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Abstract: Diurnal measurements of photosynthetic processes, effective quantum yield of
photosystem II (�PSII), photosynthetic electron transport rate (ETR) were done in three domi−
nant species of Arctic tundra (Silene acaulis, Dryas octopetala, Salix polaris) in Petunia−
bukta, Spitsbergen. Daily courses of net photosynthesis (PN) were calculated from chloro−
phyll fluorescence data and daily photosynthesis evaluated. The short−term field measure−
ments were carried out in summer 2009, and 2010. Fluorometric parameters (�PSII and ETR)
were measured each 5 minutes as well as microclimate characteristics of the site for 10 (2009)
and 8 days (2010), respectively. In all species photosynthetic ETR was well related to incident
photosynthetically active radiation and leaf temperature. In general, D. octopetala exhibited
slightly lower ETR than the other two species. Estimated maximum photosynthetic rate
(PNmax) reached 17.6, 21.4, and 22.9 μmol CO2 m−2 s−1 for S. polaris, S. acaulis, and
D. octopetala, respectively. Daily photosynthesis reached comparable values in all species,
D. otopetala, however, exhibited slightly lower values than the other two species both for
overcast and fully sunny days (3.9 and 13.4 mmol CO2 m−2 d−1, respectively). The range of
daily photosynthesis for S. polaris and S. acaulis studied, reached the ranges of 4.6–6.9 and
14.6–15.2 mmol CO2 m−2 d−1 for overcast and fully sunny day, respectively.

Key words: Arctic, Svalbard, vascular plants, plant ecophysiology, net photosynthesis,
chlorophyll fluorescence.

Introduction

Thanks to numerous long−term field projects carried out in several Arctic re−
gions of the Earth within last decades, a lot of data exist on daily and seasonal net
ecosystem CO2 exchange rate (NEE). NEE was measured in Svalbard (Lloyd
2001), Greenland (Nordstroem et al. 2001; Marchand et al. 2005), European Arc−
tic (Laurila et al. 2001), Canadian Arctic (Welker et al. 2004), and Siberian tundra
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(Parmentier et al. 2011). These studies typically applied the approach of transpar−
ent measuring chamber placed over vegetation cover composed of several plant,
moss and lichen species. In such studies, photosynthetic CO2 fixation of all
autotrophic species present inside the chamber was accompanied by simultaneous
respiration of the species and soil respiration, including bacterial CO2 release re−
spectively. Therefore, it was not possible to derive diurnal measurements of net
photosynthesis for individual plant species and calculate their particular contribu−
tion to net community and/or ecosystem CO2 exchange.

In Antarctica, the first measurements of diurnals of photosynthetic processes ex−
ploiting in situ chlorophyll fluorescence records were made on lichens. Kappen et al.
(1998) used simultaneous gasometric and fluorometric measurements in foliose li−
chen species Umbilicaria aprina. Since that time many studies focusing diurnals of
Antarctic lichens and mosses (Schlensog and Schroeter 2001; Schroeter et al. 2011;
Pannewitz et al. 2005) have been performed. Some of them (e.g. Schroeter et al.
2011; Barták et al. 2009) reported even several years−lasting continuous measure−
ments of effective quantum yield of photosynthetic processes (�PSII). Such measure−
ments enabled to evaluate the duration of periods of cold−, and dark period−induced
dormancy and limitations of photosynthetic activity of these poikilohydric organ−
isms. All the above−mentioned studies showed that there is a need for both short− and
long−term field measurements using the chlorophyll fluorescence approach in plants
and other photosynthetising organisms in polar regions in order to evaluate the limit−
ing factors of photosynthesis for individual species, locations and weather situa−
tions. In plants abundant in polar regions of the Northern Hemisphere numerous
field measurements of photosynthesis have been performed for individual plants.
However, only a few attempts have been made to measure daily photosynthesis us−
ing a chlorophyll fluorescence approach. These studies, however, did not apply con−
tinuous measurements of an effective quantum yield of photosystem II (�PSII) and
were time limited (Jones and Demmers−Derks 1999). One of the Arctic regions
where the diurnal measurements of photosynthesis are unknown is Svalbard. This is
an important region as currently it is especially vulnerable to climate change, espe−
cially global warming and episodic events (e.g. manipulated warming, Bokhorst et
al. 2010). The majority of studies of the dominant species of Svalbard vegetation
used gasometric measurements (e.g. Uchida et al. 2010 – Salix polaris) sometimes
combined with the chlorophyll fluorescence technique (Muraoka et al. 2008).
Therefore, information on diurnal courses of photosynthetic processes in species
dominating Svalbard vegetation is still insufficient.

In this study we measured photosynthetic processes in three dominant vascular
plant species at Svalbard in relation to environmental factors, especially daily
courses of photosynthetically active radiation, during a short−term period of Arctic
summer. For the study, Silene acaulis, Dryas octopetala, and Salix polaris were
chosen, because they were most abundant species at the place. We hypothesised
that there would be interspecific differences of the efficiency of photosystem II be−
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cause of different leaf anatomy and morphology (McGraw 1985), growth form of
individual plants and their cushions (Antonsson et al. 2009), growth rates of plants
forming Arctic vegetation cover (Benedict 1989). In the above−specified three spe−
cies we expected specific values of effective quantum yield of photosynthetic pro−
cesses in photosystem II (�PSII) and their changes induced by varying environmen−
tal factors during the daytime. We hypothesised that diurnal measurements of �PSII

taken for the three species growing in the same habitat could be used for calcula−
tion of their photosynthetic rates when data on incident photosynthetically active
ratiation, quantum yield of CO2 fixation (�CO2) are available (for review see e.g.
Singsaas et al. 2001). In our study, we used chlorophyll fluorescence data, daily
courses of �PSII in particular, for estimation of net photosynthetic rate and calcula−
tions of daily totals of their photosynthesis expressed per leaf area unit. Such infor−
mation, i.e. daily photosynthetic courses and daily carbon fixation for leaves
and/or green above−ground parts is reported only very rarely for vascular polar
plants (e.g. Gerasimenko et al. 1996). In our study we hypothesised that continu−
ous recording of fluorometric data (�PSII) on three species for several days would
point out inter−specific differences not only in maximum net photosynthesis
reached at sunny days but also in daily photosynthesis for particular species,
sunny, and overcast days, respectively.

Material and methods

Study site. — Study site is located in Petuniabukta (Spitsbergen, Billefjorden,
78�41'01 N, 16�26'49 E). The site has midnight sun from the middle of April until
the end of August. An overview of general climatic conditions of Petuniabukta is
given by Láska et al. (2012) for the last several seasons. Study site was located
300 m N of Petunia hut in a shallow depression formed by several small streams.
The depression is located 100 m from the coastal line, slightly inclined to E, facing
Petunia Bay. The study site is supplied by water from melting snowfields for a ma−
jority of the summer season; however, in July, water limitation may occur since the
streams disappear.

Species selection. — For the study of photosynthesis we selected three species
that dominate tundra vegetation in Petuniabukta, Spitsbergen: (1) Silene acaulis,
(2) Salix polaris and (3) Dryas octopetala (Figs 1 to 3). Silene acaulis is a 2–5 cm
high plant that forms compact, hemispherical or flat cushions up to 50 cm in diam−
eter. The small leaves (about 10 mm long) are distributed along the stems. The
compact cushions provide protection from winds. Spatial arrangement of leaves
within the cushions maximizes leaf surface area available for photosynthesis.
Dryas octopetala is an Arctic−alpine plant forming dwarf−shrub clumps. D. octo−
petala has a wide range of distribution. The species is quite abundant in Svalbard
where it represents one of the most frequent species. Salix polaris is a woody plant
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widely distributed in Svalbard and dominant in semi−desert areas of Ny−Ålesund
(e.g., Robinson et al. 1998). It is a dwarf shrub with a short stem and small
round−shaped leaves. The stems are connected by stolons below ground. At the
study site the three species formed a pattern of clumps of individual plants and
polycormones, S. acaulis grew on slightly drier places while S. polaris and D.
octopetala were abundant close to water stream margins.

Field measurements of chlorophyll fluorescence. — Within the two summer
expeditions (Svalbard 2009, 2010), researchers from the Masaryk University
Brno, Czech Republic carried out short−term comparative measurements of photo−
synthetic processes in three species of vascular plants. Two different fluorometers
were used to measure diurnal patterns of �PSII: (1) a multichannel monitoring
fluorometer Moni−PAM (Heinz Walz, Germany) in 2009 – see Fig. 4, and (2) a
portable FP−100 fluorometer (Photon Systems Instruments, Czech Republic) in
2010. Since the Moni−PAM, which uses an automatic data collection regime, was
not available for the 2010 summer expedition, a hand−operated FP−100 fluoro−
meter was used instead.

General technical description of the Moni−PAM system and its operation un−
der field conditions is given by Porcar−Castell et al. (2008). The Moni−PAM
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Fig. 1. Silene acaulis at study site, Petuniabukta.
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Fig. 3. Dryas octopetala at study site, Petuniabukta.

Fig. 2. Salix polaris at study site, Petuniabukta.



fluorometric system was installed from 8 to 17 July 2009 in close vicinity of Petu−
nia hut located at Petunia Bay. The measuring apparatus consisted of three moni−
toring fluorometric probes linked to a controlling and data storing unit (Moni−DA,
Heinz Walz, Germany). The whole measuring apparatus was supplied by a
high−capacity gel accumulator and a voltage convertor. In our field experiment we
used 3 monitoring heads connected to a data−collecting unit (Fig. 5). Such a set up
allowed us to use the repetitive saturation pulse method. The pulses of light (1.0
sec, 3 000 μmol m−2 s−1 incident on upper surface of a leaf) were applied each five
minutes in the actual light−adapted physiological state of a plant. Light−adapted
state reflected the actual amount of incident photosynthetically active radiation. In
this way the quantum yield of photosynthetic processes in photosystem II (effec−
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Fig. 4. Measuring head of the fluorometric system Moni−PAM (Walz, Germany).



tive quantum yield: �PSII) was measured. From the chlorophyll fluorescence signal
reached during the pulse (FM'), an effective quantum yield of photosynthetic pro−
cesses in photosystem II (�PSII) was calculated using the following equation:

�PSII = (FM' – FS) / FM' (1)

where (FS) denotes values of steady state chlorophyll fluorescence, and FM' de−
notes maximum chlorophyll fluorescence in the light adapted state (for nomencla−
ture of chlorophyll fluorescence parameters see e.g. Roháček et al. 2008). In this
way, �PSII was evaluated and recorded every 5 minutes. Relative electron transport
rate (ETR) of photosynthetic processes was then calculated by WinControl−3
(Heinz Walz, Germany) as

ETR = �PSII * PAR * a * 0.5 (2)

where PAR is photosynthetically active radiation (for measurements see Microcli−
mate measurements) and a is an absorption coefficient. The values of 0.83 (Salix
polaris) and 0.84 (Silene acaulis, Dryas octopetala) were used. The coefficient of
0.5 used in the equation reflected the assumption that absorbed light energy is dis−
tributed equally between PS II and PS I.

Diurnal measurements of photosynthetic activity. — Estimation of net
photosynthetic rate (PN) was made according to the Equation 3, where �PSII is ef−
fective quantum yield of photosynthetic processes in PS II (measured in the field,
see Field measurements of chlorophyll fluorescence), C is a coefficient evaluating
the relation between quantum yield of CO2 fixation and photosynthetic PSII activ−
ity (i.e. �CO2/�PSII ratio), a is leaf absorption coefficient for photosynthetically ac−
tive radiation (PAR), and PAR is the value of photosynthetically active radiation
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Fig. 5. Schematic view of instrumental set up used in measurements of chlorophyll fluorescence
parameters in Petuniabukta in 2009.



measured in the field (see Microclimate measurements). Fore each species, �CO2

(sensu operational �CO2 – Singsass et al. 2001) was estimated from individual
photosynthetic light−response curves available in literature (see the references be−
low) using the Equation 4, where PN is net photosynthetic rate derived from a curve
for particular light, a is absorption coefficient, and PAR• is photosynthetically ac−
tive radiation derived from the curve (PAR• used only in Equation 4). In such a
way, relation between �CO2 and PAR• was calculated (see the equation in Table 2).
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Table 1
Relationship between measured actual quantum yield (�PSII) and particular microclimatic
factors (air temperature, leaf temperature, relative air humidity – RH, photosyntheticaly
active radiation – PAR) expressed by Spearman’s nonparametric correlation coefficients.

Asterisks denote statistical significance at p <0.05.

Spearman's nonparametric correlation coefficients
�PSII (Salix polaris) �PSII (Silene acaulis) �PSII (Dryas octopetala)

 Year 2009
Air temperature −0.533 * −0.532 * −0.415 *
Leaf temperature −0.669 * −0.695 * −0.561 *
RH [%] 0.514 * 0.656 * 0.479 *
PAR −0.845 * −0.776 * −0.872 *
Year 2010 
Air temperature −0.426 * −0.732 * −0.553 *
Leaf temperature −0.459 * −0.795 * −0.745 *
Rh [%] 0.335 * 0.537 * 0.338 *
PAR −0.272 * −0.838 * −0.412 *

Table 2
Photosynthetic characteristics calculated from chlorophyll fluorescence data. Coefficient
C (the range and particular equations) evaluating the relation between quantum yield of
CO2 fixation and photosynthetic PSII activity, maximal net photosynthetic rate (PNmax) and
daily net photosynthesis (Daily PN) calculated for Salix polaris, Silene acaulis and Dryas

octopetala plants.

C (�CO2/�PSII) PN max
[μmol CO2 m−2

s−1]

Daily PN
[mmol CO2

m−2 d−1]range equation

Salix polaris 0.030–0.085y e PAR
� �

�0 0280 0 0618 0 0023. . * . *

17.6
min
max
mean

6.917
14.648
10.117

Silene acaulis 0.041 21.4
min
max
mean

4.591
15.170
8.713

Dryas
octopetala

0.047–0.056y e PAR
� �

�0 0469 0 0103 0 0029. . * . *

22.9
min
max
mean

3.961
13.432
7.216



Resulting �CO2 values were used for PN evaluation (Equation 3) using the values of
measured PAR. In Equation 4, only PN but not respiration was considered because
no literature data were available on photorespiration of the three experimental spe−
cies as dependent on light.

PN = �PSII * C * a * PAR (3)

�CO2 = PN / (a * PAR•) (4)

Numerical value of C is species− and light−dependent (Oberhuber et al. 1993). It
was, therefore, evaluated for individual species using data published by several au−
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Fig. 6. Diurnal courses of leaf temperature (TLeaf) measured on plants during the periods of 8–17 July
2009 (left) and 21–28 July 2010 (right).



thors who measured photosynthetic light−response curves in the field. For S. polaris,
the value of C was estimated 0.030–0.085 (see Table 2). For �CO2/�PSII calculation,
particular �CO2 values were taken from Muraoka et al. (2002), and �PSII ones from
Muraoka et al. (2008), respectively. For D. octopetala the C value was estimated
0.047–0.056 and based on data of Muraoka et al. (2008) and Wookey et al. (1995).
For S. acaulis, the value of C was estimated 0.041 using data presented by Laporte
and Delph (1996) and by McKiernan and Baker (2006). Leaf absorption coeficients
are species−specific and dependent on optical properties of particular leaves, prevail−
ing light regimen (Davis et al. 2011), leaf water status and chlorophyll concentra−
tions (Bauerle et al. 2004). Therefore, specific numeric values of a were taken into
the Equation 3 for each species after compilation of available literature data (see
sources in brackets): Salix polaris (a = 0.83; Ehleringer 1988; Ehleringer and
Comstock 1987; Hjelm and Ögren 2004), Dryas octopetala, Silene acaulis (a =
0.84). After PN calculations, diurnals of PN were constructed and daily totals of
photosynthetic fixation of carbon for particular days and species calculated.

Microclimate measurements. — Simultaneously with the fluorometric pa−
rameters of the three plant species, ecophysiological data on (1) leaf temperature,
and (2) relative leaf irradiance were recorded in 5 minute intervals. Moreover,
measurements of absolute values of incident photosynthetically active radiation
(PAR) were taken by a EMS−12 radiometer and stored in a Minikin (EMS Brno,
Czech Republic) datalogger. In 2010, PAR data for 21–28 July were recorded as
mentioned above. Leaf temperature was measured by CuCo thermocouples and re−
corded to a V8 datalogger (EMS Brno, Czech Republic) while relative air humid−
ity at the research plot was measured by a Minikin (EMS Brno, Czech Republic).

Statistical analysis. — We analyzed the data using Spearman's nonparametric
correlation parameters to determine the main environmental factor affecting quan−
tum yield of photosynthetic processes in photosystem II (�PSII). For each plant spe−
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Fig. 7. Diurnal courses of relative air humidity (RH) measured 5 cm above vegetation cover at study
site during the periods of July 8–17 July 2009 (left) and 21–28 July 2010 (right).



cies we identified relationships between �PSII and PAR, air temperature (T), leaf
temperature (TLeaf), and relative air humidity (RH), respectively. STATISTICA ver−
sion 9.1. (StatSoft, Inc., Tulsa, USA) was used for the statistical analyses.

Results

Microclimate. — Measurements of leaf temperature, RH and PAR (Figs 6, 7
and 8, respectively) taken in 2009 showed that, within the measuring periods, there
were three basic weather types: (a) overcast days (8–10 July 2009), (b) partly cloudy
days (15–17 July), and (c) fully sunny days (11–14 July). In the July 2010 measuring
period two days were classified as fully sunny (23 and 28 July) while the rest of the
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Fig. 8. Diurnal courses of incident photosynthetic active radiation (PAR, left) and electron transport
rate (ETR, right) measured on plants during the period of 8–17 July 2009.



days were considered overcast (Fig. 9). Instantaneous PAR values ranged from 80 to
1200 μmol m−2 s−1 for fully sunny days and from 35 to 450 μmol m−2 s−1 for overcast
days. Direct sunlight strongly determined the daily courses of leaf/air temperatures.
During sunny days leaf temperature reached up to 20�C whereas it did not exceed
10.0�C on overcast days. In 2009, leaf temperature reached a minimum of −2.3�C
and maximum of 16.1�C, while in the 2010 measuring period, a minimum of 2.4�C
and maximum of 23.9�C were recorded. There were differences in leaf temperature
between species in both measuring periods, however, they were rather small and sta−
tistically insignificant (P = 0.05). Relative air humidity differed within the ranges of
35–100% (2009), and 75–100% (2010). The RH changes reflected mainly precipita−
tion events. Typical was a rise in RH due to common morning precipitation, espe−
cially in the 2010 measuring period.
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Fig. 9. Diurnal courses of incident photosynthetic active radiation (PAR, left) and electron transport
rate (ETR, right) measured on plants during the period of 21–28 July 2010.



Photosynthesis in response to light. — Diurnal measurements of the relative
electron transport rate (ETR) of photosynthetic processes recorded by a fluoro−
meter running in automatic mode are given in Fig. 8. In all experimental species,
ETR courses for the 2009 measuring period were similar in shape to PAR daily
courses. ETR reflected the PAR daily courses and ranged from 15 to 250 μmol m−2

s−1 during sunny and semicloudy days, but did not exceed 100 during overcast
days. Maxima of ETR reached values above 220 μmol m−2 s−1 during midday hours
of fully sunny days, when the sun elevation angle was the highest. On a semi−
cloudy day (14 July), maximum ETR was, however, reached in S. polaris during a
short−term period of full sunshine passing through a large gap between clouds. For
S. acaulis, maximum ETR was reached under similar circumstances on 17 July. In
contrast to the above two species, maximum ETR was reached on a fully sunny day
in D. octopetala. The maximum ETR values for particular days were somewhat
lower in D. octopetala than in the other two species. ETR values never reached
zero since there was still substantial PAR available (PAR range from 50–100 μmol
m−2 s−1) during night time when the elevation angle of the sun reached its minimum
above the horizon.

Due to nonavailability of an automatic fluorometer in the 2010 measuring pe−
riod, we were able to measure only three diurnals of ETR for each species. On 22
July, patterns of ETR diurnal measurements followed PAR courses, similar to all
ETR records taken in the 2009 measuring period. On 28 July, however, ETR val−
ues for S. polaris and D. octopetala remained low throughout the day and did not
relate to the PAR course. In spite of the fact that ETR reached a maximum of about
150 μmol m−2 s−1 on the previous day with PAR reaching only 500 μmol m−2 s−1,
ETR did not exceed 30 on 23 July when much higher values of PAR were available
throughout the day. It was apparent that ETR was inhibited in S. polaris and D.
octopetala and did not reflect daily variations of PAR on 28 July (Fig. 10). Inhibi−
tion of ETR was even more apparent when ETR diurnal rates were compared for
two days (of 2009 and 2010 season) with similar weather typified by fluctuating
PAR (see Fig. 8). Statistical data analyses showed that the �PSII decrease on 28 July
2010 for S. polaris and D. octopetala was associated with air and leaf temperature,
but not with relative air humidity and photosynthetically active radiation (see Ta−
ble 1). These results may indicate temperature−induced limitation of photosyn−
thetic processes (ETR, �PSII) in S. polaris and D. octopetala. No such ETR inhibi−
tion was seen in the data from the 2009 measuring period. In 2009, diurnal changes
of �PSII were strongly related to daily PAR courses (see Table 1) throughout the
whole measuring period. The other factors (air temperature , leaf temperature, and
relative air humidity) played less important role. In 2010, however, leaf tempera−
ture was most dominant factor that affected �PSII in S. polaris, and D. octopetala,
while PAR was the main factor affecting �PSII in S. acaulis.

Diurnal measurements of calculated values of PN for the period of 8–18 July
2009 are shown in Fig. 11. They are of similar shape as ETR. PN maxima (PNmax)
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are showed in Table 2. Maximum PN was reached for individual species at midday
on fully sunny days and the days with partial cloudy weather in the time when
clouds did not cover sun disc. In S. polaris, the daily PN maxima peaks ranged
18–20 μmol CO2 m−2 s−1. In S. acaulis and D. octopetala the PN ranges were 23–27,
and 18–24 μmol CO2 m−2 s−1, respectively. On fully overcast days (9–10 July 2009
in Fig. 11), daily maxima of PN were much lower. They were about 18–24 μmol
CO2 m−2 s−1 for S. polaris and S. acaulis, while PN maximum reached only about
6 μmol CO2 m−2 s−1 in D. octopetala. Daily totals of PN are summarized in Table 2.
For all three species maximum daily total of PN was calculated for fully sunny day,
i.e. 12 July 2009. In all species PNmax reached comparable values, i.e. 14.6, 15.2,
and 13.4 μmol CO2 m−2 d−1 for S. polaris, S. acaulis and D. octopetala, respectively.
Daily totals of PN for overcast days were much lower (see Table 2), however, slight
interspecific difference was still apparent.

Discussion

In the 2009 measuring period, the highest values of photosynthetic electron
transport rate (ETR) were found in midday when direct sunshine was available.
This is well documented for 4 July, a typical fully sunny day. Absolute maxima of
ETR, however, were reached in S. polaris and S. acaulis during a partly cloudy
day, when a few clouds acted as additional sources of reflected radiation. For lim−
ited short−term periods of time (couple of minutes), PAR incident on vegetation
consisted of direct solar radiation and radiation reflected from several individual
clouds resulting in absolute maxima of about 1 200–1 400 μmol m−2 s−1. Under such
conditions ETR in S. polaris and S. acaulis reached values of about 250 μmol m−2

s−1. The same PAR, however, caused substationally lower ETR in D. octopetala.
Since lower ETR was found in D. octopetala (compared to S. polaris and S.
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Fig. 10. Diurnal courses of photosynthetic active radiation (PAR; grey line) and electron transport
rate (ETR; black line) measured on Salix polaris in 2 selected days in 2009 (left) and 2010 (right).
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Fig. 11. Diurnal courses of net photosynthesis (PN) measured on plants during the period of 8–17 July
2009.



acaulis) for the whole range of PAR, it may be concluded that D. octopetala exhib−
its lower effectivity of energy conversion in photosystem II and resulting reduc−
tion in electron transport in thylakoid membrane of chloroplast than the other two
species. This finding is in accordance with the light−response curves of ETR mea−
sured by Muraoka et al. (2008) who reported lower ETR in D. octopetala (by 20%)
than in S. polaris. Our ETR data integrated for the whole 2009 measuring period
(data not shown) indicated interspecific differences in ETR expressed as a relative
value: S. polaris (96.3%), S. acaulis (100%), and D. octopetala (66.9%). High
photosynthetic rate of S. polaris was supported also by the gasometric measure−
ments of Muraoka et al. (2002) on leaves during the early summer season. The
same authors, however, reported an age−dependent decrease in photosynthesis in
S. polaris attributed to reduction in stomatal conductance for water vapour. Thus,
S. polaris exhibits a high photosynthetic rate only when well supplied with water.
If there is water limitation in a particular period of the growing season, the
photosynthetic rate may decrease rapidly. In spite of the fact that D. octopetala
showed the lowest photosynthetic ETR among the studied species, it seemed to be
very efficient in photosynthesis if expressed on a ground area basis. Due to a high
leaf area index (Muraoka et al. 2008) and effective distribution of leaf inclination
angles within the clump that optimizes PAR interception and photosynthetic pro−
duction (Herbert 2003), photosynthetic production per ground and area unit is
higher than in the species with lower leaf area index.

In 2009, photosynthetic process (�PSII) in all species was related most closely
to PAR (Table 1). In 2010, �PSII values were related to PAR only in S. acaulis. The
other two species showed their �PSII values dependent rather on leaf temperature
(see Table 1) than PAR. The most apparent discrepancy between PAR and photo−
synthesis courses in S. polaris and D. octopetala was apparent on 28 July 2010,
when ETR courses for S. polaris and D. octopetala showed different shapes (re−
duced values) than PAR for the particular day. Such a reduction in ETR may indi−
cate limitation of photosynthetic processes rather by air and leaf temperature (see
also high coefficient values for TLeaf in Table 1) than PAR.

Maximum PN (PNmax – Table 2) derived from diurnals are comparable to the
values reported by other authors who measured photosynthesis in tundra/polar
plants gasometrically. For Salix sp. Oberbauer and Oechel (1989) reported the
range of 8–14 μmol CO2 m−2 s−1. Starr et al. (2008) measured seasonal PNmax means
for three consecutive years in Salix pulchra and reported the range of 10.0–12.5
μmol CO2 m−2 s−1. The same authors recorded a single−day absolute maximum of
PNmax as 20.5 μmol CO2 m−2 s−1. Our data on PNmax for S. polaris fit well to the
above−mentioned literature data: both PNmax (17.6 μmol CO2 m−2 s−1) and PN values
calculated from �PSII for 11.00–14:00 h. of local time (15.8–17.6 μmol CO2 m−2 s−1)
for the period 11–15 July 2009. Compared to our data, somewhat lower PNmax val−
ues are reported for D. octopetala (14.0/20.0 μmol CO2 m−2 s−1 for untreated con−
trol, and phosphorus−treated plants, respectively) by Baddeley et al. (1994). Our
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PNmax reached 22.9 μmol CO2 m−2 s−1 for June 12, 2009 and the range of 19.2–22.9
μmol CO2 m−2 s−1 for the period of 11–14 July 2009. The higher PNmax values, how−
ever, might be attributed to different geographical locations and particular D.
octopetala populations. For S. acaulis, only few photosynthetic studies focused on
temperature effects on particular photosynthetic processes has been published
(e.g. Neuner et al. 2000; Buchner et al. 2007). Unfortunately, they do not bring any
data on PN, PNmax, respectively. Therefore, it is not possible to compare our finding
(PNmax = 21.4 μmol CO2 m−2 s−1) with relevant data. Oberbauer and Oechel (1989)
reported that majority of tundra plant species had their PNmax within the range of
10–20 μmol CO2 m−2 s−1. We may, therefore expect that our chlorophyll fluores−
cence−derived values of PN, and PNmax, respectively, were slighly overestimated.
To evaluate the likely overestimation, simultaneous in situ measurements of
photosynthetic CO2 exchange on leaf and/or plant level and chlorophyll fluores−
cence are necessary. Moreover, supplemental laboratory measurements of �CO2

under controlled light (Barták et al. 1997), temperature, atmospheric and limited
oxygen concentration (Krall and Edvards 1992) is required for accurate estimation
of photorespiration as dependent on physical factors. In this way, precise value of
�CO2/�PSII relevant for respiratory and non−respiratory conditions, might be calcu−
lated (Oberhuber et al. 1993).

Due to the lack of literature data on species−specific daily net photosynthesis
our estimates of daily photosynthetic CO2 fixation (see Table 2) for S. polaris, S.
acaulis, and D. octopetala could be compared only with net ecosystem CO2 ex−
change rates (NEE) that are reported for tundra ecosysystems, e.g. Laurila et al.
(2001), Welker et al. (2004), and Uchida et al. (2010). In these studies soil respira−
tion represents major negative component of ecosystem CO2 exchange. In our
study, only leaf photorespiration, that ranges 10–30% of gross photosynthesis
in majority of plants, is a negative component of leaf CO2 exchange. However,
when recalculated for individual species, our daily PN data give daily means of
0.32–0.45 mg CO2 m−2 d−1. This is comparable to the values reported by Welker et
al. (2004), i.e. 0.3 mg CO2 m−2 d−1 evaluated for wet plots of high Arctic ecosys−
tems. Reasonable agreement is reached also with daily NEE of S. polaris−domi−
nated ecosystem in Ny−Ålesund (Uchida et al. 2010). Our daily photosynthetic
CO2 fixation ranged 13.2–18.5 mg CO2 m−2 h−1 (recalculated from Table 2). They
reached lower part of the NEE interval reported by Uchida et al. (2010) for July
(5.8–58.1 mg CO2 m−2 h−1) and were comparable to the maximum values of NEE
range reported for August, September (about 13.0 mg CO2 m−2 h−1 ), respectively.
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