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Abstract. Soils of wetland ecosystems serve as a huge storage of organic carbon. Its decomposition and
consequent release of CO; into the atmosphere is highly affected by soil hydrology, and this release of
CO, may severely increase during future climate change. The aim of this study was to describe the
immediate response of soil CO, efflux to temperature and changes in water level. Soil CO, efflux from a
marsh, temperature and the water table were continuously measured in situ during a gradual decrease of
the water table and its consequent rapid increase after heavy rain. CO, efflux fluctuated as it followed
diurnal changes in temperature. However, it showed an increasing trend as the water table decreased.
After the rain, the water table rose above the soil surface and soil CO, efflux dropped fast to nearly zero.
A simple model based on soil temperature and water table level was created to estimate soil CO, efflux.
There was far better agreement between this model and measured data than with the widely used model
based only on temperature. The results showed the importance of including the soil water conditions in
models for estimating soil CO, efflux at sites with a high water table level.
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Introduction

Carbon dioxide efflux from soil remains the second largest carbon flux in most
ecosystems after photosynthesis (Kuzyakov, 2006) and it accounts for ca 60-90 % of
total ecosystem respiration (Goulden et al., 1996, Longdoz et al., 2000). Therefore,
quantification of soil CO, efflux is important for understanding the carbon dynamics of
terrestrial ecosystems and predicting possible future scenarios.

Soil respiration consists of autotrophic and heterotrophic components (Kuzyakov,
2006). The first comprises the respiration of plant roots and is a major source of CO,
loss in plants, while heterotrophic respiration occurs among soil microorganisms.

CO, efflux from soil results from autotrophic respiration by live roots and
heterotrophic respiration is caused mainly by the decomposition of organic matter by
microorganisms (Kuzyakov, 2006). Obtaining accurate estimates of CO, efflux from the
soil to the atmosphere represents a significant challenge, it is particularly difficult to
separate the autotrophic and heterotrophic components without disturbing the soil
system (Kutsch et al., 2009).

Both the rate of the CO, efflux from the soil and the immediate responses of CO,
efflux to changing conditions vary in different types of ecosystems. Suitable conditions
are necessary for the biogeochemical processes involved in producing CO,. The crucial
factor for these, mostly aerobic, processes is temperature and the availability of water
and nutrients. In wetland ecosystems a crucial factor is the level of the water related to
the soil surface.
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Generally, the biggest portion of soil respiration takes place in the top soil layers
because of root presence, higher soil temperature and oxygen content compared to
lower horizons (Sierra and Renault, 1998; Tufekcioglu et al., 1999; Lafleur et al., 2005).
At wetlands, moreover, these top horizons get aerated when water table decreases while
lower horizons remain often water saturated. The water table and its possible fluctuation
determine whether conditions are anoxic or anaerobic and thus they also determine the
prevailing biogeochemical processes in wetland soils and in the whole wetland
ecosystem (Reddy and DeLaune, 2008). Therefore, the water table level significantly
affects CO, exchange between the ecosystem and the atmosphere (Dusek et al., 2009;
Jimenez et al., 2012), and thus also affects the gross ecosystem production, including
the gross radiation use efficiency (Dusek et al., 2012a).

The relationship between CO, efflux and temperature is quite well known and has
been presented in previous studies (Lloyd and Taylor, 1994; Pavelka et al., 2007; Subke
and Bahn, 2010). However, the effect of water table fluctuations on CO, efflux has been
studied in previous studies. Mostly a decrease of soil respiration was observed with
increasing water table (Oechel et al., 1998; Yang et al., 2013) as a result of limited
oxygen diffusion in water filled pores (Chamindu Deepagoda and Elberling, 2015).
However, the possible synergic effect with other factors (temperature, nutrient
availability) causes different responses to unitary water table changes and makes it
difficult to understand this phenomena.

CO; efflux from the soil or from plant stands can be measured using different
methods (Livingston and Hutchinson, 1995; Alm et al., 2007). One of the most
commonly used methods for CO, flux investigation is the eddy-covariance technique
(Baldocchi, 2003; Aubinet et al., 2012). This method measures CO, flux over a certain
area, footprint, where the size and shape of this footprint depends on the height of
measuring system and on the direction and velocity of the prevailing winds (Aubinet et
al., 2012). The eddy-covariance technique cannot distinguish between CO, fluxes from
different parts of the ecosystem and cannot describe flux variation in space. For a
detailed focus on CO; efflux from the soil it is better to use the chamber method, which
is precise enough for soil CO, efflux measurement (Livingston and Hutchinson, 1995;
Pumpanen et al., 2004; Reth et al., 2005) and is capable of recording the responses to
changing conditions (e.g. temperature and water table fluctuations).

The aims of this study were to mathematically describe the immediate response of
soil CO, efflux to soil temperature and changes in water table level and to compare this
model with the model based only on soil temperature. As soil temperature is a driving
factor of soil CO; efflux only till a certain percentage of soil water content, we aimed to
determine what was the level of water table when soil temperature stops affecting soil
CO; efflux. At these level of water table soil CO, efflux also displays a rapid decline.
Therefore, determination of this level of water table and of the response of soil CO,
efflux is crucial for soil CO; efflux models at wetland sites.

The data used in this study was measured during a continuous measurement
campaign, which was carried out in a sedge-grass marsh under real conditions and
without any manipulation of the conditions.
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Materials and methods
Site description

The monitored sedge-grass marsh is a 1.5 ha part of the large “Wet Meadows”
wetland complex, situated near the town of Trebon in South Bohemia, Czech Republic,
close to an ancient man-made lake called Rozmberk. This ancient lake was created in
the Middle Ages for fish production and for agricultural production in the local
catchment. Man-made lakes, generally referred to as fishponds, were created in places
where originally wet meadows and wetlands occurred. The sedge-grass marsh (location
of the meteorological station is 49°01’ 29 N, 14°46'13“ E) is a flat area at an altitude of
426.5 m above sea level. The mean annual air temperature and mean annual
precipitation, for a 35-year period between 1977 and 2011, were 7.6 °C and 614 mm,
respectively (Dusek et al., 2012b). For previous ecological studies that focused on the
“Wet Meadows” sedge-grass marsh site see Jenik and Kvet (1983) and Kvet et al.
(2002). The water table mostly fluctuates between -0.2 m and 1.0 m throughout the
year. Most frequently the water table is situated at about -0.1 m. In some years, spring
or summer floods occurred. These floods are a consequence of snow melting or heavy
summer rains. The sedge part of the wetland complex was mown once a year until the
1950’s. The resulting vegetation was formed mainly by tall sedges (Carex acuta, Carex
vesicaria) and hygrophytic grasses (especially Calamagrostis canescens) (Holubickova,
1959; Gazda, 1983; Prach, 1993; Prach and Soukupova, 2002; Prach, 2008). During the
last 50 years, after cessation of mowing, a distinct stand pattern of hummocks and
hollows has developed. The hummocks are formed by tussocks of Carex acuta.

Soil properties

Soils in the sedge-grass marsh can be classified as histosols (Reddy and DeLaune,
2008) with a high amount of organic matter in the upper soil layers. Formation of these
soils is based on sedimentation processes during the post glacial period when lower
layers of the soil profile were created. The lower profile consists of sand and clay with
accessory organic matter. The upper layer of soil has been formed over the last hundred
years as a result of the accumulation of partially decomposed organic matter. These
layers contained more organic matter than the lower layers, with slight stripes of sand,
clay or gravel. The thickness of the organic layers created by peat vary from 0.5 m to
several meters (Jenik et al., 2002). Basic chemical characteristics of the soil are
summarized in Table 1. The bulk density of the 0 to 0.3 m layer is between 0.30 and
0.40 g cm™ and it contains on average about 21.6% carbon. Due to the constantly high
water table levels over the last hundred years, upper organic layers were not
decomposed and remained in the site.

Soil CO;, efflux, soil temperature and water table depth measurements

Measurement of soil CO, efflux was carried out using a manual portable and an
automated gasometrical systems.

Manual measurements on 30 positions within 40 m around the automated chamber were
taken on 21 and 22 September 2010 in the morning hours using portable closed system Li-
6200 (Li-Cor, Lincoln, NE, USA). The system consisted of an infrared gas analyzer
(Li6250, Li-Cor, USA), a control unit (Li6200, Li-Cor, USA) and an opaque soil
chamber developed at the Global Climate Change Institute CAS. On each position CO,
efflux was measured from collars inserted about 3 cm deep into the soil one week
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before the first measurement. Next to each collar soil temperature. During each
measurement, soil temperature at 1.5 cm (penetrate thermometer, Roth, GE) and soil
moisture in the 0-6 cm profile (ThetaProbe ML2x, Delta-T Devices, UK) were
measured at three points located 5 cm outside the collar, with the mean values being
used for subsequent analysis.

Table 1. Chemical characteristics of the organic soil in the sedge-grass marsh community of
the Wet Meadows at 0-30 cm depth of soil profile. Analyses were performed by the Agro-La
Comp. Laboratories at Jindrichuv Hradec.

Parameter mean SD
pH(CaCl,) 4.8 0.1
Potassium [mg/kg] 144.8 37.1
Magnesium [mg/kg] 395.8 32.1
Calcium [mg/kg] 2692.0 227.0
Dry matter [%)] 42.3 4.9
Total phosphorus [%] 0.2 0.0
Total nitrogen [%] 0.9 0.1
Ash [%] 71.4 2.5

Automated continuous measurements were done using a system ACSEM (developed
at the Global Change Research Institute CAS) between 20 and 26 September 2010. This
system consisted of a chamber with an automatic closing function and an EGM-3
analyzer (PP-System, United Kingdom). The chamber was controlled by a DL3000
logger (Delta-T Ltd, UK), which also stored the measured data. The chamber was
installed in a hollow (free space between hummocks of Carex acuta). The selected
hollow was without any vegetation cover. The possibility for aboveground plant organs
to contribute to CO, efflux was excluded. Soil temperature measurements at depths of
0.5, 1.5, 3, 5 and 10 cm were made near the chamber by PT 1000 platinum
thermometers (HIT Uherske Hradiste, Czech Republic). The water table level was
continuously measured by a LP 307 hydrostatic pressure sensor (BD Sensors, Czech
Republic). CO, efflux from the soil and soil temperatures were measured at 15 min
intervals, while the water table level was measured at 30 min intervals.

Data analysis and calculations

Soil CO, efflux (Rs) was plotted against soil temperature (Ts) and this was fit by an
exponential regression curve with the regression equation:

R, =/-e"™ (Ea. 1)

where o and B are the regression coefficients. Q1o (the proportional change in CO;
efflux caused by a 10 °C increase in temperature) was calculated as:

Qo =€"* (Eq. 2)
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where a is the regression coefficient obtained from Equation 1. Then, CO, efflux was
normalized for the temperature of 10 °C (R10) according to equation:

R
Ry = ﬁ (Eq. 3)
Qp 1

To estimate soil CO, efflux from measured parameters we used the reversed equation:

R — Mo (Eg. 4)

m 10-Ts

Qo 10

For fitting the Rip data and the depth of the water table we used the program
TableCurve (Systat, USA), the correlation statistics were provided in the analysis
software SigmaPlot 11.0 (Systat, USA).

Statistical analyses

The program TableCurve 2D (Systat Software, San Jose, CA, USA) was used to find
the relationship between Ri and the water table and to fit the curve. The correlation
between measured and modelled soil CO, efflux was tested by using the Pearson
Correlation test in SigmaPlot 11.0 (Systat Software, San Jose, CA, USA). Moreover, a
Taylor diagram (Taylor, 2001) was applied to compare measured and modelled soil CO,
efflux data. This diagram was implemented in R statistical software (R Development
Core Team 2011).

Results
Overall conditions in September

The mean monthly air temperature in September 2010 was 11.2 °C, which was lower
than the long-term air temperature for this month (12.2 °C for the period 1977-2010).
The air temperature in September 2010 ranged from 7 to 14 °C and decreased in the
first half of the month and again in the middle of month (Figure 1A). Soil temperature
ranged between 10.1°C and 10.8 °C.

The monthly sum of precipitation was 61.6 mm, which was about 13% higher than
the long-term mean (53.4 mm for period 1977-2010). During September 2010, there
were eight rain events with more than 3 mm of precipitation recorded. The water table
fluctuated according to precipitation and high increase in water table were recorded
during rainy days (gray area around solid black line in the Figure 1B). The water table
fluctuated between 8 cm below the soil surface and 5 cm above the soil surface.
Precipitation in the middle of the month (12.6 mm) raised the water table daily average
from -2 cm below the soil surface to about 4 cm above the soil surface. After that the
water table slowly decreased to a minimum daily average value of -8 cm below the soil
surface. The water table remained at this minimum for one day and after that it
increased rapidly to 5 cm above the soil surface. This increase in water table was caused
by heavy rain on 26 September when the daily sum amounted to 19 mm. During the
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following three days precipitation ranged from between 4 and 8 mm per day and the
water table remained stable at 5 cm above the soil surface.
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Figure 1. Daily courses of studied parameters. A — Daily means of air temperatures at 2 m
height (thick line); daily means of soil surface temperatures (thin line). B — daily sums of
precipitation (bars) in September together with changing water level (black line). Variability of
water level, shown as gray area around solid black line. C — Soil CO, efflux (gray line); soil
temperature (dashed line); water level (solid line). Measured period is marked in the Figures A
and B as a dashed box.

Detailed conditions during experimental period

The experimental period was set in the end of September 2010. During this period
there was a controlled discharge of the lake, therefore the water table decreased slowly
until 25 September when it started raining (Figure 1C). During this period the water
table gradually decreased from 0.4 cm above the soil surface to -8.0 cm below the soil
surface. After the rain the water table increased up to 4.2 cm above the soil surface and
measurements had to be stopped on 26 September due to possible damage to the
measuring system.

The highest soil temperature during CO, efflux measurement was at a depth of 0 cm
with an amplitude of 9.3 °C, the lowest soil temperature was recorded at a depth of 10 cm
with an amplitude of only 1.1 °C. In the daytime, the highest temperature was at the soil
surface (0 cm) and temperature decreased with soil depth. At night this was reversed. Soil
temperature minima and maxima at depths of 1.5, 3, 5 and 10 cm lagged behind the
temperature of the soil surface by 0.9, 1.3, 2.2 and 3.2 h for minima, and 1.9, 2.9, 4.1 and
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6.8 h for maxima, respectively. After the rain, fluctuations in of soil temperature were
reduced and it was difficult to clearly determine the minimum and maximum.

Soil CO, efflux

During manual measurements of soil CO, efflux, mean soil water content at 30
positions reached 88.1£9.7%. Soil CO; efflux was 1.40+0.92 pmol m™s™ corresponding
to the mean soil temperature 9.2+0.9 °C on 21 September, and 1.47+0.84 pmol m?s™
corresponding to the mean soil temperature 10.7+10.3 °C on 22 September.

From 20 to 25 September, soil CO; efflux from the automated chamber followed the
diurnal pattern of changes in soil temperature, with maxima in early afternoon and minima
at night. However, the relationship between temperature and soil CO; efflux was not so
strong (R?=0.59). This can be attributed to the gradually decreasing water table
accompanied with the increasing trend of CO, efflux (Figure 1C). After heavy rain on 25
September and a rapid increase in the water table, soil CO, efflux rapidly dropped to about
0.2 pmol ms™ despite the temperature remaining at the same level. The most remarkable
decrease in CO, efflux occurred when the water table was between -3 and +3 cm.

The dependence of soil CO, efflux on soil temperature was the strongest for
temperature measured at a depth of 1.5 cm, in accordance with the methodology
presented by Pavelka et al. (2007). The Q1o value for CO, efflux normalization using
this temperature was 2.2. Rip was calculated for every measurement using equitation
(Eq. 3). Calculated Rip was plotted against the depth of the water table (Figure 2). The
data were then fitted with a modified exponential curve:

d
_0_5.‘M‘
.e ¢

y=a (Eq. 5)

where a=1.54, b=10.34, ¢=10.27, d=3.96 and Dyr is the depth of the water table. This
relationship was incorporated into Equation 4 instead of parameter Ri. Then, the
modeled soil CO, (Rp) was calculated as:

o |Dur +1o.34‘3-96

1.54.¢ ' 10.27
R, = F\iloO_Ts = 10-T, (Ea. 6)

Qy 10 Quo 10

When soil CO; efflux was modeled using only measured temperature (Equation 4),
there was not good agreement with measured data. Although the Pearson Correlation
test confirmed significant correlation between measured and modelled data (p <0.001),
the R? value reached only 0.32 (Figure 3, Figure 4). Modeled soil CO, efflux did not
show any increasing trend during the decreasing of the water table level. Moreover, this
model estimated high CO, efflux after the rain (about 1.3 pmol m™?s™) in comparison
with measured data.

When the depth of the water table was included into the simple model, modeled soil
CO, efflux was in better agreement with measured data and R? increased to 0.95
(Figure 4, Figure 5).
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Figure 5. Taylor diagram comparing the relationships between measured soil CO, efflux
(empty circle on x axis labeled as “Measured”) and soil CO, efflux modeled using soil
temperature (filled black circle) and modeled using both soil temperature and water table
fluctuation (filled black square).

The similarity between models is presented in the Taylor diagram (Figure 5), which
is quantified in terms of their correlation, their centered root-mean-square difference
(RMS) and the amplitude of their variations (Taylor, 2011). From this graph,
differences between two soil CO, efflux models and measured data (open circle on the x
axis) are evident. The model based only on soil temperature (filled black circle) has a
lower variation (0.18), presented as standard deviation, than measured data (0.41). Data
variation of the model based on both soil temperature and water table fluctuations is
very close to the variation of measured data. The correlation coefficients for the
relationships between modeled data and measured data were 0.564 for the model with
soil temperature and 0.972 for the model with soil temperature and water table
fluctuations, respectively. The model based on both soil temperature and water table
fluctuations also had a lower RMS value (0.1) than the model based only on soil
temperature.

Discussion

Maxima and minima soil temperatures at depths of 1.5, 3, 5 and 10 cm lagged behind
measured temperatures at the soil surface. This time lag increased with increasing depth,
while the temperature amplitude decreased. This has been observed in other studies
(Pavelka et al., 2007; Phillips et al., 2011). A time lag between soil CO, efflux and
measured soil temperature has also been described in previous studies (e.g. Reichstein et
al., 2005). Riveros-Iregui et al. (2007) or Phillips et al. (2010) investigated the effect of
soil moisture on this hysteresis. The authors found that the hysteresis was lower under
dry conditions than when the soil was wet. It can be explained by the effect of soil water
content on two important soil processes: CO, diffusivity and thermal diffusivity, which
decrease with increasing soil moisture (Jassal et al., 2005; Wang and Bou-Zeid, 2012).
Therefore, soils with high water content get less warm and lower layers do not
contribute much to the soil surface CO, efflux.
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Soil CO; efflux from the automated chamber ranged from 0.6 to 1.8 pmol m?s™
between 21 and 25 September when water table was below soil surface. Mean values of
soil CO; efflux measured by the portable system on 30 positions (1.40 and 1.47 0.6 to
1.8 pmol m?s™) fitted to this range. This supported our assumption that the automated
chamber was on a representative position.

Temperature sensitivity of CO, efflux (parameter Qi) was estimated based on the
temperature measured at the depth of 1.5 cm (according to the methodology of Pavelka
et al. (2007)). Q10 was equal to 2.2, which is in the range (1.4 — 3.4) of values expected
for wetland or peatland soils (Bonnett et al., 2006; Vicca et al., 2009; Inglett et al.,
2012). This Qo value was used to normalize soil CO; efflux for 10 °C (Rig). Rio
negatively correlated with the depth of the water table. Few studies have described a
weak relationship between CO; efflux and the water table position (Lafleur et al., 2005;
Bubier et al., 1998). However, the majority of previous studies observed a strong
relationship (e.g. Jaatinen et al., 2008; Lloyd, 2006; Vicca et al., 2009) similar to the
one observed in this investigation.

In our study, the steepest decline in soil CO, efflux was observed with water table
decrease to 3 cm below the soil surface. Other decrease of water table had much smaller
effect on soil CO; efflux. This confirm that the biggest portion of CO; efflux production
is placed in the top soil layer which is in accordance with other studies. In situ, the
increase in CO, emission has mostly been seen only with a lowering to a certain depth,
between 10 and 30 cm depending on the study, with no further increase with a further
lowering (Silvola et al., 1996; Chimner and Cooper, 2003; Jaatinen et al., 2008).
Chimner and Cooper (2003) suggested the lack of easily oxidized labile C in the deeper
soil layers as a reason for this pattern. This is supported by the results of Hogg et al.
(1992) that in drained samples in vitro the release of CO, was about 10 times greater
from 0-10 cm peat layer than from 30-40 cm layer, which they attributed to the
relatively large pool of non-structural carbohydrates in surface samples, deriving from
recently dead plant biomass.

The CO, efflux model based on temperature (Equation 4) is a method that is
commonly used to estimate the amount of CO; released from ecosystems (Davidson et
al., 2006). This method is suitable for situations where the soil temperature is the
variable driving the seasonal dynamics of CO, efflux. However, the influence of
temperature can decrease when soil water content is very low or very high (temperature
and CO efflux can even become decoupled; Xu et al., 2004). The latter case is common
for wetland or peatland ecosystems.

Soil saturation by water results in the decline in activity of the soil processes
dependent on the availability of oxygen. Just, the fast submerging of whole soil profile
almost immediately switches internal soil conditions from aerobic to anaerobic
processes. Therefore, we can observe suppression of aerobic decomposition of organic
matter and its alternation with slower anaerobic decomposition (Inglett et al., 2005).
This becomes evident as methane (CH,) is produced and released into the atmosphere
(Altor and Mitsch, 2008; Knorr et al., 2008).

Although this switch can have also some time lag as in case of soil temperature
changes, submerging of soil profile is accompanied by gradual water table rise up to or
above soil surface together with saturation of the soil surface by water from
precipitation. The gradual rise of the interstitial water table displaces air in soil pores
and usually decreases soil temperature mainly in surfaces layers. Submersion of the
whole soil profile changes markedly physical properties of soils. Rates of gas transport

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 14(3): 423-437.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1403_423437
© 2016, ALOKI Kft., Budapest, Hungary



Pavelka et al.: Modeling of soil CO, efflux
-433 -

in submerged soils are greatly reduced relatively to that in air. The structure of soil
reduces the cross-sectional area available for gas flow and increases the tortuosity.
Transfer coefficients within soil environments may be 102 to 10° times lower than in the
atmosphere environments (Matson and Harriss, 1995). According to Greenwood (1961)
diffusion of gases in water-filled soil pores is in average 10,000 times slower than
diffusion in gas-filled soil pores. When a soil is submerged, gas exchange between soil
and air is drastically curtails. After submersion the atmospheric gases can enter to the
soil profile only by molecular diffusion in the interstitial water (Ponnamperuma, 1972).

The depth of the water table also has an effect on the microbial community. Jaatinen
et al. (2008) observed an increase in microbial biomass with the decrease in the water
table, accompanied with changes in species level.

Wetlands contain about 12% of the global carbon pool, playing an important role in
the global carbon cycle (IPCC 2014). Large areas of hydric soils have been impacted by
agricultural conversion, drainage or climate change. Restoring degraded hydric soils and
ecosystems and conservation of existing wetlands has a high potential for sequestrating
soil carbon. The most important steps for restoration and conservation of the wetlands
are the reduction of stressors causes by human activities which can increase the
resiliency of habitats and species to the effects of climate change and variability (Erwin,
2009), sustaining convenient species composition, ceasing agriculture and re-
establishment of wetland hydrology (Rosenthal, 2003) by raising water table above the
crucial when respiration becomes being limited by water saturation of the soil.

Our results shows that it is very important to include soil water conditions in models
estimating CO; efflux from wetland ecosystems. The steepest decline of soil CO, efflux
was observed with the increasing water table above the soil depth 3 cm. Therefore, this
water table depth is crucial for soil CO, efflux models at this site as CO, production in
the soil profile begins quickly “switching off”” due to anaerobic soil conditions.
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