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Abstract: In order to simulate the warming effects on Arctic wetlands, three passive
open−top chambers (OTCs) and three control cage−like structures (CCSs) equipped with
soil temperature and soil volumetric water content (VWC) probes for continuous micro−
climatic measurements were installed in a wet hummock meadow, Petuniabukta, Bille−
fjorden, central Spitsbergen, in 2009. The warming effects on primary productivity were
investigated during summer seasons 2009 and 2010 in cyanobacterial colonies of Nostoc
commune s.l., which plays an important role in the local carbon and nitrogen cycles. The
microclimatic data indicated that the effect of OTCs was dependent on microtopography.
During winter, two short−term snow−thaw episodes occurred, so that liquid water was
available for the Nostoc communities. Because of the warming, the OTC hummock bases
remained unfrozen three weeks longer in comparison to the CCSs and, in spring, the OTC
hummock tops and bases exceeded 0�C several days earlier than CCS ones. Mean summer
temperature differences were 1.6�C in OTC and CCS hummock tops, and 0.3�C in the
OTC and CCS hummock bases. The hummock tops were drier than their bases; however
the VWC difference between the OTCs and CCSs was small. Due to the only minor differ−
ences in the microclimate of OTC and CCS hummock bases, where the Nostoc colonies
were located, no differences in ecophysiological characteristics of Nostoc colonies ex−
pressed as photochemistry parameters and nitrogenase activities were detected after two
years exposition. Long−term monitoring of Nostoc ecophysiology in a manipulated envi−
ronment is necessary for understanding their development under climate warming.
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Introduction

In Arctic hydro−terrestrial environments, considerable, i.e. visible, amounts of
microalgal and cyanobacterial biomass can accumulate over a long time period
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(Vincent 2000; Elster 2002). Cyanobacteria play a dual role there. Besides being
considerable primary producers, they are able to fix atmospheric nitrogen, thus be−
ing an important source of nitrogen for other organisms. Nitrogen often limits pri−
mary production in the Arctic (Henry and Svoboda 1986; Davey and Rothery
1992; Liengen and Olsen 1997; Walker et al. 2008; etc.).

The climate change significantly influences current temperature and moisture
conditions in Arctic ecosystems. The predicted effects of a doubling of the atmo−
spheric CO2 will be dramatic; mean annual temperatures in the Arctic may be
3–5�C higher within 100 years (Maxwell 1992; ACIA 2004; Callaghan et al.
2004a; Callaghan et al. 2004b). Most models also predict that the overall annual
global precipitation will increase. Temperature and precipitation increases will
have a large impact on cyanobacteria and microalgae community structure, and
also on their in situ ecophysiological performance (photochemical processes and
nitrogen fixation; Elster et al. 2001; Callaghan et al. 2004a, b), as water and tem−
perature are the major environmental predictors of species survival in the Arctic.
Even slight increases in temperature and precipitation could lead to a development
of a deeper active layer, higher rates of chemical transformation and, ultimately,
greater nutrient availability (Shaver et al. 2000; Rolph 2003; Walker et al. 2008).

It remains unclear how climate warming will affect nitrogen fixation. Some
authors predict, that future Arctic environments will experience increased nitrogen
fixation due to heightened enzymatic activity and increased concentration of car−
bon dioxide, while others predict that nitrogen fixation will be inhibited by in−
creased available nitrogen due to increased mineralization acting as a negative
feedback upon this process (Paul and Clark 1996; Walker et al. 2008).

Many field studies have been conducted on the potential effects of global
warming on the growth and community structure of vegetation, soil bacterial and
invertebrate community performances in various polar/alpine ecosystems (Marion
et al. 1997; Hollister and Webber 2000; Walker et al. 2008; Rinnan et al. 2009b).
By contrast, equivalent experimental studies on cryptogams (mosses, lichens,
cyanobacteria and microalgae) in the Arctic are much sparser and comparative
studies across sites are missing. Since cryptogams are the main primary producers
in high Arctic wetlands, any change in their growth or community structure caused
by climate change will affect the local ecosystem.

Passive open−top chambers (OTC) are the most frequent manipulation tech−
nique in these in situ warming experiments (Chapin and Shaver 1985; Strathdee
and Bale 1993; Kennedy 1995; Marion et al. 1997; Day et al. 1999; Hollister and
Webber 2000; Convey et al. 2002). This technique is standardized in design and
forms part of a broader geographical network of sites (e.g. The International Tun−
dra Experiment, ITEX), which allows for a comparison of responses on a circum−
polar scale (Molau and Mølgaard 1996).

Our experimental locality in Petuniabukta, Billefjorden, Central Svalbard, the
Norwegian Arctic, is situated in a wet hummock meadow. The meadow is satu−
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rated with water at the beginning of the vegetation season due to extensive
snowfield melting, however it gradually dries during summer and early fall
(Kvíderová et al. 2011). The desiccation process can be interrupted by short rain
events that could supply the tundra with water again. Tundra vegetation can be
subjected to repeated cycles of drying and re−hydration. In this hydro−terrestrial
ecosystem, the N. commune colonies are the most significant nitrogen source
(Liengen and Olsen 1997; Vincent 2000; Kvíderová et al. 2011). These colonies
are very abundant and produce high biomass, which significantly contributes to
the local carbon and nitrogen cycles (Kvíderová et al. 2011).

In this paper, we report on the first two years (2009 and 2010) of in situ experi−
ments, using passive open−top chambers to simulate warming, and control treat−
ments in a wet hummock meadow, Petuniabukta, Billefjorden, Central Svalbard.
The tasks of this field experiments are:
• To describe the microclimatic environment (surface soil layer temperature and

volumetric water content in the vegetative seasons, non−vegetative seasons and
transition period) including water chemistry of the wet hummock meadow un−
der natural (control) and in situ warming simulation.

• To compare the microclimatic parameters (temperature and volumetric water
content in hummock tops and bases) in the OTCs and control treatments in or−
der to estimate the OTC efficiency of warming.

• To evaluate photochemical performance and nitrogenase activity (nitrogen fix−
ation) of N. commune colonies in the wet hummock tundra in manipulated and
non−manipulated environments.

• To relate the microclimatic data with physiological performance of N. commune
in the wet hummock tundra in manipulated and non−manipulated environments.

Methods

Site description and experimental design

The experimental site is located in a wet hummock meadow at Petuniabukta,
Billefjorden, Central Svalbard (N 78�43’49” E 16�26’41”, 15 m a.s.l.) where the
vegetation is dominated by mosses (see vegetation type unit “Vegetation domi−
nated by mosses” description in Prach et al., this issue). Hummocks are 15–20 cm
high, about 20–30 cm in diameter and there are about 2–3 hummocks per 1m2. In
summer 2009, three Open−top Chambers (OTC) and three Control Cage−like
Structures (CCSs) were installed at the experimental locality (Fig. 1A). The OTC
was designed as a hexagonal chamber with a bottom diameter of 140 cm (side
length of 70 cm), top diameter of 90 cm (side length of 45 cm), and height of 50
cm. The area of each OTC was 1.27 m2. The chambers had inwardly inclined sides
(60� with respect to horizontal), which improved transmittance of solar radiation
and helped to trap heat. The chambers were constructed of Perspex (Quinn XT FL
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5 mm thick, Quinn Plastics, Ireland) designed specifically for solar applications.
This material had high solar transmittance in the visible wavelengths (90%) and
low transmittance in the infrared (heat) range (<5%). The tops of OTCs were cov−
ered by fencing over winter. The control treatments CCSs were designed as a cage
of equal length and width of 90 cm, and height of 40 cm. The area of each CCS was
0.81 m2. The cages were welded together with a 0.8 cm diameter iron pole stand
and covered by a wire screen. The entire experimental area is surrounded by a
wooden ring fence. The screen of the CCS and tops of the OTCs protected these
structures against damages e.g. from the Arctic fox, while the wooden ring fence
prevented a reindeer grazing. Construction of the OTC device is described in more
detail in the ITEX manual (Molau and Mølgaard 1996).

Water level and water physico−chemical parameters

In addition to the manipulation experiment, water level and water physico−
chemical parameters in the wet hummock meadow were monitored. A transect of
4 parallel rows of holes 30 cm deep were drilled into the permafrost across the exper−
imental plots. A polyethylene tube, 5cm diameter, with a densely perforated wall,
was installed inside each hole (Fig. 1B), in which the water level was measured by a
builder’s tape. Simultaneously, water from the tubes was sucked up by a syrette with
tubes, filtered through a pre−rinsed Whatman filter paper GF/C in the field and trans−
ferred to two acid−washed polythene bottles (100 ml). The first bottle was frozen for
transport to the Czech Republic, while the second was used in situ for measurements
of pH and conductivity (Kombibox WTE, Weilheim, CB 570).

Inorganic nitrogen and phosphorus concentrations were determined using a
Flow Injection Analyser (FIA, Tecator, Sweden; Růžička and Hansen 1981). Dis−
solved reactive phosphorus (DRP; PO4−P) was analysed by reaction with ammo−
nium molybdate and reduction by stannous chloride to phosphomolybdenum blue
(Proctor and Hood 1954, Application note AN60−83 Tecator). The detection limit
for DRP was 5 μg l−1. Nitrate− (NO3−N) and nitrite− (NO2−N) nitrogen were ana−
lysed by reaction with sulphonamide (Application note ASN 62−01−83) and am−
monium−nitrogen (NH4−N) by the gas diffusion method (Karlberg and Tweng−
strom 1983, Application note ASN 50−0187 Tecator). The detection limit for
NH4−N was 10 and for NO3−N was 3 μg l−1. For total nitrogen (TN) and total
phosphrus (TP) determination, the samples were treated by persulfate mineraliza−
tion at 151�C for 30 min. The concentration of Cl ions was determined by reaction
with mercury thiocyanate and ferric ions (Růžička et al. 1976, Application note
AN 63/83 Tecator, detection limit 5 μg l−1). The SO4−S content was analyzed by
FIA (Madsen and Murphy 1981, Application note ASTN42/86 Tecator, detection
limit 10 μg l−1). The dissolved substances (dry weight, DW) content was deter−
mined by evaporation and drying at 105�C (Howard 1933; Sokoloff 1933). Cation
contents (Na, K, Ca, Mg) were analyzed by a Varian Spectra AA 640 polarized
atomic absorption spectrophotometer (Techtron, Australia). A 300 mg sample was
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weighed into a thick−wall test tube and concentrated HNO3 of volume 0.75 ml and
concentrated HCl of volume 2.2 ml were added. The tube was closed with a loose
stopper. The sample was mixed and let to stand at ambient temperature for 16 hrs.
After that time, the sample was boiled at 120�C for 2 hrs. Then the sample was
cooled and filtered quantitatively into a 50ml volumetric flask. The 5% HNO3 was
added to get the final sample volume of 50 ml. For determination of cations con−
centration by atomic absorption spectrophotometry, the acetylele−air flame analy−
sis method was used for Na, K and Mg, and N2O−acetylene flame analysis of Ca.

Microclimatic parameters

In each treatment soil temperature and volumetric water content (VWC) were
permanently monitored approximately in the central part of each OTC and/or CCS
at the bases and tops of the hummocks. The soil capacitance method was used to
measure volumetric water content at a depth of ~2 cm below the ground. In total,
ten ECH2O EC−5 soil moisture probes (Decagon Device Inc., USA) and ten
Pt100/8 thermometers (EMS, Czech Republic) were inserted completely into the
substrate within the OTCs and CCSs. The ECH2O EC−5 probe dimensions were
5 × 2 × 0.1 cm which allowed for measurement of the apparent dielectric constant
of soil within a 2 cm zone on both flat sides of the probe. An EdgeBox V12 multi−
channel datalogger (EMS, Czech Republic) was used to excite and measure the
output from the ECH2O EC−5 soil moisture probes. The datalogger supplied 2.5V
to each ECH2O EC−5 probes and the outputs were converted by the calibration
equation for mineral soils (Parsons and Bandaranayake 2009). The output from all
probes was measured and stored at 60 min intervals.
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Fig. 1. The experimental site in the wet hummock meadow in Petuniabukta. A. Control cage−like
structure (left) and passive open−top chamber (right). B. Tube for water sampling. The distance be−

tween the holes is 5 cm.



Ecophysiological parameters of Nostoc commune

In summer 2009 three plastic Petri dishes (9 cm diameter), each with one col−
ony of N. commune, were installed to each OTC and CCS. A dense net of holes was
prepared by boring across the bottom and lid of each Petri dish. Filter paper was in−
serted on to the bottom of each Petri dish (Fig. 2A). The closed Petri dishes were
kept in contact with the wet tundra surface by needles. In both experimental sea−
sons (2009 and 2010), Petri dishes with N. commune colonies were regularly col−
lected, put into a cool box and transported to the field laboratory for measurements
of photochemical processes and nitrogenase activity.

Special Exposition Chambers (EC) were prepared in summer 2010, because of
an expected greenhouse effect in the closed Petri dishes. These ECs were made from
perplex glass tubes with a diameter of 12.5 cm; the same material was used for OTC
construction. The top and bottom of each tube were covered by plastic nets (square
holes with length of 0.5 cm), which were fixed by narrow plastic rings (Fig. 2B). In
each experimental treatment (OTC and CCS) three ECs, with one N. commune col−
ony in each, were in free contact with the moss tundra surface. In 2010, the N. com−
mune colonies enclosed in the ECs were regularly measured like the Petri dishes. Af−
ter measurements, all Petri dishes and ECs were returned exactly to the same place.

Weight, photochemical processes and nitrogenase activity were evaluated in
each colony. The colony was weighed on a digital scale (Denver Instruments, Ger−
many). Photochemical processes were measured by a FluorCam 700MF fluores−
cence imaging camera (Photon Systems Instruments, Czech Republic) using the
quenching protocol. The Nostoc colony was dark−adapted for 4 hours before the
measurement. Red measurement pulses of less than 3 μmol m−2 s−1 and lasting
33.3 μs were applied to obtain minimum fluorescence in the dark (F0). A saturation
pulse of white light of 2100 μmol m−2 s−1 lasting 800 ms was used to determine
maximum fluorescence in the dark (FM). The maximum quantum yield (FV/FM)
was measured 10 s after the start of the measurement in the dark adaptation state
and was followed by 40 s of dark relaxation (refer to Kvíderová et al. 2011 for pro−
tocol details). The photochemical parameter, maximum quantum yield during dark
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adaptation (FV/FM), was calculated using the FluorCam 7 software (Photon Sys−
tems Instruments, Czech Republic) as according to Roháček and Barták (1999)
and Maxwell and Johnson (2000). The equation used and detailed equation param−
eter descriptions are summarized in Kvíderová et al. (2011).

Nitrogenase activity (NA) was measured by acetylene−ethylene reduction as−
say (Stewart et al. 1967) in 100 mL glass flasks after 90 min incubation. Ethylene
in the samples was quantified with a gas chromatograph and nitrogenase activity
was expressed in nmol/h C2H4 per g fresh biomass. The details of the nitrogenase
activity evaluation are given in Kvíderová et al. (2011).

Statistical evaluation

All statistical evaluations were performed using Statistica 9.0 (StatSoft, USA);
differences were considered significant at P <0.05 (probability of Type I Error: null
hypothesis is rejected when it is true). All data were tested for normality before the
statistical evaluation. The non−parametric Kruskal−Wallis test was used for evalua−
tion of differences in physico−chemical parameters at the site below the terrace and
the experimental site (n = 10 in each sampling). The homologous groups determined
by the ANOVA/HSD test for unequal n at a significance level of 0.05 were used for
evaluating the differences in temperature and soil water content at the bases and tops
of each OTC and CCS for the whole experiment and vegetative season only (n = 3
for OTC and n = 2 for CCS in each data record; total of n = 13210 for all temperature
data from one probe and n = 10199 for all VWC data from one probe were used for
key data determination). Paired t−test was used to evaluate the inter−seasonal differ−
ence in number of “drought” days as an indicator of the difference in water availabil−
ity at the experimental locality (n = 10 for each year). The homologous groups deter−
mined by the ANOVA/Tukey HSD test at a significance level of 0.05 were used for
evaluating warming effects on Nostoc colonies (n = 9 in each treatment). Correlation
analysis was performed to evaluate the relationship between instantaneous microcli−
mate conditions (temperature, VWC) and ecophysiological parameters (weight,
FV/FM and nitrogenase activity) of the Nostoc colonies (Petri dishes: n = 36 for tem−
perature and n = 63 for VWC in OTCs, n = 24 for temperature and n = 42 for VWC in
CCSs; ECs: n = 27 in OTC and n = 18 in CCS for both variables), and the relation−
ship between water level depth and Nostoc colonies ecophysiology (Petri dishes: n =
63 in OTC, n = 42 in CCS; ECs: n = 27 in OTC, n = 18 in CCS).

Results

Water level and water physico−chemical parameters

Water levels in the wet hummock meadow greatly differed in the 2009 and 2010
summer seasons (Fig. 3). In 2009, the water level was well balanced through the
whole season, while in 2010 the water level decreased in the first half of the season

Impact of warming in a wet hummock meadow 401



due to the much smaller snow field in the upper part of the wet meadow, but came
back during the second half of the season. However, the ranges of the standard devi−
ation bars indicated that water level in all 9 measuring points differed due to
microhabitat diversity. In particular, microhabitat water level can be several centi−
metres below the surface, while a shallow surface pool could occur just a few meters
away.

Water physico−chemical parameters are given in Table 1. Because of the drier
second season (see below), the TP and DW values were slightly higher in 2010
than in 2009. On the contrary, NH4−N was slightly higher in 2009. In 2009, the re−
duced form of ammonium−nitrogen in the wet environment could not be oxidised
into nitrate and nitrite forms. In 2009 at the upper part of the experimental site, be−
low the terrace from where water was flowing into the meadow, NO2−N, NO3−N,
TN, PO4−P and TP concentrations were higher than in the meadow, since most of
the mineral nutrients were in the inflowing water. The decrease of pH in the experi−
mental field could be caused by calcium, magnesium and sulphate precipitation. In
the drier 2010 season, the physical and chemical parameters of samples from be−
low the terrace and the experimental field were comparable with the exception of
lower NO3−N at the OTC area. Such a decrease was observed also in 2009. This
could indicate nitrate consumption by the meadow vegetation.

Microclimatic parameters

Temperature. — The microclimate monitoring was initiated at the hummock
wet meadow in July 2009 and continued through the winter season till September
2010. However, soil temperature data acquired from July to December 2009 were
not included in the analysis and subsequent evaluation due to bad quality and the
occurrence of missing values in the data set. The courses of soil temperature at the
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Fig. 3. Water levels at the experimental locality (mean ± standard deviation, n = 10 in each sampling
date) in both the 2009 and 2010 growing seasons.



tops and bases of hummocks in the OTCs and CCSs were therefore processed from
December 2009 till September 2010 (Fig. 4). Periods of temperature and volumet−
ric water content (introduced later) measurements were divided into; (i) vegetative
season 2009, (ii) non−vegetative season 2009−2010 including warming period in
spring, (iii) transition period 2010, and (iv) vegetation season 2010 (Figs 4, 5 and
Table 2). In both cases (OTC, CCS), temperatures fluctuated from 0�C down to −7
or −8�C from the start of measurements up to mid−June, 2010. There was a period
with temperatures around 0�C resulting in a partial snow thawing in the second
half of February 2010. During winter (non−vegetative season 2009/2010), the tem−
peratures in both OTCs and CCSs were very similar, however, Tmax was a little bit
lower in the OTCs (about 0.2�C; Table 2). The surface of the soil in all experimen−
tal treatments warmed up to temperatures close to 0�C from the beginning of May
(the non−vegetative season 2009/2010 – warming period in Table 2). The tempera−
ture reached −1�C in mid−May (transition period start date; Table 2) and, after this
period, the temperature remained stable around 0�C (transition period in Table 2).
The temperature of the OTC hummock tops reached positive values (vegetation
season 2010) for several days earlier in comparison to the CCSs; a similar pattern
was observed in the OTC and CCS hummock bases (Fig. 4). The duration of the
transition period was the shortest in the OTC hummock tops, and the CCS hum−
mock tops and bases, and was the longest in the OTC hummock bases (Table 2).
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Table 1
The physico−chemical parameters (mean ± standard deviation) of the site below the terrace and
the experimental field during the 2009 and 2010 seasons; n – number of samples, statistical sig−
nificance (non−parametric Kruskal−Wallis test) * – P <0.05, ** – P <0.01, *** – P <0.001.

2009 2010

all samples below terrace experimental
field all samples below terrace experimental

field

n = 23 n = 19 n = 4 n = 24 n = 5 n = 21

pH 7.61 ± 0.45 8.30 ± 0.44 7.47 ± 0.36** 7.52 ± 0.23 7.77 ± 0.04 7.48 ± 0.25

Conductivity μS cm−1 689 ± 223 831 ± 656 666 ± 95 814 ± 217 626 ± 73 841 ± 218

NH4−N μg l−1 140 ± 77 249 ± 126 121 ± 56 55.0 ± 53.5* 67.4 ± 16.5 53.2 ± 56.9

NO2−N μg l−1 4.09 ± 7.92 15.1 ± 21.8 2.24 ± 0.47* 3.18 ± 1.41*** 3.49 ± 0.50 3.13 ± 1.50

NO3−N μg l−1 82.3 ± 77.8 249 ± 82 49.9 ± 13.2** 133 ± 270 150 ± 66 131 ± 288*

TN μg l−1 539 ± 175 768 ± 206 491 ± 138* 620 ± 322 687 ± 85 611 ± 343

PO4−P μg l−1 22.7 ± 16.0 52.4 ± 28.2 17.4 ± 5.0* 14.9 ± 13.9 18.4 ± 0.9 14.4 ± 14.9

TP μg l−1 42.5 ± 17.7 73.8 ± 37.8 37.5 ± 5.9* 58.2 ± 7.1*** 62.1 ± 8.7 57.7 ± 6.9

Cl mg l−1 19.8 ± 58.6 99.5 ± 163.7 7.25 ± 2.32 11.5 ± 6.9** 10.7 ± 2.1 11.7 ± 7.3

DW g l−1 0.036 ± 0.024 0.021 ± 0.010 0.038 ± 0.026 0.065 ± 0.033* 0.050 ± 0.004 0.067 ± 0.035

Na mg l−1 15.0 ± 37.8 66.5 ± 105.4 6.90 ± 1.23 6.88 ± 3.16 5.69 ± 0.95 7.05 ± 3.33

K mg l−1 1.42 ± 2.23 4.41 ± 6.17 0.91 ± 0.17 1.46 ± 1.41 1.32 ± 0.38 1.48 ± 1.51

Ca mg l−1 134 ± 26 91.2 ± 11.7 141 ± 21 171 ± 55 126 ± 11.2 178 ± 56

Mg mg l−1 18.0 ± 4.0 19.8 ± 10.9 17.5 ± 2.3 21.0 ± 7.0 14.6 ± 3.9 21.9 ± 6.9

SO4−S mg l−1 214 ± 107 205± 130 219 ± 109 246 ± 46 226 ± 27 249 ± 48
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Fig. 4. Soil temperature in OTC and CCS hummock tops and bases during the experiment. A. OTC
base. B. OTC top. C. CCS base. D. CCS top. Lines: black, mean (n = 3 for OTCs, n = 2 for CCSs);

light gray, mean, standard deviation; dark gray, mean + standard deviation.



Above−zero temperatures were reached for the first time (0�C date; Table 2) in the
OTC and CCS hummock tops as early as in mid− or late May 2010 (OTC hummock
tops with the exception of OTC1 on 12.6.2010). Positive (above−zero) tempera−
tures were reached in the OTC and CCS hummock bases almost one month later, in
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Fig. 5. Volumetric water content (VWC) in OTC and CCS hummock tops and bases during the exper−
iment. A. OTC base. B. OTC top. C. CCS base. D. CCS top. Lines: black, mean (n = 3 for OTCs, n = 2

for CCSs), light gray, mean, standard deviation, dark gray, mean + standard deviation.
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Table 2
The seasonal characteristics (mean ± standard deviation; n = 13210 for all temperature data
from one probe, n = 10199 for all VWC data from one probe) of the OTCs and CCSs. The
letter indicates homologous groups as identified by an ANOVA/HSD test for unequal n at
p = 0.05. Point definitions: Vegetative season end date = date on which the VWC dropped
to 0 for the first time; VWCrefline = steady−state VWC; drought = days when the VWC is
lower than VWCrefline – 10%; flood = days when the RWV is higher than VWCrefline + 10%;
non−vegetative season end date = date on which the temperature exceeded 0�C for the last
time; warming period start date = date on which the temperature exceeded the warming
threshold for the last time; warming threshold = non−vegetative Tmn – s.d.; warming period
duration = number of days between the warming period start date and transition period start
date; transition period start date = date on which the temperature exceeded −1.0�C for the
first time; transition period duration = number of days between the transition period start
date and vegetative season start date; 0�C date = date on which the temperature exceeded
0�C for the first time; wetting/thawing start date = date on which VWC exceeded 0 m3 m−3

for the first time; wetting/thawing end date = date on which the VWC reached VWCrefline for
the first time; wetting/thawing period duration = number of days between wetting/thawing
start date and wetting/thawing end date; vegetative period start = date on which the temper−
ature remained above 0�C for whole day; vegetative period duration = number of days

since the start of the vegetation period till 31.7.2010.

OTC CCS

top base top base

Vegetative season 2009

End date (VWC) [days] 15.9.2009 ± 1 2.11.2009 ± 48 15.9.2009 ± 0 30.9.2009 ± 1

VWCmin [m3 m−3] 0.01 ± 0.01 0.00 ± 0.00 0.05 ± 0.07 0.00 ± 0.00

VWCmn [m3 m−3] 0.07 ± 0.01a 0.31 ± 0.11b 0.08 ± 0.00a 0.34 ± 0.06 b

VWCmax [m3 m−3] 0.09 ± 0.01a 0.40 ± 0.03b 0.10 ± 0.00a 0.41 ± 0.04b

VWCrefline [m3 m−3] 0.07 ± 0.01a 0.38 ± 0.03b 0.08 ± 0.01s 0.40 ± 0.04b

Drought [days] 5 ± 4 34 ± 46 1 ± 0 18 ± 1

Flood [days] 3 ± 4 0 ± 0 7 ± 2 0 ± 0

Non−vegetative season 2009/10

End date [days] 27.5.2010 ± 15 9.6.2010 ± 4 18.5.2010 ± 1 13.6.2010 ± 3

Tmin [�C] −7.7 ± 1.0 −7.1 ± 0.8 −7.9 ± 0.6 −7.8 ± 0.1

Tmn [�C] −4.2 ± 0.8 −3.5 ± 0.5 −3.9 ± 0.07 −3.8 ± 0.6

Tmax [�C] 0.0 ± 0.0a 0.0 ± 0.1a 0.1 ± 0.1ab 0.2 ± 0.01b

Warming period start date [days] 29.4.2010 ± 4 3.5.2010 ± 4 1.5.2010 ± 4 1.5.2010 ± 5

Warming threshold −6.5 ± 1.0 −5.9 ± 0.7 −6.5 ± 0.7 −6.3 ± 0.4

Warming period duration [days] 15 ± 3 12 ± 2 16 ± 4 16 ± 5

Transition period 2010

Start [days] 15.5.2010 ± 6 15.5.2010 ± 6 16.5.2010 ± 1 17.5.2010 ± 0

Duration [days] 25 ± 1a 32 ± 2b 27 ± 4ab 32 ± 2ab

0°C date [days] 27.5.2010 ± 14 10.6.2010 ± 4 17.5.2010 ± 1 13.6.2010 ± 3

Wetting/thawing start date [days] 20.5.2010 ± 3 30.5.2010 ± 8 18.5.2010 ± 1 28.5.2010 ± 15

Wetting/thawing end date [days] 23.5.2010 ± 4a 17.6.2010 ± 4b 1.6.2010 ± 9ab 18.6.2010 ± 1b

Wetting/thawing period duration [days] 3 ± 1 18 ± 10 14 ± 8 21 ± 16



mid−June 2010 (Table 2). A few days later, the temperature remained above 0�C
for a whole day in the hummock tops and bases in both OTCs and CCSs (vegeta−
tive season start date; Table 2). In spring 2010, hummock tops had a longer vegeta−
tion season for about one week in comparison with bases, probably due to the sig−
nificantly shorter transition period (Table 2). Summer season temperatures in the
OTC hummock tops commonly reached 18–20�C (Fig. 6) and rarely even 30�C.
CCS hummock top temperatures were lower, ranging from 12 to 14�C, and rarely
reached the maximum of 25�C. Mean maximum and mean summer season temper−
atures were higher by 7.6�C and 1.6�C, respectively, in the OTC hummock tops
compared to the CCS ones (Table 2, Fig. 6). Although the temperature data proved
warming effects in the hummock tops in the OTCs, the warming effects were small
in the hummock bases. The mean summer seasonal differences between OTC and
CCS bases were 0.3�C (OTCs > CCSs). Summer−vegetation season temperatures
in the OTC hummock bases reached 8–10�C, while they were slightly lower in
CCS bases, being around 7–8�C (Fig. 6). There were no significant differences in
mean temperature and mean maximum temperature between OTC and CCS hum−
mock bases (Table 2, Fig. 6). Unfortunately, temperature measurements from the
end of summer 2009 and 2010 are not available; however we estimate that temper−
atures had fallen below 0�C in the second half of October.

Volumetric water content (VWC). — The courses of volumetric water con−
tent (VWC) in hummock tops and bases in the OTCs and CCSs, were measured
from July 2009 to September 2010 (Fig. 5). At the end of August and beginning of
September 2009, the water content dropped slightly in both (OTC and CCS) hum−
mock bases. Both OTC and CCS hummock tops were dry at that time. On Septem−
ber 15–16, 2009, the first frost came and water content in both (OTCs and CCSs)
hummock top localities decreased (vegetative season 2009 end date; Table 2). The
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OTC CCS

top base top base

Vegetative season 2010

Start date (T) [days] 9.6.2010 ± 7 16.6.2010 ± 4 12.6.2010 ± 4 17.6.2010 ± 2

Vegetative season duration [days] 52 ± 7 45 ± 4 49 ± 4 44 ± 2

Tmin [�C] −1.3 ± 0.5a 0.0 ± 0.1b −0.8 ± 0.1ab −0.2 ± 0.4b

Tmn [�C] 8.4 ± 0.5a 5.3 ± 0.2b 6.8 ± 0.3c 5.0 ± 0.1b

Tmax [�C] 28.2 ± 1.5a 12.7 ± 1.5b 20.6 ± 4.0c 13.3 ± 0.4b

VWCmin [m3 m−3] 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

VWCmn [m3 m−3] 0.08 ± 0.01a 0.30 ± 0.01b 0.06 ± 0.02a 0.31 ± 0.06b

VWCmax [m3 m−3] 0.27 ± 0.12 0.41 ± 0.02 0.27 ± 0.19 0.42 ± 0.03

VWCrefline [m3 m−3] 0.06 ± 0.00a 0.39 ± 0.02b 0.06 ± 0.01a 0.40 ± 0.04b

Drought [days] 27 ± 8 35 ± 7 51 ± 48 45 ± 11

Flood [days] 44 ± 4a 0 ± 0b 33 ± 7a 0 ± 0b

Table 2 – continued.



CCS hummock bases froze at the end of September 2009. At that time, the OTC
hummock bases still remained unfrozen and froze on October 6 to 8, 2009, with the
exception of OTC 1 which froze on December 28, 2009; perhaps the microclimate
was kept warmer due to the insulation effect of snow cover. The vegetative season
of OTC hummock bases was prolonged by three weeks in comparison with OTC
and CCS hummock tops and by one week compared to CCS hummock bases. Dur−
ing winter there were two episodes (mid December 2009 and mid January 2010)
when water content in all hummock localities increased because of snow thaw.
Snow thaw started in all experimental treatments in the second half of May 2010
(wetting/thawing start date; Table 2). Approximately three days later (wetting/
thawing period duration; Table 2), OTC hummock tops were saturated by water
(so−called wetting/thawing end date; Table 2).The CCS hummock tops were also
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Fig. 6. Mean daily soil temperature and volumetric water content during the first part of the 2010 veg−
etative season (n = 3 for OTCs, n = 2 for CCSs).



saturated by water in the beginning of June 2010. The thaw started about two
weeks later, in mid−June 2010, in the OTC and CCS hummock bases. The maxi−
mum saturation levels were reached in the second half of June. A period of drought
occurred in July when water content had decreased in all experimental treatments.
From that time, the hummock tops (in both OTCs and CCSs) were completely dry
till the end of the vegetative season. The hummock bases (in both OTC and CCS)
were wetted again at the end of July and water content remained at the same level
for the rest of the summer (Fig. 6). Generally, with the exception of the mean maxi−
mum VWC reflecting the thaw period in early summer 2010, VWC was always
lower in the hummock tops in both OTC and CCSs during both summer seasons
(Table 2, Fig. 6). Mean summer season relative water contents in the OTCs and
CCSs hummock bases were higher by 0.3 and 0.2 m3 m−3 than in the hummock tops
in 2009 and 2010, respectively (Table 2). Affectivity of OTC (warming/in−
crease−decrease relative water content/duration of summer season) is also well
documented in detail in the summer curves (Fig. 6).

The annual VWC course seems to be similar in both seasons. After the thaw
period and full water saturation in June, a drought period occurred in July and was
followed by water re−saturation in August and early September. The high variabil−
ity reflects the heterogeneity of the microenvironment at the experimental site. De−
spite this variability, the data indicate that summer 2009 was significantly wetter
than that for the same period in 2010. The drought periods, as defined in Table 2,
lasted 3 ± 4 days and 21 ± 16 days in 2009 and 2010, respectively (paired t−test, n =
10 for each year, t = −3.364, P = 0.005; only data between July 14, 12:00, and Sep−
tember 12, 10:00 were considered). The large inter−seasonal differences reflect
different water availabilities in individual summer seasons.

Ecophysiological parameters of Nostoc commune s.l.

Changes in fresh weight of the experimental Nostoc commune s.l. colonies dur−
ing both summer seasons are shown in Fig. 7A, B. The first datapoint in each chart
indicates the weight of the colonies in the fully−hydrated state. The colonies were
kept in plastic Petri dishes (installed on July 14, 2009) and ECs (installed on July 2,
2010) at hummock bases in the OTC and CCS treatments. At the beginning of sum−
mer 2009, shortly after installation of the OTCs and CCSs, the weight of the colonies
decreased due to the transfer of the colonies from a well wetted meadow to the Petri
dishes, and further due to desiccation of the hummock meadow (see previous chap−
ter). In the first half of August 2009, the weight slightly increased, however it did not
reach the weight in the fully−hydrated state as at the beginning of the experiment.
The observation in summer 2010 confirmed that the weights of the colonies, in both
the Petri dishes and Exposition Chambers, had followed the water availability in the
wet meadow (Table 3). No statistical differences were observed between OTCs and
CCSs at each date of measurement (Table 3). However, the date on which the mea−
surements were performed, corresponding to the actual conditions at the locality and
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the history of these conditions, affected the weight of the colonies (two−way
ANOVA, n = 9 for each treatment and exposition type, F(7,122) = 10.9, P <0.001 for
Petri dishes and F(3, 64) = 75.9, P <0.001 for ECs, Fig. 7A,B).

Also FV/FM values of Nostoc commune indicate the maximum possible quan−
tum yield of the photosystem II, and thus physiological status of the colonies, fol−
lowed the water availability in the wet meadow (two−way ANOVA, n = 9 for each
treatment and exposition type, F(7,122) = 3.95, P = 0.001 for Petri dishes and F(3,
64) = 18.4, P <0.001 for ECs, Fig. 8A, B, Table 3). The maximum Fv/Fm in the
fully−hydrated state of the colonies is indicated by the first datapoint in both charts.
There were only small differences between OTC and CCS treatments reflecting
the similar conditions at hummocks bases in both OTCs and CCSs. However, the
FV/FM values in the drier summer season of 2010 were slightly higher in compari−
son with the wetter 2009 season (ANOVA/HSD test for unequal n, n = 54 for 2009
and n = 72 for 2010, F(1,122) = 19.800, P <0.001, Table 3). Decrease of FV/FM due
to meadow desiccation observed in the ECs in 2010 was not confirmed in the Petri
dishes, probably due to the experimental setting. The filter paper used for facilita−
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Fig. 7. Changes in Nostoc commune s.l. colony weight (mean ± 95% confidence interval) during the
vegetation season(s). A. Colonies in Petri dishes. B. Colonies in Exposition Chambers (n = 9 for each

treatment).



tion of water transfer between the dish and the outside environment probably
served as a temporary additional water supply to the colonies. Also, the enclosure
of the colonies in the Petri dishes reduced evaporation loses compared to the ECs.

The seasonal curves of N. commune nitrogenase activity in colonies enclosed
in the Petri dishes revealed that this was also related to the water availability in the
meadow (two−way ANOVA, n = 9 in each treatment, F(6,112) = 4.90, P <0.001,
Fig. 9A, B, Table 3). However, great variability of nitrogenase activity among the
colonies did not allow detection of any seasonal pattern in the ECs (see the 95%
confidential interval of the first datapoint in each chart indicating the values of
nitrogenase activity in fully−hydrated colonies). As in the cases of weight and
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Table 3
Physiological chatacteristics (mean ± s.d.) of the Nostoc colonies during the 2009 and 2010
growing seasons. The letter indicates homologous groups recognized by Tukey HSD test
for P = 0.05. n – number of samples in given treatment, FV/FM – maximum quantum yield,

NA – nitrogenase activity.

Weight [g] FV/FM NA [nmol g−1 hr−1]

OTC CCS OTC CCS OTC CCS

n = 9 n = 9 n = 9 n = 9 n = 9 n = 9

Petri dishes

14.7.2009 0.76 ± 0.47c 0.62 ± 0.36bc 3.41 ± 10.66 7.54 ± 12.61

22.7.2009 0.14 ± 0.13a 0.20 ± 0.27ab 0.19 ± 0.10 0.17 ± 0.14 0.00 ± 0.00 0.00 ± 0.00

1.8.2009 0.19 ± 0.11a 0.28 ± 0.16ab 0.14 ± 0.12 0.21 ± 0.13 −3.15 ± 51.07 23.73 ± 22.85

11.8.2009 0.27 ± 0.12ab 0.37 ± 0.20abc 0.25 ± 0.13 0.29 ± 0.12 24.05 ± 35.93 31.42 ± 59.40

2.7.2010 0.41 ± 0.14abc 0.47 ± 0.22abc 0.35 ± 0.09 0.29 ± 0.24 42.37 ± 31.07 24.45 ± 31.86

11.7.2010 0.23 ± 0.08ab 0.37 ± 0.22a 0.33 ± 0.15 0.33 ± 0.19 25.85 ± 32.34 27.54 ± 41.91

27.8.2010 0.19 ± 0.05a 0.22 ± 0.14a 0.33 ± 0.08 0.32 ± 0.21 5.67 ± 9.37 3.66 ± 10.79

10.9.2010 0.21 ± 0.10a 0.21 ± 0.13a 0.31 ± 0.08 0.32 ± 0.14 1.06 ± 9.18 1.28 ± 6.29

Exposition Chambers

29.6.2010 7.94 ± 2.54 6.10 ± 1.91 0.42 ± 0.06 0.49 ± 0.10 20.81 ± 10.08 18.64 ± 9.14

10.7.2010 0.38 ± 0.13 0.29 ± 0.10 0.13 ± 0.06 0.08 ± 0.16 106.4 ± 285.4 6.63 ± 7.78

28.8.2010 1.27 ± 1.56 1.27 ± 0.90 0.37 ± 0.23 0.42 ± 0.20 13.83 ± 12.44 14.07 ± 11.47

11.9.2010 1.60 ± 1.67 1.33 ± 0.71 0.38 ± 0.10 0.35 ± 0.12 9.39 ± 9.15 6.51 ± 4.72

Table 4
Correlation between environmental variables and Nostoc colonies ecophysiological pa−

rameters in ECs. The statistically significant correlations are marked by bold font.

OTC CCS

Weight FV/FM NA Weight FV/FM NA

Temperature
−0.334 −0.556 0.198 −0.594 −0.654 −0.199

p = 0.088 p = 0.003 p = 0.321 p = 0.009 p = 0.003 p = 0.430

VWC
0.313 0.447 0.049 0.470 0.228 0.282

p = 0.111 p = 0.019 p = 0.807 p = 0.049 p = 0.362 p = 0.257

Water level
−0.363 −0.5749 0.274 −0.591 −0.596 −0.258

p = 0.063 p = 0.002 p = 0.167 p = 0.010 p = 0.009 p = 0.301



FV/FM, only negligible differences in nitrogenase activity between OTC and CCS
treatments were observed.

There was no significant correlation between the microclimate parameters and
ecophysiological features of the Nostoc colonies kept in Petri dishes in both OTCs
and CCSs.

Table 4 shows the correlations between the environmental variables (tempera−
ture, VWC and water level depth) and ecophysiological parameters (colony weight,
FV/FM and NA) of the Nostoc colonies kept in ECs, OTCs and CCSs. The nitro−
genase activity (NA) was not significantly affected by microclimate parameters for
colonies enclosed in ECs or water level depth for colonies enclosed in both OTCs
and ECs. However, in OTCs, the FV/FM was negatively correlated with temperature
and water level depth, but positively with VWC. This was also the case for CCSs in
general. However, for the colonies enclosed in the ECs in the CCSs, FV/FM was neg−
atively correlated with temperature and colony weight, but positively with VWC.
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Fig. 8. Changes in Nostoc commune s.l. colony maximum quantum yield (FV/FM; mean ± 95% confi−
dence interval) during the vegetation season(s). A. Colonies in Petri dishes. B. Colonies in Exposition

Chambers (n = 9 for each treatment).



These data indicate that the colonies enclosed in Petri dishes were protected
from the microclimatic effects, probably due to limited contact between the inte−
rior of the Petri dish and its surrounding environment. There may also be a green−
house effect inside the dish. This type of exposition should not be used in future
experiments. The data from the ECs indicate that the colonies were negatively af−
fected by temperature and water deficiency in the meadow; this type of exposition
should be preferred in future experiments.

Discussion

Arctic hydro−terrestrial habitats (wetlands, including hummock wet meadows)
are important ecosystems in an arid and cold tundra environment (Elster 2002;
ACIA 2004). They cover large areas of the Earth's surface and play a fundamental
role in the global climate system (Wieder 2001; ACIA 2004). Wet hummock
meadows are highly productive plant ecosystems where carbon uptake prevails
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Fig. 9. Changes in Nostoc commune s.l. colony nitrogenase activities (NA; mean ± 95% confidence
interval) during the vegetation season(s). A. Colonies in Petri dishes. B. Colonies in Exposition

Chambers (n = 9 for each treatment).



above carbon loss from the soil (Rinnan et al. 2007; Biasi et al. 2008). In addition,
the high Arctic hummock wet meadows are a prevalent and highly sensitive type
of polar hydro−terrestrial ecosystem affected by climate change (ACIA 2004).

Water level and water physico−chemical parameters

The seasonal courses of climatic and microclimatic conditions of Petuniabukta
are discussed in detail in this issue (Láska et. al., this issue). However, from our
measurements it is obvious that the range of winter snow accumulation and its
melting at the beginning of summer in the upper part of the studied locality is the
principal factor influencing water availability in wet meadow hummock tundra.
On the contrary, water availability is better balanced at the end of summer proba−
bly because of the active layer and melting of the upper part of the permafrost. A
similar pattern of seasonal water availability was demonstrated in small tundra
lakes in the eastern part of Petuniabukta (Zwolinski et al. 2007).

The wet hummock meadow lies on a steplike system of raised marine terrace
which is characteristic for the post−Pleistocene shoreline layout of Svalbard
(Salvigsen 1984). Geologically, the Petuniabukta area is composed of Middle and
Upper carboniferous carbonates, anhydrites, gypsum, sandstone and conglomer−
ates (Dallmann et al. 1994). The lower wet hummock meadow terrace is com−
prised of sandy and gravel sediment originating from local waste material. In pre−
vious studies of water physico−chemical parameters of the Petuniabukta freshwa−
ter ecosystem (Zwolinski et al. 2007; Paluszkiewicz et al. 2008; Zwolinski et al.
2008) it was shown that marine aerosols, predominantly Na and Cl ions, are com−
monly present in higher concentrations in the wetland. In our samples, higher Na
and Cl contents were recorded only in water inflowing to the meadow from snow
melt at the beginning of summer 2009. Yellow−brown precipitates were recorded
in both the eastern and western parts of Petuniabukta bay, in the wet meadows and
even in shallow pools and lake bottoms, and on the surfaces of mosses, vascular
plants and even Nostoc commune s.l. mats (Zwolinski et al. 2007; Paluszkiewicz et
al. 2008; Zwolinski et al. 2008). Higher concentrations of calcium, magnesium
and sulphate in our samples from the experimental field site (compared to inflow
water) confirmed their precipitation in the wet hummock meadow. Concentrations
of the biogenic elements (N, P) in the inflow water were higher than in the
meadow. Hummock wet meadow serves as a biological filter of biogenic elements
including CO2 and serves as a sink for these biogenic elements in the high Arctic
ecosystem (Johansson et al. 2006; Oberbauer et al. 2007).

Microclimatic parameters

Our results and those of several recent studies (Nordstroem et al. 2001; Renner−
malm et al. 2005; Sullivan and Welker 2005; Sullivan et al. 2008) clearly demon−
strate that, in the hydro−terrestrial environment of wet hummock meadows, the ef−
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fect of passive open−top warming chambers clearly depends upon microtopography.
The dry tops of hummocks have completely different microclimatic conditions in
comparison with wet hummock bases. In addition, there was also a time shift in the
warming of dry tops and wet bases of hummocks. In situ warming experiments sim−
ulated by the OTCs even extended these microclimatic differences.

Because of faster melt inside of the OTC hummock tops, positive temperatures
were measured at a depth of ~2 cm below the surface (reached already in
mid−May) for several days earlier in the OTCs in comparison with the CCSs. In ad−
dition, during melt time the temperature differences between hummock tops in
OTC and CCS were as great as 11�C; these differences were not so dramatic later
in the season. Similar results of spring temperature differences between warmed
and control sites were demonstrated in a moist, acid, tussock tundra site near
Toolik Lake, Alaska. Immediately following snow melt in 2002, the differences in
soil surface temperatures between warmed and ambient plots approached a maxi−
mum of 1.5�C. Later, daily mean temperatures differed by only 0.84�C (Sullivan
and Welker 2005).

Mean summer temperatures differed by 1.6�C between OTC and CCS hum−
mock tops. During most of the summer temperatures in the OTC hummock tops
were at 18–20�C and rarely reached 30�C, while in the control boxes they were
12–14�C and rarely 25�C. Mean maximum temperatures were higher by 7.6�C in
OTC hummock tops than in control boxes. On the contrary, the warming effect was
much lower in the wet bases of hummock in the OTC treatments with mean summer
differences between hummock bases in OTCs and CCSs were 0.3�C. Summer tem−
peratures in hummock bases reached 8–10�C in OTCs and 7–8�C in CCSs. Temper−
ature differences between hummock tops and bases reached 8–10�C in OTCs and
4–6�C in CCSs treatments. Although the ITEX warming open top chambers were
used very commonly in various Arctic, Antarctic and alpine terrestrial ecosystems
(Marion et al. 1997; Hollister and Webber 2000; Kudo and Suzuki 2002; Wada et al.
2002; Bokhorst et al. 2008; Walker et al. 2008; Rinnan et al. 2009a; Rinnan et al.
2009b; Simmons et al. 2009), the OTC warming experiments are more rare in vari−
ous shallow wetland habitat types (Nordstroem et al. 2001; Rennermalm et al. 2005;
Sullivan and Welker 2005; Sullivan et al. 2008). In NW Greenland wetlands
(Sullivan et al. 2008), the microtopography of the sites is a mosaic of hummocks,
which extend above the water table, and hollows, which lie beneath 5–15 cm of wa−
ter during the short growing season. Air temperature (20 cm above surface) in OTC
was about 2�C higher than in the control. Hummock soil temperature was higher
than air temperature. Hollows temperature was colder than air temperature. Midday
soil temperatures were generally warmer in hummocks than in hollows. These re−
sults principally follow our data and characterize the warming effects of OTC in a
wetland ecosystem (high Arctic wet meadows).

A wide spectrum of ecological and physiological studies have shown that, in
terms of environmental priorities, demands for moisture (water in a liquid form)
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precede demands for nutrients, which in turn, precede demands for high tempera−
tures (Svoboda and Henry 1987; Kennedy 1993; Elster 2002; Elster and Benson
2004). The courses of volumetric water content showed that OTC hummock bases
remained unfrozen until October or even December. The vegetative season of
OTC hummock bases was prolonged by one and/or three weeks in comparison
with OTC and CCS hummock tops, and CCS hummock bases. Episodes with snow
thaw can occur even during winter, meaning that liquid water can be available for
poikilohydric biota (ecological opportunists) living in wet meadows.

Ecophysiological parameters of Nostoc commune s.l.

Desiccation stress represent the most severe injury in the polar regions (Davey
1989). Cyanobacterial primary production and nitrogen fixation have to follow the
moisture conditions (Liengen and Olsen 1997; Vincent 2000; Novis et al. 2007;
Kvíderová et al. 2011). However, Davey (1989), Hawes et al. (1992), Novis et al.
(2007) and Kvíderová et al. (2011) have shown that even a partially hydrated
Nostoc commune s.l. colony is capable of photosynthesis and nitrogen fixation in
Arctic hydroterrestrial habitats. This can provide a big advantage for Nostoc
commune s.l. itself and also for the ecological functioning of the hummock mead−
ows when water supply fluctuates widely. In situ experiments at the same locality
showed that if colony water loss was less than ca 40% of its fully hydrated weight,
no or only minor desiccation damages were observed. However, when weight loss
exceeded ca 40%, the colony starts to shrink and changes in the mucilage structure
begins. Nitrogenase activity declined slowly when water loss exceeded 70% and
diminished completely at a weight loss of ca 80%. The photochemical activity re−
mained unaffected till the colonies lost ca 80% of their original weight and was de−
tectable till weight loss of ca 90% (Kvíderová et al. 2011). However, measure−
ments in summer 2010 confirmed that weights of Nostoc commune s.l. colonies,
their maximum quantum yield of photosystem II, and thus physiological status of
the colonies and their nitrogenase activity in both Petri dishes and Exposition
Chambers followed the water availability in the wet meadow. No statistical differ−
ences were observed between OTCs and CCSs at each date of measurement, prob−
ably due to only small differences in the microclimatological parameters at hum−
mock bases in the OTCs and CCSs. Our in situ one and/or two seasons warming
experiments consisting of passive open−top chambers, which raise ambient tem−
perature and slightly changed water availability in experimental treatments of wet
hummock meadow tundra, did not influence the photochemical processes and
nitrogenase activity of Nostoc commune s.l. colonies.

Proposition for further research

Ecosystem manipulation of the wet meadow where Nostoc commune s.l. colo−
nies produce high biomass in the wet bases of hummocks resulted in mean summer
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temperature being only 0.3�C higher in OTCs than control treatments. However,
short−term snow−thaw episodes occurred in the OTCs during winter. Earlier snow
melt in the spring and later freezing over in fall also significantly prolong the vege−
tation season (by several days/weeks) in the manipulated environment of the
OTCs. Liquid water is available for the growth of Nostoc colonies during this time.
However, we do not have photochemistry and nitrogenase activity measurements
in the non−vegetation season. On the basis of our results and experiences of this pi−
lot study of Nostoc commune s.l. ecophysiological reaction to simulated warming,
we propose the following research:
• Continuous whole year measurements of the ecophysiological parameters of

Nostoc colonies, which may show growth of Nostoc colonies during the non−
vegetation season.

• Continue with OTC manipulation using the same technique and measure the
ecophysiological response of Nostoc colonies to warming over a long period of
time (5 to 10 years experiment).

• Technical adjustment of OTCs with the aim of increasing the temperature by up
to 3 to 5�C at the hummock bottom. This can be done by covering the OTC’s
(with the same material by which the OTCs are constructed), with creation of
holes. The number and size of holes should be prepared according to an OTC’s
temperatures.

• Replacement of the Petri dishes by more open exposition chambers like our ECs
or direct fixation of a colony to the substrate by a wire mesh. The Petri dishes,
even with drilled holes, are not suitable for such experiments, since the transport
of water and heat between the interior of the Petri dish and surrounding environ−
ment is restricted.
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