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b Institute of Systems Biology and Ecology, Academy of Sciences of the Czech Republic, Dukelská 145, Třeboň, Czech Republic
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a b s t r a c t

Gas emissions (CO2, CH4, N2O) were studied in situ from the treatment bed of a con-

structed wetland with horizontal subsurface flow planted with Phragmites australis. The

system treated municipal wastewater from 100 inhabitants and it was situated in South

Bohemia, Czech Republic. The aims of the study were to estimate gas emissions and carbon

balance of the whole system, and to evaluate the importance of plants to the whole system.

Gases, water and plants were sampled from June till October 2004. Gas emissions ranged

from 4 to 309 mg CO2-C m−2 h−1 and from 0 to 93 mg CH4-C m−2 h−1. N2O emission was neg-

ligible in the studied system; the only product of denitrification was N2. Only 10% of total

carbon emissions were in the form of CH4. Amount of C emitted was higher than carbon

input in the wastewater; it was calculated that between one fourth and one third of total

carbon emissions originated in plants. The study documented the importance of plants as a

source of available carbon for microorganisms in constructed wetlands which are not heavily
Gas emissions loaded with wastewater. This carbon is further transformed to gaseous forms and increases

carbon emissions from the wetland. However, plant exudation also affects microbial pro-

cesses and pore water quality. In this way, plants increase the efficiency of nitrogen removal

from the wastewater by supporting denitrifying microorganisms with easily decomposable

organic matter.
1. Introduction

Natural and constructed wetlands affect the global balance of
the key greenhouse gases, CO2 and CH4. They act as sinks for
CO2 by photosynthetic assimilation from the atmosphere and
sequestration of the organic matter produced in the wetland
soil. On the other hand, wetlands might be sources of CH4 and
N O (Brix et al., 2001).
2

Constructed wetlands are systems widely used for waste-
water treatment where nutrients and organic pollution are
removed from the wastewater through various mechanisms.

∗ Corresponding author. Tel.: +420 387 772 348; fax: +420 387 772 368.
E-mail address: picek@prf.jcu.cz (T. Picek).

0925-8574/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecoleng.2007.06.008
© 2007 Elsevier B.V. All rights reserved.

In such systems, organic material and nitrogen are pre-
vailingly removed through volatilization to various gaseous
substances, such as CO2, CH4, N2, N2O, NH3, etc. The gases
are emitted from waterlogged soil either by diffusion through
the water or by active transport through the culms of wet-
land plants. Many species of emergent macrophytes possess
a convective flow mechanism; oxygen is transported to the
roots and gaseous microbial by-products are emitted from

plant roots to the atmosphere (Brix, 1989; Brix et al., 1996). The
transport of gases by the convective mechanism is faster than
diffusion through water. Therefore, the presence of plants in
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wetland system may increase gas emissions from the soil.
lants affect microbial processes and their by-products also
hrough release of oxygen and exudation of available car-
on to the soil (Zhu and Sikora, 1995; Tanner, 2001). Various
eterotrophic microbial processes are supported by the pres-
nce of plant roots, as they increase carbon input into the
ystem. There appears to be a strong correlation between
eterotrophic potentials in wetland soils with total, dis-
olved and microbial C (D’Angelo and Reddy, 1999). Root
xudates may form up to 20% of a plant’s annual above-
round production (Kuzyakov et al., 2001). Root exudates
re easily decomposable, therefore they can be preferen-
ially used by microorganisms, transformed to CO2 and CH4

nd so increase total gas emissions from the system. Gas
missions from natural and constructed wetlands have been
tudied by many authors (e.g. Kim et al., 1998; Kaki et al.,
001; Tanner et al., 2002; Kankaala et al., 2003; Mander et
l., 2003; Song et al., 2003; Johansson et al., 2004). How-
ver, there are few studies synthetizing gas emissions with
lant characteristics and the carbon balance of the whole
ystem.

Gas emissions (CO2, CH4, N2O) were studied from the treat-
ent bed of a constructed wetland with horizontal subsurface

ow in situ. The aims of the study were (1) to estimate diurnal
nd seasonal fluctuations of gas emissions, and (2) to investi-
ate the importance of plants as sources of carbon in affecting
O2 and CH4 emissions.

. Methods

.1. Study site

he study was done at a constructed wetland (CW) with hor-
zontal subsurface flow in Slavošovice (20 km south east from
ˇ eské Budějovice), South Bohemia, Czech Republic. The CW
tarted operating in August 2001. The altitude is 480 m above
ea level, annual average air temperature is 7.9 ◦C and the
verage annual sum of precipitation is 634 mm.

The CW is designed for treating wastewater (combined
ewage and stormwater runoff)—from Slavošovice (about 100
nhabitants). Technical parameters of the Slavošovice CW are

hown in Table 1. Pretreatment consists of a storm overflow,
creens, a horizontal sand trap (grit chamber) and an imhoff
eptic tank. After pretreatment, the water flows through a
plitter chamber, which divides the water between the two

Table 1 – Technical parameters of the Slavošovice
constructed wetland

Number of beds 2
Length of each bed 17 m
Width of each bed 22 m
Depth of bed 0.8–0.9 m
Slope of bed 1%
Area of one bed 374 m2

Total area of constructed wetland 748 m2

Number of person equivalents 150
Area per 1 person equivalent 5 m2

Hydraulic retention time 8–16 d
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parallel treatment beds. The treatment beds are sealed with a
clay layer which was naturally present on the site. The treat-
ment beds consist of unvegetated inflow and outflow zones
and a vegetated zone. The width of both inflow and outflow
zone is 1.5 m and are filled with coarse stones (50–100 mm).
The vegetated zone of each treatment bed is planted with com-
mon reed (Phragmites australis) in a gravel substrate (3–20 mm).
The wastewater is distributed to the treatment beds through
perforated inlet pipes placed horizontally in the inflow zone
at a depth of 0.5 m. The pipes are 0.5 m from the front edge
of the treatment bed. The same type of pipes are located
0.5 m from the back edge of the treatment bed in the outflow
zone. The average water inflow was 0.12 ± 0.10 l s−1. The max-
imum inflow rate is 1.0 l s−1, which occurred only in periods
of extremely strong precipitation. Hydraulic retention time
fluctuates from 8 to 16 days, respectively, depending on pre-
cipitation. The water level in the vegetated bed was kept
between 20 and 30 mm under the gravel surface; in winter it
rose to 50 mm above the surface of the vegetation bed. The
efficiencies of COD, NTOT and PTOT removals were calculated
using the concentrations of COD, NTOT and PTOT in inflowing
and outflowing waters and the average rates of water inflow
and outflow. The average rates of water inflow and outflow
were based on continuous measurements (see Section 2.2 for
instruments).

2.2. Water sampling and analysis

Water inflow and outflow were measured using an ultra-
sonic probe US1000 (Fiedler, Electronics for Ecology, Czech
Republic). An M4016 datalogger (Fiedler, Electronics for Ecol-
ogy, Czech Republic) was used for data collecting. Water was
sampled from the inflow and outflow wells, and from per-
forated tubes (110 mm in diameter, 5 mm holes) which were
installed in the treatment bed vertically to depths of 20 and
50 cm. The tubes were placed at 2 m intervals along three 14 m
long replicate transects. Water was sampled from June until
October, from 2002 to 2004, on 11 occasions. Total nitrogen
and total phosphorus were determined in the water sam-
ples as nitrates and orthophosphates after mineralization of
samples by persulphate (Koroleff, 1983), respectively. Nitrates
and orthophosphates were analyzed with a flow injection
analyzer consisting of a FIA Star 5027 Sampler, 5012 Ana-
lyzer, and 5042 Detector (Foss Tecator, Sweden) (Shaw et
al., 1988). COD was measured using the dichromate semi-
micro method modified for wastewaters (Hejzlar and Kopacek,
1990). pH was measured in situ using a WTW multimeter
(Germany).

2.3. Environmental parameters

Global solar radiation was measured with an EMS11-sensor
(EMS, Brno, Czech Republic) containing a silicon photovoltaic
detector. Temperature was measured with PT100 temperature
sensors placed 20 and 50 cm under the surface of the treat-
ment bed, and 20 cm above the surface of the bed in shade.

An M4216 datalogger (Fiedler, Electronics for Ecology, Czech
Republic) was used for data collecting. Software Most 2.3 was
used for data management. For data storage and evaluation
MySQL databases were used.
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2.4. Gas fluxes

Gas emissions were estimated in situ, using the static chamber
technique. The chambers were made of plastic and consisted
of two parts. The bottom part was permanently inserted into
the gravel substrate, while the upper part was like a pot, with
a total volume of 15 l, in which the gases emitted from the
treatment bed were trapped and sampled. It was placed on the
bottom part of the chamber only in the time when emissions
were measured and sealed by a water-filled ring on the soil
surface.

The chambers were installed in the vegetation bed in three
transects parallel to direction of water flow. The first and last
chambers of each transect were placed in the unplanted inflow
and outflow zone, respectively. Four chambers on each tran-
sect were placed in the vegetated part of the treatment bed.
The first chamber of each transect was installed 0.5 m from the
front edge of the treatment bed, directly above the inlet pipes,
and the last chambers were installed 0.5 m from the back edge
of the treatment bed, directly above the outlet pipes. The tran-
sects were established 4 m from the left and right edges of the
treatment bed and in the middle of the treatment bed. The
six chambers of each transect were placed 0.5, 2.5, 6.5, 10.5,
14.5 and 16.5 m from the front edge of the treatment bed, i.e.
0, 2, 6, 10, 14 and 16 m from the inlet pipe. The gases from
chambers were sampled on 30 June, 8 July, 16 July, 9 August,
14 September, 22 September, 8 October and 20 October 2004,
between 10.00 and 12.00 a.m.

The gases emitted through last year’s dead reed culms
were also measured. The gas flow through the reed culms
was measured using a digital Optiflow 420 bubble flowmeter
(Agilent, USA), which enables measuring of low gas flow rates
(0.1–50 ml min−1). Last year’s dead reed culms were cut to a
length of 100 mm and the gas flow was measured using a sil-
icon tube put on the culm and connected to the flowmeter.
Gases were sampled from a culm using a syringe with a nee-
dle. The syringe with sample was then stoppered, transported
to the laboratory and analyzed within 3 h after sampling. Sam-
ples were taken from 24 efflux culms. Two culms were sampled
near each chamber in the vegetated zone in each transect. The
gases from efflux culms were sampled on 30 June, 8 July and
9 August 2004.

In addition to the measurement of seasonal course, diur-
nal measurement was done on 20 July and 21 July 2004. Only
nine chambers were sampled: the three replicated chambers
above the inlet pipes (0 m), and three replicated chambers
at 2 and 14 m. Emissions were not measured at a distance
of 16 m (outflow zone) owing to time limitations. For diur-
nal measurement 12 culms were sampled and the gas flow
in them was measured: 6 culms at 2 m, and 6 culms at dis-
tance 14 m. Two replicate culms were sampled near each
chamber.

CO2 was determined using a HP 6850 gas chromatograph
(Agilent, USA) equipped with a 0.53 mm × 15 m HP-Plot Q
column and a 0.53 mm × 15 m HP-Plot Molecular Sieve 5A col-
umn, and a thermal conductivity detector, using helium as

the carrier gas. CH4 was determined using an HP 6890 gas
chromatograph (Agilent, USA) equipped with a 3.2 mm × 1 m
Porapak N packed column and a flame ionization detector,
using nitrogen as the carrier gas.
g 3 1 ( 2 0 0 7 ) 98–106

Nitrous oxide was determined using an HP 6890 gas chro-
matograph (Agilent, USA) equipped with a 0.53 mm × 15 m
HP-Plot Q column and an electron capture detector, using a
mixture of 95% argon and 5% CH4 as the carrier gas. The sen-
sitivity of N2O detection was 0.2 ppmv. Data were analyzed by
Agilent Chemstation A.08.03 software (Agilent, USA).

2.5. Plant biomass

Plant biomass was estimated using the harvest method.
Aboveground plant parts were harvested in August 2004. The
time of harvest coincided with the development of seasonal
maximum aboveground biomass, when the flowering shoots
have reached their final height and most panicles have started
flowering (Dykyjová et al., 1973). Three samples were taken
along each transect used also for gas emission measurements.
Samples were taken from 2 m × 0.5 m plots, laid at distances
of 2–4, 6–8 and 10–12 m, respectively, from the inflow part of
the bed along each transect. The plant material was separated
into live shoots and current year’s dead shoots. Subsamples of
the live shoots were separated into panicles, live leaves, dead
leaves and culms. All fractions were dried at 85 ◦C to constant
weight.

Belowground biomass was sampled subsequently from the
same plots. Two monoliths (area of 0.5 m × 0.5 m) were exca-
vated from each plot. The depth of the monoliths followed the
rooting depth and ranged from 0.3 m at the inflow to 0.4 m
at the outflow. The excavated plant biomass was washed with
tap water, and divided into live roots, dead roots, live rhizomes
and dead rhizomes. All fractions were dried at 85 ◦C to con-
stant weight. The values were then pooled for each pair of
monoliths situated in the same sampling plot.

2.6. Carbon budget calculation

The carbon balance was estimated as follows. Inputs
included carbon contained in the inflowing wastewater, dead
belowground plant biomass (and, therefore, available for
decomposition) and plant root exudates. Outputs included
emissions from the bed surface, remaining dead plant
biomass and carbon contained in the outflowing water. The
carbon balance was calculated for the period when gas emis-
sions were measured.

Carbon input by wastewater was calculated using the aver-
age rates of water inflow and outflow and C concentrations
in the inflowing and outflowing waters. The average rates of
water inflow and outflow were based on continuous auto-
mated measurements. Carbon concentrations in the inflowing
and outflowing waters (TOC) were calculated using average
COD concentrations. COD was converted to carbon using the
coefficients 0.31 and 0.36 for the inflowing and outflowing
water, respectively (Pitter, 1999). Carbon emissions from the
bed surface were calculated as the sum of carbon emitted in
the form of CO2-C and CH4-C. The emissions were calculated
separately for the unvegetated inflow and outflow zones, and
the vegetated part of the treatment bed. The vegetated part

was divided into four segments, 4 m × 22 m each. The emis-
sions were calculated for each segment separately using the
rates of gas emissions measured in three replicate chambers
in each segment. The gas emissions through the plants were
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Table 2 – Basic characteristics of the pore water in the 0–20 cm layer of the treatment bed at various distances from inflow
during the 2002, 2003 and 2004 vegetation periods (mean ± standard deviation, n = 11)

Distance from inflow (m) pH COD (mg l−1) NTOT (mg l−1) PTOT (mg l−1)

0 7.27 ± 0.20 a 123 ± 62.0 a 38.0 ± 22.8 a 7.59 ± 4.23 a
2 7.02 ± 0.25 ab 51 ± 15.9 b 26.0 ± 13.5 a 6.13 ± 3.72 a

14 6.61 ± 0.08 b 31 ± 18.9 c 10.9 ± 9.7 b 2.13 ± 2.04 b
32
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bed. They varied from 134 to 257 mg CO2-C m−2 h−1 at the
inflow and from 59 to 145 mg CO2-C m−2 h−1 within the veg-
etated bed (Fig. 1a). CH4 emissions were highest at the inflow,
ranging from 39 to 110 mg CH4-C m−2 h−1 (Fig. 1b). Within the

Fig. 1 – Daily course of (a) CO and (b) CH emissions
16 6.74 ± 0.20 b

Within a column, different letters represent significantly different va

ot included in the calculation of total emissions as the num-
er of measurements was not sufficient for calculating reliable
alues.

The dead plant material available for decomposition
onsisted of dead root and dead rhizome biomass (the above-
round dead biomass was not considered as the whole
boveground biomass was mown and removed in preceding
inter). Root biomass has a life span shorter than or equal

o 1 year and decomposes completely during the subsequent
ear. The root biomass which decomposed during the vege-
ation season of 2004 was therefore considered to be equal to
he difference between the live root biomass of the previous
ear minus the dead biomass of the current year. Rhizome
iomass has a life span of 4–6 years in well developed natural
eed stands of the region and their annual rhizome production
s estimated at 400–500 g DW m−2 (Čı́žková et al., 1999). The
ife span may be somewhat lower in a wastewater treatment
lant as it decreases with increasing nutrient and organic load

Čı́žková and Lukavská, 1999). However, as the vegetation was
nly 3 years old in the Slavošovice treatment plant at the time
f this study, the amount of dead rhizome material was still
maller than its annual production. Therefore, it was consid-
red equal to the amount of dead rhizome material present
t the time of autumnal sampling. Root exudates were esti-
ated as 20% of annual aboveground production as according

o Kuzyakov et al. (2001).

.7. Data analysis

tatistical analyses were done using Statistica 6.1 (StatSoft
nc., USA). The effect of distance from the inflow was evaluated
1) for values of gas emissions from the bed and (2) for the plant
iomass fractions. The data obtained from the three transects,
t the same distance from the inflow, were considered repli-
ates. The effect of distance from the inflow on gas emissions
as evaluated using one-way analysis of variance. Differences

mong distances were evaluated using a post hoc test. The
lant biomass data were evaluated using the Kruskall–Wallis
on-parametric test because of non-homogeneity of variance.

. Results

.1. Water characteristics

he temperature within the bed was fairly stable. Through-

ut the vegetation season, the daily amplitudes were lower
han 2.1 and 0.5 ◦C at 0.2 and 0.5 m depths, respectively. The
easonal amplitude was 3.9 and 4.3 ◦C at these depths, respec-
ively. Chemical parameters of the pore water are shown
± 14.5 c 14.2 ± 11.2 b 1.87 ± 1.46 b

in Table 2. All parameters measured (pH, CODCr and con-
centration of total nitrogen and total phosphorus) decreased
with increasing distance from the inflow. On average, COD
decreased by 74.0%, NTOT by 62.6% and PTOT by 75.4%.

3.2. Gas emissions—daily course

The CO2 emissions from the bed to the atmosphere were
consistently higher at the inflow than within the vegetated
2 4

through the bed surface as measured on 21 July 2004. The
legend denotes distance from the inflow. 0 m—inflow zone,
2 and 14 m—vegetated bed. Emissions were not measured
at 16 m (outflow zone).
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Flows measured through individual dead efflux culms
markedly differed in their daily dynamics (Fig. 3a and b). Flow
rates were significantly correlated with incoming global solar
102 e c o l o g i c a l e n g i n e

vegetated bed, both the mean and maximum values of CH4

emissions were usually higher in the inflow part compared
to the outflow. The effect of the position within the treatment
plant for both the CO2 and CH4 emissions was significant at the
probability level P < 0.0001. No N2O emissions were detected in
the system.

3.3. Gas emissions—seasonal course

CO2 emissions from the substrate surface were highest at the
end of June, when the median and maximum values were
161 and 309 mg CO2-C m−2 h−1, respectively. They gradually
declined to values below 54 mg CO2-C m−2 h−1 toward the end
of the growing season. This declining trend was found both
in the inflow and outflow zones as well as at all distances
from the inflow across the vegetated bed (Fig. 2a). This neg-
ative relationship between CO2 flow and date of year was
significant at all distances from the inflow (r2 = 37–78%). No
significant differences in CO2 emissions were found in rela-
tion to distance from inflow. In contrast, CH4 emissions were
consistently highest in the inflow zone, where they ranged
from 13 to 93 mg CH4-C m−2 h−1, whereas they were usually

below 11 mg CH4-C m−2 h−1 in the rest of the bed (Fig. 2b).
The CH4 emissions decreased towards the end of the vegeta-
tion season in both the inflow and outflow zones (r2 = 33 and
55%, respectively). In contrast, no significant relationship was

Fig. 2 – Rates of (a) CO2 and (b) CH4 emissions through the
bed surface during the 2004 vegetation season. Day 1 is 30
June, day 120 is 27 October 2004. The legend denotes
distance from inflow in meters.
g 3 1 ( 2 0 0 7 ) 98–106

found between the rates of CH4 emission within the vegetated
bed and date of the year. Neither the CO2 nor the CH4 emis-
sions were significantly correlated with temperature, either
within the daily or the seasonal course.

3.4. Daily course of fluxes through efflux culms
Fig. 3 – Daily course of (a) gas flow rates through four dead
reed culms at 2–6 m from the inlet on 8 July 2004 (different
symbols denote individual culms), (b) daily course of
methane concentration inside dead reed culms at 2–6 and
10–14 m from the inlet (average of 6 replicates) and (c) daily
course of global solar radiation.
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Table 3 – Seasonal maximum biomass (g DW m−2) of Phragmites australis and its allocation among plant fractions found
at different distances from the inflow

Plant fraction Distance from inflow (m) Total

2–4 6–8 10–12

Live leaves 319 ± 86 250 ± 180 174 ± 13 248 ± 118
Dead leaves 117 ± 11 102 ± 17 105 ± 24 108 ± 18
Stems 956 ± 125 904 ± 586 756 ± 123 872 ± 319
Panicles 18 ± 8 20 ± 12 17 ± 7 18 ± 8
Live shoots total 1411 ± 201 1277 ± 795 1052 ± 165 1247 ± 447
Current year’s dead shoots 260 ± 145 316 ± 164 265 ± 132 280 ± 130
Live roots 107 ± 71 125 ± 78 107 ± 34 110 ± 56
Live rhizomes 896 ± 289 1383 ± 649 962 ± 138 1045 ± 418
Dead roots 21 ± 19 20 ± 19 16 ± 15 18 ± 16
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Dead rhizomes 49 ± 43

Values represent mean ± standard deviation (n = 3).

adiation, but this relationship between flow rate and hourly
ean global radiation accounted for only 15% of the variation.
Maximum concentrations of both CO2 and CH4 were most

requently found either in the morning or around midday
nd declined subsequently. CO2 concentrations did not dif-
er significantly between the inflow and the outflow parts of
he vegetated bed. Maximum CO2 concentrations, measured
n various dates, varied between 1.2 and 1.8%. CH4 concen-
rations were usually highest near the inflow and declined
owards the outflow. Maximum CH4 concentrations varied
etween 0.2 and 0.5%. The concentration of N2O in the efflux
ulms was not higher than atmospheric levels on any sam-
ling date.

.5. Aboveground and belowground biomass

he seasonal maximum aboveground biomass declined from

400 g DW m−2 near the inflow to 1050 g DW m−2 near the out-
ow, but the differences were not significant owing to great
ariation within each area (Table 3). A similar trend was found
or live leaves, which declined from 320 to 170 g DW m−2. The

ig. 4 – Carbon balance of the constructed wetland in Slavošovic
ystem; width of the arrows indicate the importance of the flow.
umbers in parentheses were not directly measured and were ca
mission through plants and organic C accretion is 0.35 g m−2 d−
21 ± 17 26 ± 12 28 ± 25

differences in live leaves dry weight were significantly related
to distance from inflow (H2,36 = 7.22; P = 0.027). The seasonal
maximum belowground biomass did not differ in relation to
distance from inflow. Mean values for live roots and rhizomes
were 113 and 1085 g DW m−2, respectively. The rooting depth
was about 0.3 m near the inflow and increased to about 0.4 m
towards the outflow.

3.6. Carbon budget

The daily carbon balance of the whole system is shown
in Fig. 4. Carbon input of the inflowing wastewater was
1.5 g m−2 d−1 while it was 0.2 g m−2 d−1 in the outflowing
water. The amount of carbon emitted as gaseous forms was
1.7 g m−2 d−1. The carbon provided by plants was estimated on
an annual basis in contrast to the carbon contained in water
and gaseous forms. The sum of the organic matter provided

by plants was estimated at 397 g DW m−2, of which dead root
material was 64 g DW m−2, dead rhizomes 30 g DW m−2 and
root exudates 310 g DW m−2. This would equal to 179 g C m−2

assuming a 45% content of C in the biomass. Assuming that

e. The arrows show the main carbon flows through the
The numbers are the rates of carbon flow (g m−2 d−1). The
lculated or estimated using other parameters. The sum of

1.
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this amount was available during the entire vegetation sea-
son (which is usually 8 months in the Czech Republic), the
mean daily input by plants was 0.75 g C m−2 d−1. The differ-
ence between C input and output was 0.35 g m−2 d−1. This
amount of C is the sum of the C which remained unde-
composed in soil (organic C accretion) and the C which was
emitted through plant stems (these pathways were not mea-
sured directly, therefore they are not shown in Fig. 4).

4. Discussion

The average rates of CH4 and CO2 emissions measured
at our experimental site were similar to values reported
in the literature. The maximum CH4 emission rates from
the unvegetated inflow zone were higher than the values
reported for natural reed stands, where maximum rates were
from 21 mg CH4-C m−2 h−1 (Kankaala et al., 2003), through
38 mg CH4-C m−2 h−1 (Kim et al., 1998), up to 64 mg CH4-
C m−2 h−1 (Kaki et al., 2001). The maximum CH4 emission
rates measured in the unvegetated inflow zone were higher
than most of the values reported in the literature for con-
structed or created wetlands, e.g. 8 mg CH4-C m−2 h−1 (Altor
and Mitsch, 2006), 45 mg CH4-C m−2 h−1 (Tanner et al., 2002),
54 mg CH4-C m−2 h−1 (Johansson et al., 2004), 65 mg CH4-
C m−2 h−1 (Mander et al., 2003), but lower than the value
reported by Tai et al. (2002), which was 163 mg CH4-C m−2 h−1.
In our system, only 10.1% of total C emissions were in the
form of CH4. This low level was due probably to a mineral
substrate without accumulated organic matter, relatively low
loading rates and oxygenation of the substrate by active gas
transport through the reed culms. Maximum CO2 emission
rates measured in the unvegetated inflow zone were similar
to values reported, e.g. by Mander et al. (2005), who measured
emissions in the range of 61–291 mg CO2-C m−2 h−1. Song et
al. (2003) found the average CO2 emission from swamps to be
195 mg CO2-C m−2 h−1.

Although the water was significantly cleaner at the out-
flow than at the inflow (COD, NTOT and PTOT were significantly
different), no significant difference in CO2 emissions was
found. However, total C emissions (the sum of CO2-C and
CH4-C) were higher in the inflow than in the outflow zones
(except one sampling date). The reason for the high CO2 emis-
sion rates measured in the outflow zone could be that the
plants and their exudates also affected the outflow zone. The
chambers used for gas measurements were placed close to
the vegetated part of the treatment bed (one meter from
the vegetated part). There were no plant shoots present in
the outflow zone, but roots and rhizomes could be present;
their exudates may increase microbial activity and subse-
quently CO2 emissions. Plant exudates can be rapidly utilized
by microorganisms living on the root surface and in the
near surroundings of the root (in the rhizosphere). There-
fore, water quality may not be affected directly, but microbial
activities can be increased and gas emissions too. We believe
that plant exudates were an important source of C in the

studied constructed wetland. Although they cannot be mea-
sured directly nor estimated precisely enough, they should
be assumed for calculation of carbon balance of the whole
system.
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Denitrification processes are mostly responsible for nitro-
gen removal from wastewater in constructed wetlands with
N2 and N2O as the main by-products (e.g. Kadlec and Knight,
1996; Cooper, 2001; Tanner et al., 2002; Morkved et al., 2005).
Therefore it is surprising that N2O emissions were not mea-
surable in the system on any sampling date although nitrogen
was removed from the wastewater in the treatment bed of
Slavošovice CW at a rate of 1.16 g m−2 d−1. Also no detectable
N2O production was measured under laboratory conditions
during four experiments, which were conducted in 2002 with
the sand and roots sampled from the same CW (Picek et al.,
2005). However, denitrification was responsible for nitrogen
removal in the studied system. Denitrification rate was mea-
sured using the acetylene reduction method under laboratory
conditions in autumn 2006 (unpublished data). Molecular
nitrogen was the only product of denitrification in all sam-
ples (water, mineral substrate or plant roots). Only when the
pH was lowered artificially to a value of about five was N2O
production detectable. Such situations are documented in the
literature; e.g. Gale et al. (1993) found complete reduction of
NO3

− to N2 in mineral soils collected from constructed wet-
lands. Higher N2O/N2 ratios were usually found under low pH
conditions and N2 was the prevailing product of denitrification
under alkaline conditions (Koskinen and Keeney, 1982). In our
system pH ranged from 6.6 to 7.3. Most of the nitrogen was
removed in the first 3 m of the treatment bed from the inflow
where the pH was usually higher than 7.0. N2 is the predomi-
nant product of denitrification under such high pH conditions.
Nitrous oxide might be produced not only by denitrifying bac-
teria, but also by nitrifiers. However, all of the N2O produced by
nitrifiers might be consumed by denitrifying bacteria, which
have a very high affinity for reducing N2O to N2.

If we assume glucose as a source of carbon for denitrify-
ing bacteria, then 1.07 g of carbon is needed for the reduction
of 1 g of nitrogen to N2 (McArthur, 2006). In Slavošovice CW,
nitrogen removal was 1.16 g m−2 d−1, the amount of nitrogen
bound into plant biomass was about 0.16 g m−2 d−1 (calculated
according to Vymazal et al., 1999); therefore, the amount of
nitrogen removed through denitrification was 1.00 g m−2 d−1.
Microorganisms need 1.07 g m−2 d−1 of carbon to denitrify
1 g m−2 d−1 of nitrogen. This number is a little bit lower
than the carbon input in the inflowing water (1.3 g m−2 d−1).
Therefore, it is likely that the rate of nitrogen removal
(1.16 g m−2 d−1) was a realistic number, because there was
sufficient carbon input into the system which could sup-
port denitrification. However, organic substrate is utilized also
by other bacteria than only denitrifiers. This supports our
assumption about plants as an important source of carbon
in the studied CW.

Grünfeld and Brix (1999) found that gas exchange through
P. australis plants fluctuated diurnally in outdoor experimen-
tal mesocosms, with the highest rates in the early afternoon
and lowest rates during the night. A similar pattern was found
also in this study. This is documented by the flow rate max-
ima (Fig. 3), as well as maxima of CO2 and CH4 concentrations
occurring about midday in the efflux culms (data not shown).

Grünfeld and Brix (1999) recorded the highest rates of gas
exchange through the plant component during hot and dry
summer days, which was related to the effect of solar radi-
ation on the convective gas flow. The flow rates through the
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fflux culms were significantly correlated with solar radiation
n this study. However, the degree of variation explained by
his relationship was fairly small (15%), indicating that other
ariables considerably modify the rates of internal ventilation.
correlation of gas fluxes with surface soil temperature can

e expected and was indeed observed in a natural wetland
Kim et al., 1998). However, no such correlation was found in
ur study. This is attributed to the stability of temperatures in
he surface layer of the treatment bed.

Gas flow rates through efflux culms were lower than val-
es reported by Chanton et al. (2002), who found flow rates
f 10.4 ± 4.0 ml min−1, but similar to values found by Brix et
l. (2001). We were not able to calculate plant mediated gas
mission precisely as we did not have enough data about
as emissions through plants in Slavošovice CW. Therefore,
e calculated this number as a difference between C input
nd output, which was 0.35 g m−2 d−1 (Fig. 4). This number
s probably overestimated, as some part of C input remains
ndecomposed in soil. The lower gas flow rates through plants

n Slavošovice CW may be attributed to the phytotoxic effects
f by-products of anaerobic microbial metabolism which rep-
esent an unavoidable risk in constructed wetlands with
ubsurface horizontal flow. Such systems receive considerable
rganic loads as compared with most natural wetlands, and a

arge proportion of the organic load is decomposed anaerobi-
ally. While there is evidence of toxic effects by organic acids
nder experimental conditions (Armstrong and Armstrong,
001), and toxic concentrations have been recorded in some
atural reed-dominated wetlands (Čı́žková et al., 1999), no
omparable information exists as yet for constructed wet-
ands. However, it may be assumed that the phytotoxic effects
f by-products of anaerobic microbial metabolism represent
n unavoidable risk in constructed wetlands with subsurface
orizontal flow.

The amount of carbon provided by plants (0.75 g C m−2 d−1)
epresents one third of the total carbon input into the system
2.25 g C m−2 d−1). Root exudates contribute a large fraction of
lant organic matter. Although the amount of root exudates
as not measured directly in this study, its indirect estimate

ndicates that the amount and role of root exudates deserve
urther research in constructed wetlands.

Based on published records of reed biomass production,
he estimate of carbon provided by plants to the constructed
etland is still probably conservative. The amount of carbon

upplied by the plants for microbial metabolism is likely to
ncrease with further development of the reed stand. The
nnual root production can increase to 100 to 200 g DW m−2

Čı́žková and Lukavská, 1999). At equilibrium, annual pro-
uction of rhizome biomass will yield 400 to 600 g DW m−2

Čı́žková and Lukavská, 1999). The annual aboveground pro-
uction can further increase to at least 2000 g DW m−2 (Dušek
nd Květ, 2001), which will provide 400 g DW m−2 of organic
xudates. The amount of plant dry matter available for micro-
ial processes will then be 900 g DW m−2, which corresponds
o 360 g C m−2 year−1 (compared to 180 g C m−2 year−1 in this
tudy).
The carbon budget in this study is based on many assump-
ions and indirect estimates. At the same time, the variation
oefficients of some measured variables are considerable. Fur-
her research is required to quantify the carbon fluxes more
3 1 ( 2 0 0 7 ) 98–106 105

precisely. However, we believe that this study provides enough
data to show the importance of plant–derived material in the
total carbon budget of constructed wetlands.

5. Conclusions

CO2 and CH4 emissions were the highest in the unvegetated
inflow zone of the treatment bed of the studied CW. Gas emis-
sions ranged from 4 to 309 mg CO2-C m−2 h−1 and from 0 to
93 mg CH4-C m−2 h−1. Both CO2 and CH4 emissions gradually
declined toward the end of the growing season. Most of the
CH4 (64% of total CH4 emissions) was emitted in the unvege-
tated inflow zone, whereas CO2 was emitted throughout the
whole area of the treatment bed. Only 10% of total carbon
emissions were in the form of CH4. N2O emission was neg-
ligible in the studied system. Gas emissions were higher than
carbon input in the wastewater; it was calculated that between
one fourth and one third of total carbon emissions originated
in plants. If the gas emissions were underestimated (as the
flows through plants were not included) the contribution of
carbon by plants would be even more important.

These results document the importance of plants as a
source of available carbon for microorganisms in constructed
wetlands which are not heavily loaded with wastewater. This
carbon is further transformed to gaseous forms and increases
carbon emissions from the wetland. However, plant exuda-
tion also affects microbial processes and pore water quality.
In this way, plants increase the efficiency of nitrogen removal
from the wastewater by supporting denitrifying microorgan-
isms with easily decomposable organic matter.
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