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Introduction

Observations of global climatic warming in re-
cent years have tended to stimulate work seeking to 
study emissions of the so-called “greenhouse gases” 
to the atmosphere, from both aquatic and terrestrial 
environments (Adams and Baudo 2001; Rastogi et al. 
2002; Haese et al. 2003; Adams 2005; Matthews et al. 
2005; Søvik et al. 2007; Wilcock and Sorrell 2008). 

Excessive carbon dioxide and methane emis-
sions are considered the main reason for observed 
enhancement of the greenhouse effect. Although the 
methane concentration is much lower than that of 
carbon dioxide, the latter’s global warming potential 
(GWP) is more than twenty times as great. Thus, a 
further increase in the atmospheric concentrations of 
either of these gases may have serious global climatic 
consequences. 

While the oceans undoubtedly play a key role in 
global gaseous exchange processes, there are grounds 
for believing that continental waters (and in fact lakes 
of anthropogenic origin in particular) may play a role 
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disproportionate to their area in global greenhouse 
gas dynamics. Considerable areas of land have been 
and are being flooded as dam reservoirs are complet-
ed, the result being the decay of labile organic matter 
and consequent greenhouse gas emissions. It was orig-
inally felt that such gas emissions diminish over time 
overall, but this opinion has yet to be verified thor-
oughly. Indeed, it is currently considered plausible that 
the immediate and major post-flooding emission of 
gases gives way to emissions at a relatively steady level 
during the entire lifetime of a given reservoir. Thus 
dam reservoir construction can have a great influ-
ence on the production of greenhouse gases and their 
release to the atmosphere. Preliminary calculations 
indicate that CO2 and CH4 emission from reservoirs 
may in fact constitute up to 7% of all anthropogenic 
emission of these gases to the atmosphere (St. Louis 
et al. 2000). 

The aim of the work described here has thus 
been to calculate the CO2 and CH4 fluxes to the at-
mosphere from three dam reservoirs in south-eastern 
Poland.
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Methods

Study site description
The study sites, comprising two small reservoirs 

(Wilcza Wola and Rzeszów) and one large hydroelec-
tric reservoir (Solina), are located in south-eastern Po-
land (Fig. 1). Characteristics of these reservoirs are as 
presented in Table 1. 

The Solina Reservoir, Poland’s largest man-
made lake, is situated on the San River in the Bieszc-
zady Mountains. It accounts for some 15% of overall 
water storage in Poland. Filled in 1968, it was initially 
used to generate power, but later also became a source 

of water supply and a recreation centre. Apart from its 
natural tributaries, the Solina Reservoir is supplied by 
the double rotation turbines of a power plant situated 
in the low-lying Myczkowce stilling basin. Economic 
activity in the reservoir’s watershed is limited. The 
main part of the basin is occupied by forests, and only 
to a lesser extent by meadows and pastures. The drain-
age basin is sparsely populated. Farmed agricultural 
land and settlements are mainly located at the mouths 
of the tributary valleys. 

Constructed in 1973, the Rzeszów Reservoir 
is located on the River Wisłok in SE Poland. After 20 
years of exploitation, its water volume has decreased 
considerably, with fast growth of aquatic plants ensur-

Fig. 1. Locations of the reservoirs in which gas fluxes have been studied. The sites are: the Solina Reservoir, Rzeszów Reservoir and Wilcza 
Wola Reservoir
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ing encroachment on to previously open surface wa-
ter. Despite an attempt at reconstruction in 1996, the 
reservoir has mostly silted up (Tomaszek 1995). Fur-
thermore, both of its tributaries, the rivers Wisłok and 
Strug, are highly polluted with nutrients, the drainage 
basin of here being mainly agricultural, with a few in-
dustrial centers.

The Wilcza Wola Reservoir is situated on the 
River Łęg. It was filled in 1988, having been mainly 
constructed for recreational purposes. Forestry pre-
vails in the vicinity of this reservoir. The locations of 
the sampling stations for all the reservoirs studied are 
shown in Fig. 1.

Gas sampling 
Gas samples were taken from the studied reser-

voirs in 2009 (see Table 2). The CO2 and CH4 fluxes were 
measured using a static chamber method. A stainless 
still chamber (0.3 m × 0.3 m × 0.16 m) equipped with 
a dry battery driven fan and a small vent stopped by 
silicon septum for sampling was used. Five gas samples 
from the chamber air headspace were manually with-
drawn into gastight syringes at 0, 10, 20, 30, 40 minutes 
after deployment. All samples were transported to the 
laboratory and analysed of gas concentration within 
4h. The samples were analyzed using a Pye Unicam gas 
chromatograph (model PU-4410/19) equipped with a 
flame ionization detector (FID) and a stainless steel col-
umn packed with a Haye Sep Q, 80/100 Mesh, 6 ft in 
length and of 2 mm ID. The GC was also equipped with 
a methanizer to detect low levels of carbon dioxide. 
The methanizer is packed with a nickel catalyst powder 
and heated to 380oC. When the column effluent mixes 
with the FID hydrogen supply and passes through the 
methanizer, CO2 is converted to CH4. The carrier gas 
was helium at a flow rate of 30 cc/min. 

Gas fluxes were calculated from a linear regres-
sion with gas concentration change within the cham-
ber versus time and expressed in mmol m-2 d-1. Posi-
tive changes indicated emissions of gas from reservoir, 
while negative changes indicated its consumption. 

Results and discussion

The results of the research are presented in Ta-
ble 2 and Fig. 2.The reservoirs under investigations 
showed significant differences in their methane fluxes, 
which were calculated to range between 0 and over 
240 mmol m-2d-1 (Fig. 2). There was in fact no methane 
flux at all in the Solina Reservoir in either series (Fig. 
2, panel D). In contrast, the level of methane emission 
to the atmosphere from the Rzeszów Reservoir was 
very high. Furthermore, markedly higher fluxes were 
observed at both research stations in summer where 
air temperature was slightly more than 30oC and water 
temperatures at stations 1 and 2 were at about 24 and 
22°C respectively. In autumn, when air temperature 
was at 5.5°C and water temperatures at 8 and 7°C re-
spectively, methane fluxes were about 3.5 and 5.5 fold 
lower at the stations. These results probably indicate 
an interdependence between temperature and meth-
ane emission to the atmosphere. Such a relationship 
between temperature and methanogenesis is well doc-
umented (Dunfield et al. 1993; Zimov et al. 1997; Xing 
et al. 2005). Likewise and Xing et al. (2005) found that 
high algal activity during summer may affect methane 
emissions, since freshly produced organic matter sup-
plies the substrate for methanogesesis. 

One research series was also conducted for the 
Wilcza Wola Reservoir. There, station 1 (located at the 
bottom part of the reservoir) recorded a significantly 
lower methane flux than station 2. The fluxes in sta-
tion were at 1.95 and 28.22 mmol m-2d-1 respectively. 
These values were nevertheless lower than these ob-
tained for Rzeszów Reservoir at the same season. 

During autumn the methane concentration in 
pore and surface water of the reservoirs was exam-
ined. Only in the Solina Reservoir was there methane 
neither in bottom sediments nor in surface water. Pore 
water from sediment in both the Rzeszów and Wilcza 
Wola Reservoirs was characterised by similar meth-
ane concentration (Table 2), though CH4 concentra-
tions were significantly lower in surface water than in 

Table 1. Morphometric properties of the studied reservoirs (Tomaszek and Czerwieniec 2000)

Reservoir/ Parameter Volume
(mln m3)

Area
(km2) Mean depth (m) Maximum depth 

(m)
Mean residence 

time (days)

Solina 502 22 22 60 215

Rzeszów 1.1 1.18 0.5 6 2

Wilcza Wola 4.2 1.6 2.6 30 36
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Fig. 2. Fluxes of CH4 and CO2 at the water–air interface of the reservoirs studied. Panels A, C, E – carbon dioxide fluxes from the Rzeszów, 
Solina and Wilcza Wola Reservoirs, respectively. Panels B, D, F – methane fluxes from the Rzeszów, Solina and Wilcza Wola Reservoirs, 
respectively

Table 2. Air and water temperature, concentration of oxygen, methane and carbon dioxide in water of the reservoirs studied

Station Sampling 
time

Tair
[°C]

Twater
[°C]

O2
[mg l-1]

CH4
[µmol l-1]

CO2
[µmol l-1]

sediment surface 
water sediment surface 

water
Rzeszów Reservoir

1
05.08.2009 31 24.3 7.61 n.m n.m n.m n.m

20.10.2009 5.5 8 7.85 7.25 0.95 1118.34 876.54

2
15.07.2009 30 22.8 4.36 n.m n.m n.m n.m

20.10.2009 5.5 7 9.22 38.67 3.93 1181.33 913.09

Solina Reservoir

1
10.08.2009 25 20.3 7.45 n.m n.m n.m n.m

27.10.2009 11 12 7.93 n.d n.d 759.82 587.18

2
10.08.2009 25 20.5 7.74 n.m n.m n.m n.m

27.10.2009 11 12 8.40 n.d n.d 761.73 608.73

Wilcza Wola Reservoir

1 26.10.2009 16 12 9.21 n.d n.d 581.73 384.54

2 26.10.2009 16 12 8.58 37.33 n.d 703.20 398.84

n.m, not measured
n.d, not detected
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the bottom sediments. Taking into account the very 
good oxygen conditions in the water of the reservoirs 
(Table 2), it can be concluded that most of the meth-
ane produced in the sediment is oxidized in an up-
per (aerobic) bottom layer or water column, or else 
that diffusive methane flux is not the main transport 
mechanism taking this gas from the sediment into 
the atmosphere. The second possible explanation that 
methane diffusive fluxes are significantly lower at the 
sediment–overlying water interface than at the water–
atmospheric air interface (Gruca-Rokosz et al. 2010). 
This indicated that ebullition may be the main path-
way by which methane is transported from sediments 
into the atmosphere. These observations are consistent 
with the views of other researchers, who claim that the 
production and loss of gas bubbles is the main CH4 
transport mechanism to the atmosphere in shallow 
reservoirs or lakes (Casper et al. 2000; Adams 2005; 
Huttunen et al. 2006).

The high values for methane emission obtained 
for the Wilcza Wola and Rzeszów Reservoirs are com-
parable with results cited for tropical reservoirs (Ta-
ble 3). However, the fluxes obtained for the Rzeszów 
Reservoir are surprisingly high. In the other Polish 
dam reservoirs – Włocławek and Siemianówka – the 
methane release was 25.7 and 44.12 mmol m-2 d-1 re-
spectively (Trojanowska and Kurasiewicz 2009). These 
authors considered such values high and comparable 
with those from waters in the tropical zone. Yet these 
values were only one fifth as high as the maximum 
values for the Rzeszów dam reservoir. 

Carbon dioxide concentrations recorded from 
both pore and surface water of the studied reservoirs 
were significantly higher than methane concentra-
tions (Table 2) and ranged from about 384 to about 
1181 µmol l-1, however values obtained in surface wa-
ter were lower than those in sediments. As in the case 
of methane, so again the highest carbon dioxide fluxes 

Table 3. Methane and carbon dioxide fluxes to the atmosphere from various aquatic ecosystems

Lake/Reservoir CH4
[mmol m-2 d-1]

CO2
[mmol m-2 d-1] Reference

Temperate

Solina (Poland) 0 -20.78 – 14.73 This study

Rzeszów (Poland) 45.98 – 240.61 46.41 – 162.51 This study

Wilcza Wola (Poland) 1.99 – 28.22 88.48 – 94.58 This study

Mietków (Poland) 0 Trojanowska, Kurasiewicz, 2009

Turawa (Poland) 2.56 (average) Trojanowska, Kurasiewicz, 2009

Sulejów (Poland) 2.87 (average) Trojanowska, Kurasiewicz, 2009

Włocławek (Poland) 25.7 (average) Trojanowska, Kurasiewicz, 2009

Siemianówka (Poland) 44.12 (average) Trojanowska, Kurasiewicz, 2009

Lanca do Po (Italy) 27.9 – 116.3 -60.5 – 448.5 Bolpagni et al. 2007

Priest Pot (U.K.) 0.06 – 1.40 3.9 – 102.00 Casper et al. 2000

ELARP (Canada) 3.12 – 5.62 25 – 84.1 Kelly et al. 1997

Average fluxes 0.6 – 5 17 - 70 St. Louis et al. 2000

Tropical

Samuel (Brazil) 11.47 (average) 183.8 (average) dos Santos et al. 2006

Miranda (Brazil) 16.4 (average) 113.2 (average) dos Santos et al. 2006

Tres Marias (Brazil) 20.5 (average) -3.23 (average) dos Santos et al. 2006

Tucurui (Brazil) 12.84 (average) 237.1(average) dos Santos et al. 2006

Serra da Mesa (Brazil) 7.56 (average) 30 (average) dos Santos et al. 2006

Petot Saut (French Guyana) 0.31 – 237.5 13.2 – 238.6 Galy-Lacaux et al. 1997

Average fluxes 1.25 – 94 10 - 232 St. Louis et al. 2000

Subtropical

Donghu Lake (China) 0.004– 0.34 -0.13 – 3.62 Xing et al. 2005
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are reported in Rzeszów Reservoir and the lowest ones 
at Solina. 

Conversely, as in the case of methane, at the 
Rzeszów Reservoir, higher carbon dioxide fluxes to 
the atmosphere were observed in autumn and lower 
ones in summer. The negative correlation between a 
flux and a season (and thus a temperature) indicates 
that the activity of algae have a significant role to play 
in the flow of carbon dioxide into the atmosphere 
(Huttunen 2003). The high primary production in 
summer may reduce carbon dioxide emission to the 
atmosphere through algal CO2 fixation. Most of this 
carbon incorporated into organic matter is later de-
composed and returned to the atmosphere, however. 
In eutrophic waterbodies like the Rzeszów Reservoir 
(Koszelnik et al. 2004), relatively large quantities of de-
composed organic carbon fixed by photosynthesis are 
recycled as methane (St. Louis et al. 2000).

Summer carbon dioxide emission from Solina 
was only at a level one third as high as that in Rzeszów 
Reservoir in the same time. In autumn, absorption of 
carbon dioxide was observed at Solina. The autumnal 
nature of this phenomenon was probably associated 
with water temperature reductions, and thus with an 
increase in gas solubility in water. Carbon dioxide 
emission to the atmosphere from the Wilcza Wola 
Reservoir was relatively high, but still only approxi-
mately half the emission recorded in the correspond-
ing period for the Rzeszów Reservoir. 

Carbon dioxide fluxes obtained for Solina Res-
ervoir may be comparable with values characteris-
tic for temperate-zone reservoirs. The CO2 fluxes for 
Rzeszów and Wilcza Wola Reservoirs, like those for 
methane, are comparable to the results quoted for 
large reservoirs in the tropics.
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