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during the dry season in North Cameroon after wetting the soil. Over 24-h, soil respiration rates
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Introduction
Soil respiration (SR) is the one of the main carbon fluxes between terrestrial ecosystems and the atmosphere, second only to plant respiration. Several authors
have estimated global SR as being in the range of 5075 Pg carbon (Schimel, 1995; Schlesinger and Andrews,
2000). It is important to relate the intensity of this flux
to environmental factors and land use, and search for
mitigation solutions.
Several studies have been conducted on SR (Teixeira et al., 2013; Liang et al., 2014). In particular, they
have shed light the diel variability of SR, i.e. involving a
24-h period that usually includes a day and the contiguous night (Sotta et al., 2004). The authors reported a difference between nighttime and daytime fluxes together
with high variability within a single period even(Sotta et
al., 2004). In general, the respiration of microorganisms
increases in the morning with the increase in soil temperature, peaking at noon or early in the afternoon, and
decreases throughout the night as the temperature drops
(Hirano, 2005). However, other authors have reported no
or negligible diel SR variations (Buchmann, 2000; Widen
and Majdi, 2001; Chevallier et al., 2006; Betson et al.,
2007).
Some authors average measurements between
10h00 and 12h00 to give a value representative of the
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24-h mean, while others use the average of the measurements taken early in the morning (6h00 to 9h00)
as the minimum values and the measurements taken at
the beginning of the afternoon (14h00 to 15h00) as the
maximum values (Larionova et al., 1989; Fernandes et
al., 2002; Garcia-Montiel et al., 2004; Wang et al., 2014).
In most studies, citations of previous studies that would
justify these timeframes are lacking.
In view of the diversity of diel patterns observed,
it appears necessary to study the diel pattern of SR in
different contexts before proposing a sampling approach.
This is particularly true of the Sudano-Sahelian region
where, no such study has been carried out to determine
the diel pattern of SR that follows the first rains. This
study set out to monitor SR for 24 h after a rainfall event
that followed a long dry season and to propose the most
appropriate sampling strategy to capture variations and
provide the best estimate of SR over 24 h. It also aimed
to determine the relationship between SR and soil temperature and moisture.

Materials and Methods
This study was carried out during the dry season
in North Cameroon at Garoua (09°19' N, 13°21' E) on
land farmed by smallholders. The study area has a Sudano-Sahelian climate, with a single rainy season from
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mid-May to mid-October. Between 2003 and 2013,
mean annual rainfall ranged from 900 to 950 mm according to unpublished records from a company called
“Sodecoton – la Société de développement du coton”
(The Cotton Development Corporation), made available
by experimental stations in Garoua. The first rains usually occur in May with precipitation ranging from 3 mm
to 20 mm. The mean minimum air temperature during
the dry season is 21 °C and the mean maximum 39
°C. Cotton (Gossypium hirsutum L.) and cereals crops,
particularly maize (Zea mays L.) have been cultivated
in rotation in this area, since 2001. Soils are often tilled
by hand with a hoe. This study was conducted before
these soil management techniques were implemented.
The soil type is a ferruginous tropical soil (Haplic Luvisol) according to the World Reference Base classification (FAO, 2006). The soil was well drained, poor in
total C (2.5 mg g−1 of C) and total N (0.30 mg g−1 of N),
and very sandy in the top layer (0-20 cm), as detailed in
Harmand et al. (2004).
Experimental design
The experimental design included two plots located on the same site. These two plots were each 2 m × 2
m and were 5 m apart. On each plot, one measurement
point was chosen in the middle for the time series. There
had been no rainfall for the previous three months. Plots
were bare and without cover at the time of sampling.
These plots were wetted gradually for 0.5 h at 10 L m−2,
the equivalent of 10 mm of rain. This quantity of water
was adjudged to be suitable for simulating the first rains
in the area and allows for wetting the top 10 cm of soil.
Soil respiration measurements started 30 minutes after
wetting.
Measurement of SR and environmental factors
Soil respiration was measured using an automated
soil CO2 flux system with polyvinyl chloride (PVC) collars (10 cm in diameter and 8-cm high). On each collar,
a time series was measured taking into account one repetition per plot. The first time series in the first plot was
taken starting on Mar 16, 2014 and the second series in
the second plot on Mar 23, 2014. For each time series,
measurements began in the morning at 06h00 and were
taken every hour for 24-h.
The infrared gas analyzer recorded the increase
in CO2 concentration in the chamber every second.
The measurement time was limited to 90 s to limit the
increase in concentration of CO2 in the chamber. Soil
collars were inserted 4-5-cm deep in the soil as recommended by Davidson et al. (2002). This was deep enough
to ensure that the collar was stable and minimize underestimation of SR due to lateral diffusion of CO2 (Davidson et al., 2002). These PVC collars were installed two
days before the start of the SR measurements to allow
the disturbed surfaces to re-stabilize.
The soil temperature and moisture near each collar were measured at the same time as the SR. The soil
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temperature was measured at a depth of 10 cm using a
soil temperature thermistor probe connected to the infrared gas analyzer and soil moisture was measured in
the top 6 cm of soil, using a capacitive sensor connected
to the infrared gas analyzer.
Data analysis
All statistical analyses were performed using R
(V.3.0.3) and Statistica V.8 (Statsoft Inc. 2008). Multiple
linear regression analysis was used to evaluate the relationship between SR, soil temperature, soil moisture
and time. Comparison of the difference between the two
time series corresponding to each plot and concerning
soil respiration, soil temperature and soil moisture were
investigated using a student test.

Results
24-hour variations in SR, soil temperature and
moisture
Soil respiration varied over 24 h for the two time
series in the same site (Figure 1). Over the time series,
the SR rates formed a curve during the day, coming close
to linear at night. These SR rates increased in the morning, reached a maximum between 11h00 and 13h00,
and then decreased gradually to the minimum around
06h00. Between the two time series, SR was not different (p > 0.05). The second time series had a maximum
SR (11.29 µmol m−2 s−1) which was higher than the first
series (9.10 µmol m−2 s−1), while minimum SR was lower
in the second time series (2.04 µmol m−2 s−1) compared
to the first series (4.16 µmol m−2 s−1). During the daytime, the mean rates of SR were 8.16 and 8.85 µmol m−2
s−1 of the first and second time series. The 24-h averages
were 6.85 and 6.60 µmol m−2 s−1, for the first and second
time series in the same site.
The soil temperatures at 10 cm varied over the
24-h for both the two time series (Figure 2A). Between
these two time series, the soil temperature was different (p < 0.001) the average difference being 2.43 °C.
The second time series had a maximum soil temperature

Figure 1 − 24-h variation of soil respiration during the first and
second time series.

Sci. Agric. n.5, p.452-458, September/October 2015

454

Yemadje et al.

24-h variation in soil respiration

Figure 3 − Polynomial function predictions for both time series.

Table 1 – Estimated coefficient values, standard error and confidence
interval.
Coefficient and units

Estimate Standard error

Confidence interval
Min

Max

Daytime

Figure 2 − 24-h variation of (A) soil temperature, (B) soil moisture
during the first and second time series.

(40.1 °C) which was higher than the first series (32.0
°C), while minimum soil temperature was lower in the
second time series (26.8 °C) as compared to the first series (27.5 °C).
Soil moisture ,which varied over the 24-h and decreased over time (Figure 2B), was different between the
two time series (p < 0.001). For both time series, the
average soil moisture difference was 4 %. The second
time series had a maximum soil moisture reading (26
%) higher than the first (21 %), while the minimum soil
moisture reading was lower in the second times series (8
%) as compared to the first (13 %).
When estimating SR in the field the time series
for the SR formed a curve during the daytime and were
close to linear at nighttime, separate functions being
used for each part of the day.
Polynomial functions
For both time series, the SR rates during the daytime (twelve hours starting from 08h00) were represented
as second order polynomials (Figure 3). The functions
were of the type SR = at2 + bt + c, where t is the time
expressed in 24-hour format, in the range 8 to 20. All coefficients, except the constant term, were highly significant
(p < 0.01), see Table 1. The values predicted by these
functions were a good fit to the measured values (r2 =
0.75 and 0.96 for the first and second series, respectively)
(Figure 4). The mean errors were -0.07 and 0.23 µmol m−2
s−1, i.e. less than 3 % of the mean observed SR observed.
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First time series (r2 = 0.75)
a (µmol h )

-0.06

0.01

-0.08

-0.03

b (µmol h−1)

1.51

0.30

0.84

2.17

c (µmol)

-1.17

2.00

-5.63

3.30

−2

Second time series (r2 = 0.96)
a (µmol h−2)

-0.10

0.01

-0.12

-0.07

b (µmol h−1)

2.21

0.31

1.53

2.90

c (µmol)

-1.94

2.06

-6.53

2.65

Nighttime
First time series (r2 = 0.95)
a (µmol h−1)

-0.24

0.02

-0.28

-0.20

b (µmol)

6.77

0.11

6.52

7.02

Second time series (r2 = 0.93)
a (µmol h−1)

-0.26

0.03

-0.32

-0.20

b (µmol)

4.71

0.16

4.33

5.09

Robustness of the polynomial functions
The polynomial functions were tested using a reduced number of data points to check their robustness.
The three measurements taken at 8h00, 14h00
and 20h00 were used to calculate second order polynomial functions providing a good fit between predicted
and measured values. The functions were y1 = -0.06 ±
0.01x2 + 1.77 ± 0.35x - 3.70 ± 3.41 for the first time
series and y2 = -0.09 ± 0.01x2 + 2.17 ± 0.30x -1.81 ±
1.92 for the second time series. The coefficients of each
of these functions were well within the 95 % confidence
interval of the coefficients based on the respective time
series.
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Figure 4 − Predictions by second degree polynomial functions
against measured soil respiration.
Figure 5 − Linear functions for both time series.

Linear functions
For both time series, the SR rates measured overnight allowed linear functions to be used (Figure 5).
The functions were SR = at + b, where t is the time
in hours with 19h00 being zero. The time periods overlapped so that the measurements for fitting the end of
the quadratic were also used for determining the linear slope. All coefficients were highly significant (p <
0.01), see Table 1. The values predicted by these functions were a good fit to the measured values (r2 = 0.95
and 0.93 for the first and second series, respectively)
(Figure 6). The mean errors were 0.13 and 0.27 µmol
m−2 s−1, i.e. less than 8 % of the mean nighttime SR
observed.
Robustness of the linear functions
The linear functions were tested using a reduced
number of data points to check their robustness. The
measurements taken at the beginning of the night period
(19h00 and 20h00) and at the end of the night period
(05h00 and 06h00) were used to calculate linear function
and provided a good fit between predicted and measured
values. The functions were y1 = -0.26 ± 0.02x + 7.02 ±
0.17 for the first time series and y2 = -0.26 ± 0.02x +
4.99 ± 0.18 for the second time series. The coefficients
of each of these functions were well within the 95 %
confidence interval of the coefficients based on the time
series.
Effects on SR of soil temperature, soil moisture,
and time of measurement
The soil temperature and soil moisture both affected the 24-hour variations of SR. Multiple linear regression of SR against both soil temperature and soil
moisture produced a model (all coefficients having a p <
0.01) with r2 being 0.98 and 0.73 for the first and second
time series respectively. The time of the measurement
explained the remaining variation in the SR rates.

Figure 6 − Predictions by linear functions against measured soil
respiration.

Discussion
24-h variation of SR, soil temperature and moisture
This study showed a 24-h variation in SR after wetting, during a dry period. This 24-h variation was obtained
in agro-ecosystems in a temperate climate (Shi et al., 2006),
an arid climate (Li et al., 2011) and a Mediterranean climate (Xu and Qi, 2001). These authors explain this process
as a function of soil temperature because this is a variable
that changes considerably in the course of a day (Rayment
and Jarvis, 2000). However, in our study, the soil moisture
also changed considerably over 24 h which may have had
a major effect on soil microbial activity. As a consequence,
SR showed a diel cycle which is probably due to changes
in soil temperature and soil moisture. The amplitude of
the variation in SR is explained by the amplitude of the
soil temperature and moisture during the day. The second
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time series had a maximum respiration higher than the
first time series which is consistent with an increase in SR
as the soil temperature increases. However, the SR rates
during the nighttime seem to be more dependent on soil
moisture.
Between the time series there was no difference in
SR (p > 0.05). This could be explained by the fact that
the measurements were carried out on the same site and
there would be little variability in the soil carbon of the
two plots. Between these two time series, the soil temperature was different (p < 0.05). This difference in soil
temperature between the two time series may be related
to the air temperature on the two days of measurements.
The soil moisture difference between the two time series
could be explained by the difference in soil temperature
which was higher in the second time series and consequently produced low soil moisture.

25 °C, with seasonal variations of less than 4 °C. The
soil type was a Haplic Ferralsol according to the World
Reference Base classification (FAO, 2006). Our results
did not agree with those obtained in these ecosystems
(Fernandes et al., 2002; Garcia-Montiel et al., 2004).
The difference between our results and others could
be explained by differences in temperature variation,
soil moisture (precipitation) and also soil variation between these regions and our study area. In our study,
the use of the methods developed by these authors did
not provide the best estimate of the mean daily value
of SR. 08h00, 14h00 and 20h00 were the optimum
times to measure SR for the purpose of estimating the
mean daytime SR.
Soil respiration rates measured at 19h00, 20h00,
05h00 and 06h00 were used to estimate the mean SR
during the night. A linear function provided a close fit
for the mean SR during the night. The two measurements at the beginning and the end of the night provided
the best estimates of the mean nighttime SR (Table 2).
Taking measurements at night using a manual chamber
is not usually practical. Using two measurements only
at the beginning and end of the night makes it easier to
estimate the mean nighttime SR. When considering the
24-h period, Wang et al. (2014) reported that SR rates
measured between 07h00 and 09h00, or between 17h00
and 19h00, were similar and representative of the mean
diel value. In our study, the averages proposed by Wang
et al. (2014) were, for the first and second time series
respectively, 7.57 and 9.82 µmol m−2 s−1 for the morning
period and 7.68 and 6.38 µmol m−2 s−1 for the afternoon
period. This approach would, therefore, fail in the case
of the second time series. Furthermore, for the first time
series, even though the two averages were similar, they
were not both representative of the 24-h average (6.85
µmol m−2 s−1).

Method for estimating the mean SR in the field
A second order polynomial function provided a
close fit for the mean SR during the daytime. A second
order polynomial calculated using SR measurements
taken at 8h00, 14h00 and 20h00 gave a representative curve of the SR from 08h00 to 20h00, providing a
close estimate of the average SR for the period. Other
methods have been used to determine the mean daily
SR in field conditions without paying particular attention to the occurrence of rainfall events (Table 2). In
pastures, Fernandes et al. (2002) measured the SR at
07h00, midday and 17h00 which correspond to the
minimum, intermediate and maximum air and soil
temperature. In the state of Rondonia, Brazil, the climate was humid tropical, with an annual precipitation
of 2,200 mm and a dry season from Jun to Sep annual mean temperature was 25.5 °C with a seasonal
variation less than 5 °C. The soil was an Ultisol, classified as Haplic Acrisol in the World Reference Base
classification (FAO, 2006). In seven forests located in
Rondônia, Garcia-Montiel et al. (2004) measured the
SR in the early morning (between 06h00-09h00) and
in the afternoon (14h00-15h00). In this region, mean
annual temperatures have varied between 18.8 °C and

Effects on SR of soil temperature, soil moisture,
and time of measurement
The diel variation of SR was explained by variations in the soil temperature and soil moisture, and the
time of measurement. Soil temperature and moisture

Table 2 – Comparison of methods for estimating the mean soil respiration.
Mean Soil Respiration values (µmol m−2 s−1)

Difference between measurements and
estimate (%)

Daytime
Method
Measurements from 08h00 to 20h00

Day 1

Day 2

8.16

8.85

Day 1

Day 2

Values estimated by use of polynomial models set with three points

8.21

9.41

±1

±3

Method of Garcia-Montiel et al., 2004

7.72

10.00

±5

± 13

7.47

8.15

±8

±8

Method of Fernandes et al., 2002

Nighttime
Night 1

Night 2

Measurements from 19h00 to 06h00

5.44

3.32

Soil Respiration estimated by linear function using two points at the
beginning and two points at the end of the night

5.69

3.65
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Night 1
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Night 2
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together explained at least 73 % of the 24-h variations
observed. Our results did not agree with other studies
which attribute 24-h variations to changes in soil temperature only (Xu and Qi, 2001). These authors measured the diurnal variation of soil respiration in a Mediterranean climate. Annual precipitation was 1660 mm
and the average daily temperature varied from 0.6 °C
in Jan to 28.3 °C in July. The difference between our
results and theirs’ could be explained by the differences
in temperature variations between this region and our
study area. In our study, the air temperature was high
and varied from 21 °C to 39 °C. However, soil respiration is also correlated with soil moisture. This soil moisture varied over time.
Soil temperature and soil moisture were the two
main factors that explain the diel variation of SR but
they did not explain all the variations observed. After
taking into account soil temperature and soil moisture,
it is the time of measurement that appears to explain the
residual variation. Therefore, SR appears to have a circadian rhythm. However, soil respiration after wetting
may be related to physical aspects, not just biological. Indeed, the physical aspects such as soil porosity, influence
the production and transport of CO2 emissions from soil
(Šimůnek and Suarez, 1993).
Our observations were used to propose a method
for estimating the mean daytime and nighttime SR after
wetting the soil. This method based on measurements
at specific times over a 24-hour period appears to be applicable to the period when microbial activity is recovering after a dry period. However, measurements should
be taken at the same times during the day to estimate
the daily mean SR. Proxies such as temperature and soil
moisture could be useful for predicting SR. However, a
large dataset is required if the SR model is to be calibrated and validated.

Conclusion
Over 24-h, soil respiration rates followed a quadratic curve during the day coming close to linear at night.
The method proposed here has the advantage of being
based on a small number of measurements and is, therefore, easier to implement in the monitoring of SR after
the first rains following a long dry period. These events
are difficult to predict. The method also distinguishes between daytime and nighttime measurements, which can
be useful for comparison with other field studies, most of
which are limited to daytime measurements.
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