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ABSTRACT. Many studies report asymmetrical spatial distribution of soil respiration 
caused by presence of areas with significantly higher emission rates (so-called hot spots). 
For seasonally dry tropical forest soil respiration was measured on 1 ha plot with 20m, 
5m and 1 m scale in the first half of dry season. 457 measurements made in 9 series at 54 
sampling points. The results suggest that lognormal spatial distribution model appears 
to be much more supported rather than the normal one. A statistical method proposed 
for estimation the mean value and its confidence interval of lognormally distributed data. 
The mean emission rate  E(RS) for the lognormal distribution amounted to 4.28 µmol m-2 
s-1, the 95% confidence interval is 3.93 to 4.76 µmol m-2 s-1. However, the standard sample 
mean can be used as an estimator of the mean of lognormally distributed values of soil 
respiration if their coefficient of variance remains approximately the same as in our study 
(CV=0.35). Based on the data obtained and literature sources, recommendations are 
given on the number of sampling points for estimating the spatial average value with a 
given accuracy
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INTRODUCTION

Tropical forests contain about 40% of the 
global vegetation carbon and are responsi-
ble for about 50% of terrestrial gross prima-

ry production. Owing to their large C stocks 
and budgets, tropical forests can affect the 
global C balance, and hence potentially 
play an important role in climate change, 
despite only covering 12% of the total land 
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Fig. 1. Location of the study site (satellite image credits: CNES/Airbus 2018, 
DigitalGlobe 2018)

surface (FAO 2001). Seasonal forests repre-
sent 43% of the total tropical forest area, 
which is comparable with that of tropical 
rainforests. 

In tropical forest ecosystems, the eddy co-
variance method has improved our under-
standing of ecosystem carbon cycle pro-
cesses (e.g. Yamamoto et al. 2005; Kumagai 
et al. 2006; Kosugi et al. 2008). However, this 
method can provide unreliable nocturnal 
CO2 fluxes under low wind speed condi-
tions (Baldocchi 2003), which can be used 
as a proxy for ecosystem respiration; thus, 
alternative chamber methods for measur-
ing respiration are still important for un-
derstanding the processes of carbon flow 
in relation to climate change (Kume at al. 
2013).

Soil CO2 efflux (syn. soil respiration, Rs) is the 
sum of multiple processes in  rhizosphere, 
bacteria and fungi, soil fauna, litter decom-
posing organisms respiration and other, 
and many factors affect each of these com-
ponents. Although soil temperature and 
soil water content are considered as prima-
ry drivers of soil respiration, coincidence of 
secondary factors (such as root biomass, 
organic carbon content, insect nests (Lopes 
de Gerenyu et al. 2015)) can cause emission 
values considerably exceeding surround-
ing background, which makes soil respira-
tion a process of high spatial and temporal 
variability. Areas with significantly higher 
emission rates are generally recognized 
as hot spots (McClain et al. 2003).  Sever-

al problems may appear when estimating 
spatial average value of soil respiration. 
Due to insufficient sampling, the hot spots 
can be not taken into account at all, or they 
could be treated as a measurement artifact 
and discarded. 

Soil respiration hot spots can be consid-
ered as ecosystem control points – points 
(spatial or temporal) where the exchange 
rate is of sufficient magnitude or ubiquity 
to affect dynamics of the ecosystem (Ber-
nhardt 2017).   With this approach, inves-
tigating the properties of soil respiraton 
hotspots can lead to a better understand-
ing of ecosystem processes. 

Aim of this study was evaluation of spatial 
variability of soil CO2 efflux in seasonally dry 
tropical forest, describing magnitude, size 
and temporal behavior of hotspots and es-
timation of optimum amount of sampling 
for further studies. 

STUDY AREA

The study has been carried out in semi-de-
ciduous tropical forest of Cat Tien nation-
al park (a part of the Dong Nai Biosphere 
Reserve) located in Dong Nai province, 
Vietnam (Fig. 1).  The mean annual tem-
perature, measured on Dong xoai me-
teorological station approx. 57 km WNW 
from the study site in 1981 – 2010  was 
26.4 °C with annual variation of monthly 
averages within 4°C, mean annual rainfall 
amounts to  2518 mm (Deshcherevskaya 
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Fig. 2. Sampling design and time-averaged values of soil CO2 emission, µmol m-2 s-1 

(shown in color gradient). The numbers on axes represent distances to North and East 
from a zero point in meters

et al. 2013). Climate of the region described 
as tropical monsoon (Am) by Köppen cli-
mate classification, which characterized by 
pronounced dry season, which lasts from 
December to March: mean total rainfall for 
this period makes only 5% of the annual 
amount. The forest dominant deciduous 
tree species are Lagestroemia caluculata, 
Tetrameles nudiflora, Hopea  odorata, Ficus 
spp (Kuznetsov and Kuznrtsova 2011). For-
est understory is abundant and evergreen, 
with minor grass cover. Soil of the study site 
is very dark brown (7.5YR 2.5/2 by Munsell 
color system) andisol with negligible color 
variation among study area.  Organic car-
bon content in upper layer (0-20 cm) is 
5.34%, nitrogen content is 0.44%, pH is 5.56 
(Okolelova et al. 2014).

MATERIALS AND METHODS

Sampling design

A measurement site of 1ha (100 x 100 m) 
was established in 50 meters south from 
NCT flux tower (Kurbatova et al. 2013; NCT 
– AsiaFlux. [Online]) with a zero point (SW 
corner) at  11.440309°N, 107.400072°E. The 
measurement points were placed on 3 dif-
ferent scales (Fig. 2): in the center of each 
20x20 m subplot (n=25), then one random 
subplot was partitioned with 5 x 5 m grid 
and sampling points were placed on the 
intersections of the grid (n=25), the final 
scale was a small transect of 4 sampling 
points, placed with 1 m interval between 
two points of 5 x 5 m scale (n=6). 

The measurements of soil respiration were 
repeated in 9 series with 6-8 days interval 
during December 2017 to February 2018. 
Each of the series has been measured in 
two days: on first day each of 25 points of 
the 100x100m plot has been measured and 
rest of the points measured the next day. 
The measurements of each day were tak-
en between 9 am and 12 pm, one time per 
measuring point. At each sampling point a 
PVC collar of 250mm diameter was installed 
with depth of about 3-5 cm below ground 
and height of 5 cm above, tree litter was not 
removed from the collars.   First measure-
ments were taken 10 days after the collars 
installation. Soil respiration was measured 
with non-steady state closed loop cham-
ber method using custom-made respirom-
eter based on LI-820 infrared gas analyzer 
(LI-COR inc., USA). The measuring chamber 
(Fig. 3) was of hemispherical shape 2.8 l in 
volume. Air intake was mounted at the top 
of the hemisphere, and the air return flow 
was distributed around the base perimeter, 
which made it possible to avoid the use of 
a fan and the consequent excessive turbu-
lence inside the chamber. Air-tight connec-
tion to the collar was realized using a thin 
rubber sealing ring. CO2 concentration val-
ues were logged with 1 Hz rate during each 
120 seconds-long measurement. 

Air temperature inside the measuring 
chamber was registered for every CO2 ef-
flux measurement to estimate molar vol-
ume. Soil temperature and volumetric wa-
ter content were measured along with CO2 
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efflux measurement in close proximity to 
the chamber.  Soil temperature was mea-
sured at 2-5 cm depth using Checktemp-1 
digital thermometer (Hanna instruments, 
USA). Soil volumetric water content was 
measured using electrical conductivity me-
ter 5TE (Decagon Devices, Inc., USA). Due 
to the sensor failure, soil water content was 
measured only during first 4 series.  
  
The method for calculation of CO2 efflux 
rate was similar to one used in commer-
cial soil gas flux system LI-8100A (LI-COR 
inc., USA). CO2 concentration values from a 
first few seconds of a measurement were 
discarded due to disturbances caused by 
installation of the chamber.  However, CO2 
growth rate was estimated at the moment 
of chamber installation by approximation 
of good data with a gradient diffusion 
equation (Healy et al. 1996) using Table-
Curve2D software: 
Where C’(t) is the instantaneous chamber 

CO2 mole fraction, C0’ is the value of C’(t) 
when the chamber installed, and Cx’ is a 
parameter that defines the asymptote, all 
in μmol CO2/mol air (ppm); a is a parame-
ter that defines the curvature of the fit (s-1). 
The Cx’, a and t0 parameters yielded by the 
regression were used to estimate CO2 con-
centration growth rate at the moment t = t0:
Then CO2 efflux rate was calculated:

Where Rs is soil respiration rate (μmol * 

m-2 * s-1),  Vch is the volume of measuring 
chamber(m3), Sch is the area covered with 
the chamber (m2) and Vm is the molar vol-
ume for temperature measured inside the 
chamber (m3). 

Statistical methods

To make distribution of Rs values from each 
measurement series comparable, the tem-
poral trend was removed: we calculated 
the median value in each trial (Mi,i=1,...,9), 
and the median of all values in the dataset 
(Mall). Then, for each trial (i=1,...,9) the de-
trended data were calculated as

Hot spots were defined as outliers by 
Tukey’s criteria (Tukey 1977) as it was done 
by other authors for defining geochemi-
cal phenomena (Kessel et al. 1993; Ohashi 
2007). A sampling point was defined as a 
hot spot in the given measurement series 
when: Rs>Q3+1.5*IQR , where Q1 and Q3 are 
25th and 75th percentiles and IQR= Q3 - Q1 is 
the interquartile range of the deterended 
dataset.

The spatial dependence was analyzed by 
applying gammavariance technique (Bach-
maier et al. 2011; Cressie 1993)  with var-
iogram function in “gstat” R package v.1.1-6 
(Pebesma 2004). 

Four normality tests were used (Lilliefors 
test, Anderson-Darling test, Kolmogor-
ov-Smirnov test, and Jarque-Bera test) on 
both the original data and log-transformed 
data (testing for lognormal distribution). 

Assuming that the time-averaged CO2 
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Fig. 3. Measuring chamber (left) and a collar at one of the sampling points (right)

C′ = C′x + (C′0 C′ x )*e (a*(t t0 ))

R = Rss Mi + Mall

dC′
dt t=t0

= a(C′ C′0 )x

Rs = dC′
dt t=t0

*
Vch

Vm

*
1

Sch



17
7 

G
ES

02
|2

01
9

emission rates at different spatial locations 
are independent and follow lognormal dis-
tribution, the mean emission rate (E(RS)) 
was estimated using the method by Shen, 
Brown and zhi (Shen et al. 2006):
where Xi=LogRsi 

is log-transformed data,
is the sample mean of X, 

is the sample sum of squared deviations of 

x, and n is the size of the sample. The boot-
strap confidence interval (CI) for E(RS) was 
generated with 105 simulated samples.

To estimate the number of test sites re-
quired to measure the mean CO2 emission 
rate with given precision, we studied the 
properties of the bootstrap CI by Shen et 
al. (2006).

If RS is a lognormally distributed random 
variable, x=logRS  is normally distributed 
with mean  μ and standard deviation (SD) 
σ. The dimensionless parameter σ is related 
to the coefficient of variation of RS:
where  CV=SD(RS)/E(RS) is the coefficient of 

variation of z.

From CI formulas in (Shen et.al. 2006) it can 
be shown that the relative width of the CI 
[c1,c2] for E(RS)
is a function of σ and n only. At the same 

time, RWCI may be considered as a mea-
sure of relative precision of estimation of 
E(RS). Thus, if   and target RWCI are given, it 
is possible to estimate the required sample 
size n.

RESULTS AND DISCUSSION

The natural distribution of detrended soil 
respiration values displayed an asymmet-
rical distribution with the tail of higher 
values (Fig. 4). The obtained normality 
tests’ p-values for time-averaged data are 
0.1859, 0.0046, 0.6126, <0.001 for the orig-
inal data and >0.5, 0.5029, 0.9345, >0.5 for 
the log-transformed data (L, AD, KS, and JB 
tests respectively). Although only two tests 
reject normality of the original data at 5% 
significance level, lognormality of the data 
appears to be much more supported. 

The mean emission rate  E(RS) for the log-
normal distribution amounted to 4.28 µmol 
m-2 s-1, the 95% confidence interval is 3.93 
to 4.76 µmol m-2 s-1. The relative width of 
the confidence interval (RWCI) is 0.195. The 
median rate amounted to 3.95 µmol m-2 s-1 
which is 12% lower than estimated mean 
value. The standard sample average, which 
suggests normal distribution, amounted to 
4.31 µmol m-2 s-1 , with confidence inter-
val in 3.88 – 4.74 µmol m-2 s-1 and RWCI 
of 0.20, which is quite close to the results 
of lognormal distribution Thus, we may 
state that the standard sample mean can 
be used as an estimator of the mean of log-
normally distributed values of soil respira-
tion if their coefficient of variance remains 
approximately the same as in our study 
(CV=0.35). However, in the case of much 
more expressed hotspots (i.g. as described 
for methane emissions, denitrification and 
other processes by Bernhardt (2017)), these 
estimates may differ significantly, and the 
use of our proposed method for estimating 
the average of the lognormal distribution 
will be reasonable.

The results of the individual measurement 
series are shown in Table A.1.
  
There was no significant overall trend in RS 
during the measurement campaign (slope 
<0.03 µmol m-2 s-1 per day). Some hot spots 
were stable in time, while some appeared 
only once or twice, and some points oppo-
sitely reacted to the same change in condi-
tions. Our data shown no statistical depen-
dence of soil respiration on temperature 
(linear model R2 < 0.006, p-value: 0.11) 

Vitaly K. Avilov, Dmitry G. ivanov et al. HOT SPOTS OF SOiL RESPiRATiON iN ...

E(RS ) = exp X + (n 1)S 2

2(n + 4)(n 1) + 3S 2

X = Xi / n
i=1

n

S 2 = ( Xi − X )
i=1

n
2

= log(CV 2 +1)

RWCI =
c2 − c1

E(RS )



Fig. 4. Left plot: variation of soil respiration rate on individual sampling points along 
the measurement campaign. Trend of spatial median fluctuation is removed (median 
values of each measurement series are corrected to the common median value).  The 

black lines represent sampling points with no hot moments detected. Right plot: 
frequency distributon of detrended soil respiration values (n=486). The horizontal 

black line on both plots shows the Tukey`s outlier criteria
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and soil moisture (linear model R2 >0.03, 
p-value: 0.04), and we suggest that none of 
these factors determine abnormally high 
emission values. Thus, it can be argued 
that observed soil respiration hotspots are 
of a different nature, and each detected 
hotspot may be due to different factors 
and react differently to the same change in 
environmental conditions. 

The spatial dependence analysis didn’t 
show any systematic behavior described 
by theoretical models (linear, spherical, ex-
ponential, Gaussian, and power law). This 
can serve as the evidence of heterogenous 
nature of time-averaged CO2 efflux values 
or a hypothesis that the scale of spatial vari-
ation of soil CO2 efflux at our site was small-
er than double minimal distance between 
sampling points, i.e. less than 2 meters. 
Two-sample t-test showed statistically dif-
ferent mean values of two most expressed 
hotspots with any surrounded sampling 
point within 2 meter radius. 

The time-averaged soil respiration values 
obtaineded at 54 sampling points produce 
standard deviation of log-transformed val-
ues σ=0.3433  (with corresponding 95% 
confidence interval CV(Z)=0.3537). In or-
der to estimate the possible range of σ, 
we fetched data from four other studies of 
tropical forests in Southeast Asia (Ohashi 

2007; Katayama 2009; Kosugi 2007; Adachi 
2009) in the form of sample means and 
sample SDs (20 sets of data in total, with 
varying conditions and sample sizes). The 
data were used to calculate rough estima-
tions of CVs (because sample means and 
sample SDs are very biased estimators of 
true means and SDs of lognormal distribu-
tions), and, in turn, to calculate rough esti-
mations of  . The minimal observed σ was 
0.2576, the maximum one was 0.5847, with 
a peak of frequency near to our σ=0.3433. 
So we decided to explore the range σ Є 
[0.15; 0.75].
 
The calculated RWCIs for various   and n are 
shown in Fig. 5. Every value was calculated 
using 105 simulated samples in the boot-
strapping procedure. The graphs may be 
used for estimating the required sample 
size if target RWCI is known and   is estimat-
ed in a pilot study or assumed from litera-
ture data.

For σ=0.35, which can be considered as 
typical, some RCWI values were tabulated 
(Table 1):

These values clearly show that sampling 
design which includes 5-10 spatial probes 
may produce estimates very far from the 
true mean CO2 emission rates.

GEOGRAPHY, ENViRONMENT, SuSTAiNABiLiTY  02  (12)  2019
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CONCLUSIONS

Soil respiration rate in a seasonally dry trop-
ical forest is highly variable in space, due 
to the small size of zones with significantly 
higher rates (hot spots).  Spatial distribution 
of this parameter rejects normality tests, 
and lognormal distribution is much more 
supported by the statistical tests. Howev-
er, we may state that the standard sample 
mean can be used as an estimator of the 
mean of lognormally distributed values of 
soil respiration if their coefficient of vari-
ance remains approximately the same as in 
our study (CV=0.35).

Hotspots apparently have a heterogenous 
nature, some of them are more stable than 
another ones. The stable hot spots can be 
explained by higher root biomass and leaf 
area index (LAI), the presence of decaying 
residues or areas of higher soil gas perme-
ability. Rarely distributed short-term hot 
spots can be caused by insect activity. The 
detected hotspots apparently have a size 
of no more than 2 meters.

Assuming the lognormal nature of the dis-
tribution of soil respiration and the variabil-
ity observed in our study and other litera-
ture sources, it may be proposed to make 
at least 20 spatially independent samples 
to obtain an estimate of the soil respiration 
with relative width of 95% confidence in-
terval of no more than 0.35 of the estimat-
ed mean.
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Fig. 5. Relative width of the 95% confidence interval for the mean of lognormally 
distributed variable Z as a function of its σ=SD(logZ) parameter and sample size n

Table 1. Relative widths of 95% confidence intervals for σ=0.35 . Lognormal 
distribution is assumed

n 3 5 10 20 30 40 50 60 70

RWCIσ=0.35 2.488 1.005 0.542 0.346 0.274 0.234 0.207 0.188 0.173
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Appendix A
Table A.1. Values of soil respiration rate, obtained in different series, µmol m-2 s-1. 

SD is standard deviation of mean, E(Z) is estimation of mean RS based on lognormal 
distribution. Ci low and Ci high are 95%confidence intervals of E(Z), JB-test is Jarque-

Bera test

* the data fetched from NCT flux tower in 50-150 m away from the measured points

Series
Meas.
date

n Min Max Median Mean SD E(z)
CI 

low
CI 

high
RWCI

JB-test 
p-value 

for z

JB-test 
p-value 

for 
log(z)

Mean 
Ts, 
°C

Mean 
VWC, 
m3/
m3

1
2017

-12-21
25 1.79 5.26 2.90 3.10 0.91 3.08 2.77 3.52 0.24 0.131 0.500 27.3 0.22

2
2017

-12-28
54 2.24 12.73 4.42 4.77 2.14 4.72 4.28 5.35 0.23 ≤ 0.001 0.213 29.7 0.21

3
2018

-01-08
54 2.04 11.88 4.13 4.41 1.68 4.38 4.02 4.87 0.20 ≤ 0.001 0.435 28.8 0.22

4
2018

-01-15
54 1.85 9.19 3.62 3.67 1.28 3.65 3.36 4.04 0.18 ≤ 0.001 0.500 28.1 0.19

5
2018

-01-23
54 2.20 11.79 4.83 5.00 1.81 4.97 4.57 5.52 0.19 ≤ 0.001 0.500 25.2 0.27*

6
2018

-01-30
54 2.14 14.11 4.49 4.80 2.00 4.76 4.35 5.31 0.20 ≤ 0.001 0.048 25.2 0.25*

7
2018

-02-06
54 1.49 9.05 3.41 3.67 1.49 3.65 3.31 4.12 0.22 0.002 0.500 22.2 0.18*

8
2018

-02-13
54 1.55 11.98 3.06 3.41 1.68 3.36 3.04 3.82 0.23 ≤ 0.001 0.043 22.5 0.17*

9
2018-
02-19

54 2.42 14.34 4.53 5.10 2.35 5.05 4.55 5.75 0.24 ≤ 0.001 0.254 24.8 0.17*


