
Introduction

Wet meadows are ecotonal habitats on the edge between
grasslands and wetlands. They are typically waterlogged dur-
ing the whole year or for certain parts of the year. Wetlands
are known as possible sinks of organic carbon as a result of
limited decomposition rates in flooded soils. They also act as
nutrient sinks for adjacent terrestrial and aquatic systems
(Mitsch and Gosselink 2000). This is important especially in
cultural landscapes, where nutrients can get to waters as ag-
ricultural runoff and as residual pollution from point sources.

Unintentional addition of mineral nutrients to natural
ecosystems, often resulting from agricultural management of
adjacent cultivated land, leads to eutrophication of wetland
ecosystems. Eutrophication affects structural and functional
traits of ecosystems, including changes in plant and animal
species composition (Galatowitsch et al. 2000), decreased
species diversity (Bollens et al. 2001; Brinson and Malvarez
2002), and changes in soil microbial processes (Picek et al.
2000; Šantrùèková et al. 2001). Less is known about the in-
teractions between nutrient availability, soil organic matter
content and flooding, and its effect on soil microbial proc-
esses and, consequently, on the carbon budget of the whole
ecosystem. Soil microorganisms can react to high nutrient in-
put by acceleration of their activities (i.e., CO� and CH� pro-
duction) (Corstanje et al., 2006). In this manner, nutrient ad-

dition may accelerate soil organic matter mineralization and
decrease the sequestration potential of the ecosystem. Al-
though wetlands have a great ability to retain and transform
incoming nutrients and thus improve downstream water
quality (Seitzinger 1994), there is only a little information on
wetland functions and processes affected by nutrient loading
(Mitsch and Gosselink 2000) nor how long wetlands can act
as nutrient buffers when increased inputs occur over a long
time period (Ettema et al., 1999).

Bowden et al. (2004) indicate that soil microbial commu-
nity has undergone long-term change in response to chronic
N additions, strongly affecting carbon transformations.
Higher nutrient availability followed by higher input of eas-
ily decomposable C into wetland soils can accelerate decom-
position and SOM mineralization (Pokorný et al., 1990). In-
crease of nitrogen availability in wetland soils decreases C:N
ratio in plant tissues and thus in plant litter, which is than eas-
ily decomposable and decomposition rates accelerate then. It
can lead to imbalance of carbon inputs and outputs in the eco-
system and a consequent faster cycling of C and N in the wet-
land as a whole (Aerts et al. 2001, van Vuuren et al. 1993,
van Oorschot 1994, Robarts and Waiser 1998).

While the effects of eutrophication on plant communities
are relatively predictable, there is greater uncertainty in re-
gards to the responses of soil organisms and processes to in-
creased nutrient levels. Microbial biomass may increase
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Abstract: Data on soil respiration of three wet meadow ecosystems in the Czech Republic are presented. There were three study
sites: two sites with peaty soil, one of them aneutrophic (nitrogen rich) and second of them oligotrophic. Third site was mesot-
rophic with mineral soil. Soil respiration was measured in situ as CO� efflux using a Licor 6400 equipped with a soil chamber
during the vegetation seasons, since June until October 2006. Soil respiration rates were significantly affected by soil tempera-
ture, although they differed among the sites, just as nutrient availability differed on each site. Despite of seasonal variation, the
nutrient rich site on organic soil consistently yielded the highest respiration rates, and nutrient poor site yielded the lowest
respiration rates. The highest CO� emissions rates in situ were measured in June, when the soil temperature was 19°C. The rates
reached up to 10.31 µmol CO� m�� s�� at eutrophic site, at peaty oligotrophic site 7.03 µmol CO� m�� s��, and 8.38 µmol CO�

m�� at mineral mesotrophic site, respectively. When we used a temperature dependency exponential model to avoid the effect
of different soil temperature, the pattern observed in the field was even clearer. The peaty eutrophic soil was more sensitive to
temperature then the mineral and peaty oligotrophic soil and C mineralization was more enhanced there.



(Scheu and Schaefer 1998), decrease (Smolander et al. 1994)
or have a variable response to increased N loadings (Ettema
et al. 1999). Increased fungi:bacteria ratios in wetland soils
(despite of peatlands) show that increased N levels may favor
fungi at the expense of bacteria (Smolander et al. 1994, Et-
tema et al. 1999).

Greenhouse gas emissions may not change (Borken et al.
2002) or may increase (de Vries et al. 2003) as a result of
eutrophication. Methane (CH�) concentrations are signifi-
cantly higher in eutrophic vs non-eutrophic soils (Giani and
Ahrensfeld 2002), indicating a positive relationship between
methanogenesis rates and fertilization (Šantrùèková et al.
2001).

As nutrient addition supports mineralization of soil or-
ganic matter (SOM) on one hand and decreases carbon se-
questration in soils on the other, soils may become a potential
source of carbon. However, there is still a lack of results from
field studies on the effect of long-term (decades) nutrient ad-
dition to wetland soil respiration (CO� emissions from soils).
The aim of this study was, therefore, to compare CO� emis-
sions of soils with different nutrient availability during the
vegetation season and see the effect of long-term eutrophica-
tion to soil respiration rates.

We tested the following hypothesis: Soil ability to retain
carbon will be lower with high nitrogen availability. Respi-
ration response to temperature will be more intensive in soil
with high nitrogen availability. The aim of the study was,
therefore, to detect carbon losses via soil respiration in soils
with different nitrogen loading and, according to the values
gained in the field, to estimate soil CO� efflux temperature
dependency.

Methods

Site description

Three wet meadow ecosystems were chosen in the Tøe-
boò Basin Biosphere Reserve (Czech Republic). The first site
(eutrophic; Mokré Louky near Tøeboò) is a marginal wetland
on peaty soil, located in the inundation area of Ro�mberk
fishpond. Its vegetation pattern reflects intensive manuring
with pig-farm sewage, which has taken place since the end of
1970s (Prach and Soukupová 2002). The investigated part
had formerly been dominated by Carex acuta and Calama-

grostis canescens (Soukupová 1986), but after the extreme
summer flood of 2002 it has been invaded by Phalaris
arundinacea, which now dominates much of the vegetation.
The second site (oligotrophic, Záblatské louky) is also a mar-
ginal wetland with organic peaty soil located in the inunda-
tion area of a large human-made lake, Záblatský fishpond. It
is dominated by Carex vesicaria and Carex acuta. The third
site (mesotrophic, mineral) is an alluvial meadow in the
Ne�árka river flood plain near the village of Hamr. This site
has a silt-sand substrate and it is dominated by Glyceria max-
ima and Carex vesicaria. All three sites are regularly mown.
All three sites were flooded for certain part of the vegetation
season. Physical and chemical parameters of the soils are
given in Table 1.

Field measurement

In situ soil respiration was measured three times in 2005
and 2006 in different periods of the vegetation season under
different temperatures, water level and vegetation growth
stage (October 2005, May/June 2006 and September 2006).
Fourteen soil collars (10 cm diameter, 7 cm depth) were in-
stalled on each site on the day preceding the measurement.
LiCor 6400 (LiCor, USA) equipped with a Soil CO� Flux
Chamber 6400-09 (LiCor, USA) with diameter of 10 cm was
used to measure the soil respiration. Mean values of at least
3-5 subsequent measuring cycles were used.

The soil temperature at 1-2 cm depth and soil moisture to
a depth of 5 cm were examined at the same time as in situ
respiration measurements. Soil temperature was measured
by standard Pt��� thermometer inside the Soil CO� Flux
Chamber. Soil moisture was estimated from difference of
weights of soil 5 cm deep soil core before and after drying to
constant wieght and recalculated to bulk density. The shal-
low layers for measurments of both soil temperature and soil
moisture were chosen as most suitable for description of soil
CO� efflux variability (Pavelka et al. 2007). The upper layer
of soil contains the biggest amounts of soil organic matter,
root and microbial biomass and thus it has the highest respi-
ration potentials (Hirano et al. 2003, Pavelka et al. 2007).

The amounts of mobile ions (NH�

�, NO�

�) were esti-
mated using ionex probes (Skopcová 2005), which were ex-
changed and analyzed twice within a vegetation season. Ten
probes were installed on each site into 10-20 cm depth and
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left for 4-5 months. Afterwards the probes were eluted re-
peatedly with 400 ml of 10% NaCl. The solution was then
analysed on Flow Injection Analyzer (Foss Tecator 5042,
Sweden).

The aboveground biomass was collected in four-week in-
tervals at 2006. The belowground biomass production was
estimated from ingrowth bags, which were present on sites
during the whole vegetation season in 2006.

Soil sampling and analysis

Soil was sampled in spring 2006 from 0-20 cm depth,
sieved through 0,5 cm mesh sieve and kept in plastic bags at
4°C for four weeks before the analysis, until establishment of
soil microbiota (Ellhotová et al. 1998). To estimate soil basal
respiration the soil was incubated in air-tight jars for 7 days
at 20 °C with 2 ml of 1M NaOH which was then by assessed
by titration with 0,5 M HCl (Jäggy 1976). The microbial
biomass was estimated using the chloroform-fumigation-ex-
traction method. One aliquot of sampled soil was extracted
in 0,5 M K�SO�, shook for 45 min and then filtered, while
the second aliquot was first fumigated for 24 hours by chlo-
roform vapours and then processed in the same way. Micro-
bial biomass was calculated from difference of carbon con-
tent in fumigated vs non-fumigated aliquot using conversion
factor 0.38 (Vance et al. 1987).

Instrument pH 315i (WTW, Germany) was used to meas-
ure pH of soil solution. To assess bulk density, three 100 cm�

soil cores were taken from each site and dried at 105 °C to
constant weight. Total content of carbon and nitrogen of
dried and grounded soil was measured on CN analyzer (NC
2100 Soil Analyzer, ThermoQuest, Italy).

Data analysis

Analysis of variance was used to test for differences in
the respiration rates of the meadows (GraphPad Prism 4).

To evaluate and compare soil respiration rate all over the
sites, temperature dependency model of Lloyd and Taylor
(1994) was used (Eq. 1 and 2), where R� is the net soil respi-
ration rate (µmol CO� m�� s��), R�� is the respiration rate at
10 °C, R�� is the respiration rate at 20°C and E� stands for an
activation energy of 308.56. T� (K) is the soil temperature at
1-2 cm depth. To get most realistic values, R�� was calculated
from data measured in October 2006, when mean soil tem-
perature was 8°C, while R�� was calculated from data meas-
ured in June and September 2007, when mean soil tempera-
ture was 18°C and 16°C. This approach was chosen to avoid
an under- (or over)estimation of respiration rates, which
comes from simple calculation of R�� from R�� (or other way
round). Soil respiration is affected by vegetation status and
plant growth, which changes during the season, but such
changes are not included in the model.

(Eq. 1)

(Eq. 2)

Results

Soil respiration measured in situ yielded constantly the
highest rates on the eutrophic site (Mokre Louky), despite of
seasonal variation. The eutrophic site was always followed
by the mesotrophic site (Hamr), while the oligotrophic site
(Záblatske Louky) yielded the lowest soil respiration rates.
Soil respiration at all three sites showed significant tempera-
ture response. The eutrophic site displayed the steepest tem-
perature response among all study sites (Fig. 1).

R�� of the eutrophic site was the highest, followed by the
mesotrophic and oligotrophic sites. R�� showed significant
difference between the oligotrophic site and both mesotro-
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phic and eutrophic sites. There was no significant difference
between the eutrophic and mesotrophic sites (Fig. 2). R��

showed similar pattern as R��. R�� of the eutrophic site was
the highest, followed by the mesotrophic and oligotrophic
sites. There was significant difference found between the eu-
trophic site and both mesotrophic and oligotrophic site. The
mesotrophic and oligotrophic sites were not significantly dif-
ferent (Fig. 3).

Basal soil respiration at 20°C (measured in laboratory)
gave the same pattern of variation among the sites as in situ
respiration. Soil from the eutrophic site showed the highest
respiration rates (3.11 µmol CO� m�� s��), followed by soil
from the mesotrophic site (2.71 µmol CO� m�� s��) and soil
from the oligotrophic site (1.87 µmol CO� m�� s��) had the
lowest rates. Basal respiration rates represented 25-31% of
R��.

The eutrophic site had the smallest total C pool in the
soil, but the largest microbial C pool and proportion of soil
microbial C pool in the total C pool was higher than on the
other sites. Microbial C pool represents a pool of available
carbon with short turnover time. It means that the highest
portion of carbon was available in soil of the eutrophic site,
followed by the mesotrophic and oligotrophic sites. The plant

aboveground annual production was more than two times
higher on the eutrophic site compare to other two sites (Table
2).

The relations in the nitrogen pools were similar as in the
carbon pools. While the total nitrogen pool was small on the
eutrophic site, the pool of mobile nitrogen ions (NH�

�, NO�

�)
was largest there (Table 3). That shows that the eutrophic site
had small pools of both total C and N, but the contents of C
and N, which are easily accessible and not bound to soil par-
ticles, were exceeding both non-eutrophied sites.

When focusing on concentrations of NO�

� and NH�

�

only, the eutrophic site contained 23 times more of these ions
then the oligotrophic peaty site and five times more then the
mineral site. These large amounts of NO�

� and NH�

� in the
soil of the eutrophic are ascribed to the long-term fertilizing
by pig-farm sewage.

Discussion

The three study sites differed in temperature response.
The respiration rates of the eutrophic site were always ex-
ceeding other two sites, but the differences increased with in-
creasing temperature. It means that the eutrophic site was
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most sensitive to temperature increase in terms of soil respi-
ration. It is in agreement with high microbial biomass and
high amount of available nitrogen on this site. Microbial
biomass could be more stimulated by temperature increase
because it was not limited by the lack of nutrients as it could
be especially on the oligotrophic site. Similar relationships
are known from farm managed grasslands and temperate for-
ests (Ågren et al. 2001).

High portion of soil microbial biomass also indicates
high carbon turnover rates on the eutrophic site. This sup-
ports the idea that eutrophication increases the carbon miner-
alization in wetland soils (Koerselman et al. 1993, de Vries
et al. 2003). Basal soil respiration measured in laboratory
showed that 25-31% of soil CO� efflux originated from het-
erotrophic respiration. The rest of soil CO� efflux was mod-
erated by plants, either by root and rhizomicrobial respira-
tion, or by supporting of microbial community by root
exudation (Kuzyakov and Larionova 2005).

At the same time, plant production was highest also on
the eutrophic site. The value of 900 g.m�� is within the range
of values of annual aboveground production of wet meadows
dominated by Phalaris arundinacea, (600 to 1500 g.m�� de-
pending on locality and its hydrological regime during the
study year; Rychnovská 1979, Kvìt et al. 1996). The values
of annual aboveground production of the peaty and mineral
sites (Table 2) were within the range of values reported by
other authors for wetland stands dominated by tall sedges
(200 to 700 g.m��; Kvìt et al. 2002). In undisturbed sites, P.
arundinacea is a highly productive species forming a dense
canopy of broad leaves in summer (Grime et al. 1988). Its

production increases dramatically in response to natural nu-
trient enrichment brought with spring floods (Kvìt et al.
1996), as well as artificial fertilization (Schalitz et al. 1985).
This increased biomass production probably accounts for its
recent expansion into originally less productive tall sedge
communities subjected to human-enhanced eutrophication,
described by Prach and Soukupová (2002).

As follows from the Table 2 and Figure 1, both the rate
of carbon fixation (as indicated by the annual aboveground
plant production) and the rate of carbon loss (as indicated by
the soil respiration rate) increased in response to the nutrient
availability on the site. From this observation it is clear that
carbon turnover increases. The high microbial biomass
measured on the eutrophic site also supports this conclusion.
(Ågren et al. 2001, van Oorschot 1994). The lowest carbon
pool of the peaty eutrophic site, which had been intensively
fertilized for two decades, indicates that more carbon has
been mineralized then accumulated there. To assess relation
between annual C mineralization and C accumulation, an-
nual production of biomass was compared to potential annual
CO� flux, which was approximated from soil respiration us-
ing temperature dependence model (Lloyd and Taylor 1994)
and daily temperature record characteristic for the given area.
Estimated potential annual CO� flux was 409 g C m�� year��

and 246 g C m�� year�� on the eutrophic and oligotrophic site,
respectively. Corresponding total annual plant biomass pro-
duction was 797 g C m�� year�� and 544 g C m�� year�� on the
eutrophic and oligotrophic site, respectively. It indicates that
the amount of C accumulated in biomass is still exceeding
mineralized C (soil respiration) on both sites, but the propor-
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tion of accumulated C is higher on the oligotrophic (55%)
than on the eutrophic (48%) site.

It is likely that the easily available nitrogen, supplied
with regular fertilization, accounts for increased rate of or-
ganic C consumption by soil microbial populations, which
leads to increase of C mineralization rates. Based on this, it
seems that nitrogen addition tends to change peaty eutrophic
site from original stage of carbon sink (as it is in the peaty
oligotrophic site) to carbon source. However, it should be
born in mind that this conclusion is based on indirect evi-
dence. Further research is needed in order to clear the phe-
nomenon.

For detail carbon budget quantification it would be nec-
essary to include longer observations of soil respiration and
biomass production. Methane production should be men-
tioned as well, because it can represent significant carbon
loss from wetland soils (Verville et al. 1998). However, in
given hydrological regimes is possible that methane forms
only minor part of gass emission from the study sites. From
preliminary measurements on the study sites we know, that
methane production is these study sites is neglible (Picek et
al., in prep.). It is likely that methane produced in anoxic soil
layers is already consumed in upper layer by methanotrophs
and then it is included in soil respiration as CO�. There has
been reported that 55 to more than 90 % of the methane pro-
duced in deeper anaerobic soil layers or inside anaerobic mi-
crosites may be oxidized by methanotrophs in the aerobic
zones of wetland soils (Conrad and Rothfuss 1991, Bender
and Conrad 1992, Hanson and Hanson 1996, Whalen et al.
1996).

When focusing on the total nitrogen pool, it was biggest
in soil of the peaty oligotrophic site, but this nitrogen cannot
be utilized by the microbial community or plants and it re-
maines in the soil, which was more nutrient limited than the
other sites, as shown by soil respiration rates. This is obvious
from low concentrations of ammonium and nitrates in the
soil. This situation would change with continuous applica-
tion of N fertilizers, what happened on the eutrophic site. It
could lead to change in chemical composition of litter, which
would have more favourable C:N ratio and thus i would be
easier to decompose (Aerts et al. 1999). This would support
microbial activity in soil and as priming effect it would in-
crease decomposition rates again (Kuzyakov, 2006).

Among the three study sites, the mineral and the eutro-
phic sites had a similar depth and dynamics of water level
fluctuations during the vegetation season of 2006. In com-
parison, the mean water table was about 20 cm higher at the
peaty site. However, no significant correlation was found be-
tween the soil respiration rates and soil water content for
much of the range of soil moistures found (50-80 %).

Conclusion

The results presented draw attention to the problem of
carbon dynamics in wetland organic soils as affected by eu-
trophication. They indicate that long-term nutrient addition

enhances SOM mineralization process in organic (originally
nutrient poor) soils. Nutrient content strongly affects soil
CO� efflux and it is an important driver for soil CO� produc-
tion. Chronic loading of wetland ecosystem tends to swich
peaty soil from carbon accumulation to carbon source. Eutro-
phic site was more sensitive to temperature increase in terms
of carbon mineralization rates. However, as these conclu-
sions are based on a limited number of sites and one vegeta-
tion season, further research is needed in order to find out
how general this phenomenon is.
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