O flux increased with soil temperatures, and this could be contributed to by nitrification
processes, which are accelerated by increasing soil temperatures and vice versa [81]. Several studies
have also reported a directly proportional relationship between the soil N2O flux from agricultural
soils and the soil temperatures [58,82]. The increase in the soil temperatures tends to enhance the
composition and activities of the nitrifiers, which then accelerate production of the soil N2O flux [82,83].
In this study, however, soil N2O flux increased with soil temperatures up to a maximum level (at 30 ◦C),
beyond which the flux started to decrease. The observations are in agreement with the findings of
Hartmann and Niklaus [84], who reported that the rate of production of the soil N2O emissions declines
under extreme temperatures. The decline in the soil N2O flux under extreme soil temperatures could
be partly explained by a subsequent abrupt reduction in the soil moisture due to direct evaporation
and evapotranspiration processes, which inhibits the nitrification and denitrification processes in the
dehydrated soils [84].

The soil CH4 flux exhibited a positive trend with the soil temperatures (Figure 4B). While studies
by Butterbach-Bahl and Papen [85] and Oelbermann and Schiff [86] reported an increase in the soil CH4

flux with temperatures, Tu and Li [87] reported a gradual decrease in the soil CH4 flux with increasing
temperature. These variations indicate that the response of the soil CH4 flux to soil temperature is more
varied. The increase in the soil CH4 flux could have been contributed to by a balance in the biological
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process between the soil CH4 production by methanogens and consumption by methanotrophs [88].
The soil CH4 flux could have been enhanced by the increasing soil respiration rates with increasing
soil temperatures, at decreasing O2 concentrations in the soil [88].

4.4. Influence of the Combined Effect of Daily Precipitation and Soil Temperatures on the Soil
Greenhouse-Gas Fluxes

The combined effect of daily precipitation and the soil temperatures significantly affected the GHG
fluxes (Table 2). The current results are in line with the findings of Sjögersten et al. [89], who study
CO2 and CH4 fluxes in the tropical peatlands and observed that the interaction of moisture and
temperature significantly influenced both soil CO2 and CH4 fluxes. Similarly, Smith et al. [56] reported
that the interactions of drought and wetting of the soil significantly influenced CO2 and CH4 emissions.
However, the influence of the combined effect on the soil GHG fluxes was less than that of the single
effects, which contrasted with the findings of Smith et al. [56].The influence of the combined effect on
the soil GHG fluxes could be explained by various factors. For example, soil temperatures influence soil
respiration in moderately wet soils relative to the dry soils [90]. Additionally, “when both temperature
and moisture are not at their extremes, the two factors interactively influence soil respiration” [91],
leading to increased soil GHG fluxes.

5. Conclusions

In this study, the soil GHG (CO2, N2O, and CH4) fluxes were observed at three elevation ranges
(1200–1340 m, 1100–1200 m, and 900–1000 m) in the banana–coffee farms, during the wet season
in the Wakiso District, Uganda. The soil GHG fluxes varied significantly (p < 0.05) between the
elevation ranges. The highest soil GHG (CO2, N2O, and CH4) fluxes were observed at 1200–1340 m
(farm A), followed by 1100–1200 m (farm B), and the lowest were observed at 900–1000 m (farm C).
Not surprisingly, the soil carbon and nitrogen contents were higher at the higher elevation range
(1200–1340 m/farm A) compared to the lower elevation range (900–1000 m/farm C). These results
imply that elevation has the ability to dramatically influence soil C and N pools and further affect the
response of the GHG fluxes from the soil. Therefore, this particular study suggests that agriculture
at lower elevation levels would help reduce the magnitudes of the soil CO2, N2O, and CH4 fluxes,
which are currently the most important GHGs affecting the globe. This could be recommended as a
mitigation option in agriculture at the farm level. However, this study did not measure the soil GHG
fluxes from the non-cultivated ecosystems. Therefore, future studies should focus on assessing the
variations in the soil GHG fluxes from non-cultivated ecosystems relative to agriculture systems at
varying elevation ranges.

The effects of the daily precipitation and the soil temperatures on the soil GHG fluxes were
evaluated. The daily precipitation and the soil temperatures significantly affected all the soil GHG fluxes
at all the elevation ranges. At each elevation range, the daily precipitation and the soil temperatures
positively associated with the soil GHG fluxes. Both positive and negative soil CH4 fluxes were
observed, while only positive soil CO2 and N2O fluxes were observed. From the ANOVA, the influence
of the main effects on the soil GHG fluxes was greater than the influence of the combined effects (i.e.,
soil temperatures × daily precipitation). The soil CH4 flux was not influenced by the combined effects
of daily precipitation and the soil temperatures.

Overall, the current findings highlight that both daily precipitation and the soil temperatures are
key weather factors driving soil GHG fluxes at both spatial and temporal scales. The daily precipitation
had stronger impacts on the soil GHG fluxes than the soil temperatures. This indicates that daily
precipitation played a dominant role in regulating the level of GHG exchange in the banana–coffee
farms at all the studied elevation ranges.
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