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Abstract

Current climate scenarios predict rising air temperature along with increasing frequency and intensity of summer
drought in the Central and Eastern Europe. Severe drought episodes affect physiological processes in trees such as
transpiration, photosynthesis and carbon allocation. Understanding gas exchange between plants and the atmosphere
is important in woody plant research. The aim of this study was to evaluate differences in gas exchange characteristics
and chlorophyll fluorescence of tree species prevailing in Lithuania (Scots pine, Norway spruce and Silver birch)
and their physiological response to water stress. The study was conducted in Aukstaitija integrated monitoring
station, Lithuania. Gas exchange parameters and chlorophyll fluorescence were measured during the vegetation
season of 2016. Meteorological parameters were obtained from the monitoring station. Four weather periods with
different meteorological conditions were identified. Under moderate drought conditions all investigated tree species
demonstrated reduced photosynthetic rates, lower stomatal conduction transpiration rates, water use efficiency and
instantaneous carboxylation efficiency. During moderate drought, intercellular CO, concentration of Norway spruce
was higher and this species demonstrated the highest decrease in instantaneous carboxylation efficiency. No significant
changes of maximal chlorophyll fluorescence (Fv/Fm) among species were detected during different weather periods
except Silver birch. The investigated tree species reacted differently to weather conditions. The Scots pine demonstrated
the highest tolerance to different weather conditions. The study confirmed the sensitivity of Norway spruce to drought

conditions. The Silver birch was the least sensitive to temperature and humidity conditions variation.
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1. Introduction

The impact of climate change on the forest ecosystems has
been observed in many sites, which affects forest structure,
functions, biodiversity, distribution, growth and productivity
(Allen e al., 2010; Eilmann and Rigling, 2012; Lei ef al., 2016;
Kitaoka et al., 2016; Augustaitis ez al., 2018).

Current climate scenarios predict rising air temperature along
with increasing frequency and intensity of summer droughts in
Central and Eastern Europe in the upcoming decades (IPCC,
2014). Recently forests have already globally and regionally
suffered from drought and heat events (Walther, 2003; Serengil
et al., 2011; Eilmann and Rigling, 2012; Kozyr, 2014). Boreal
forests probably will be severely affected by climate change
(Ashraf et al., 2015).

Tree species have limited possibility to adapt to changing
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climatic conditions due to rapid climate change and the long
life-span of trees (Eilmann and Rigling, 2012). The investigation
of the physiological mechanisms through which dry and hot
climatic conditions cause tree productivity decline and mortality
is becoming more important (Allen ef al., 2010; Levesque ef al.,
2013; Gao et al., 2017). Tree species have developed number
of adaptive mechanisms including the photochemical and
biochemical systems to cope with drought stress. Adaptation
to drought conditions includes both phenotypic and genotypic
changes (Yordanov et al., 2000). Tree species can maintain water
potential, to adapt leaves, stems and roots seeking to restrict
water loss (Kozlowski and Pallardy, 2002). Understanding the
impact of future climate change on forest species is important for
forest managers to generate adaptation and mitigation strategies
(Scherer-Lorenzen et al., 2005).

Terrestrial plants assimilate carbon dioxide (CO,) during the
process of photosynthesis and transpire water (H,0) from the leaf
stomata. Both processes are regulated by environmental factors
and plant physiological processes. Plants save water through
a reduction of stomatal conductance, which leads to decreased
carbon uptake (McDowell e al., 2008; Will ef al., 2013). Soil
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water deficiency can reduce transpiration (Bréda er al., 1993;
Clenciala et al., 1998; Irvine ef al., 1998), and it is important
limiting factor to plant photosynthesis in poor dry sandy soils.

Water Use Efficiency (WUE) is an important measure
that evaluates the trade-off between photosynthetic carbon
assimilation and transpiration at the leaf level (Medrano et al.,
2002; Lawlor and Tezara, 2009). WUE can be used to study
forest ecosystem functioning in connection with cycles of water,
energy, and carbon (Keenan ef al., 2013).

Severe drought episodes affect physiological processes in
trees such as transpiration, photosynthesis and carbon allocation.
This may lead to reduced primary productivity and even forest
stand decline (Allen ef al., 2010; Matyssek et al., 2012).

The sensitivity of trees to climate change differs among species
and regions (Zhang et al., 2014; Lei et al., 2016). Therefore,
knowledge of species and region specific responses to climate is
needed. In Lithuania, a hemi-boreal European region, Scots pine

(Pinus sylvestris L.), Norway spruce (Picea abies Karst.) and
Silver birch (Betula pendula L.) are dominant tree species.

Scots pine is a light demanding pioneer species occurring in
a wide range of habitats and thus is widely distributed over the
world and is known as being tolerant to moderate drought (Matias
and Jump, 2012; Lebourgeois et al., 2012; Eilmann and Rigling,
2012). Norway spruce is an intermediately shade tolerant species
widely spread in Europe and is sensitive to drought episodes
(Lebourgeois ef al., 2010; Levesque ef al., 2013; Neuner ef al.,
2015).

Silver birch is an early successional pioneer species widespread
in the temperate and boreal forests of Europe (Hynynen ef al.,
2010). Silver birch trees are fast growing and exceptionally
tolerant to spring frost, low air temperatures and nutrient
deficiency, growing in both wet and dry sites, although their
ecological distribution is limited by shade intolerance and short
life span (Ellenberg, 2009). In Northern and Eastern Europe, Silver
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Fig. 1. Daily meteorological parameters (air temperature at 2 m (°C), soil temperature at 5 cm (°C), precipitation (mm),
precipitation for 10 days (mm), air humidity (%) and Vapour pressure deficit (VPD)) at Aukstaitija monitoring station

in 2016 April — October.
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birch prefers similar sites as Scots pine and thus, a typical species
composition is a Silver birch admixture in stands dominated by
Scots pine or Norway spruce (Hynynen et al., 2010).

In the hemi-boreal regions, mixtures of Scots pine, Norway
spruce and Silver birch are common in poor or moderately fertile
forest sites (Ge ef al., 2011). Predicted climate changes can impair
these forests especially in soils of low water-holding capacity and
susceptible to soil water deficit (Kellomiki ef al., 2008).

It is important to understand gas exchange response to
environmental stress among tree species under changing climate
conditions in hemi-boreal forests. Although we have basic
information of growth characteristics of the 3 species native
to Lithuania by observation, we should know their functional
aspect of their growth traits under changing environment. This is
necessary to make appropriate forest management decisions on
tree species adaptation to changing climate.

The aim of this study was to compare gas exchange
characteristics and chlorophyll fluorescence of the prevailing
in Lithuania tree species: Scots pine, Norway spruce and Silver
birch and to evaluate their physiological response to water stress.

We hypothesised that: (i) the gas exchange characteristics and
chlorophyll fluorescence of the tree species differ under extreme
environmental condition; (ii) Scots pine is more likely to be
tolerant to different weather conditions, and (iii) Norway spruce
is more likely to be sensitive to drought conditions.

2. Material and methods

2.1 Study site

The study was conducted in Aukstaitija National Park, located
in the eastern part of Lithuania which belongs to hemi-boreal zone.
Mixed conifer-deciduous forest dominated by Scots pine with
admixture of Norway spruce and Silver birch prevail in the site.
The mean age of pines trees was about 70 years, mean diameter
(DBH) - 31.8 cm; mean height — 29.5 m. The mean age of spruce
trees was about 50 years, mean diameter (DBH) — 26.8 cm; mean
height — 25.6 m. The mean age of birch trees was about 70 years,
mean diameter (DBH) - 33.4 ¢cm; mean height — 30.5 m. The
forests of Pinetum vaccinio-myrtilosum types prevail in the site.
Sorbus aucuparia, Frangula alnus and Juniperus communis

were present in shrub layer. Evergreen dwarf shrubs Vaccinium
myrtillus, V. vitis-idaea (coverage 15%) and herbs Melampyrum
pratense (coverage 1%) dominated in the herb layer. Pleurozium
schreberi, Hylocomium splendens and Dicranum polysetum
(coverage 70%) dominated in the moss layer.

The average annual air temperature is 6.9 = 0.8°C, the average
annual precipitation is 680= 100 mm. Growing season lasts
189 days on average (Augustaitis, 2011).

Soil type of site was Haplic Arenosol, water table was deeper
than 2 m. Dry bulk density in upper soil layer (AB - 9-24 cm)
was 1.43 g cm™, while in deeper soil layer (B1-25-80 cm)
- 1.52 g ecm™. Texture of the soil was characterized as sand
(sand 89.8 — 92.1%, silt 4.6 — 6.2% and clay 3.3 — 4.0%). Base
saturation ranged from 14.40 (upper soil layer) to 18.52 mekv kg™
(deeper soil layer); pH,,, — from 4.4 (at 15 cm soil depth) to 4.9 (at
50 cm soil depth); carbon content — from 1.11 to 0.56%; nitrogen
content — from 0.036 to 0.030%; available potassium — from 98
to 79 mg kg™'; phosphorus — from 98 to 79 mg kg™'; Ca®" - from
500 to 299 mg kg™, and Mg”" - from 228 to 96 mg kg™

2.2 Meteorological parameters, soil water potential, trees
leaves/needle phenology and weather periods

The meteorological parameters were obtained from the
Aukstaitija integrated European monitoring and Evaluation
Programme (EMEP) monitoring station (Augustaitis, 2011;
Augustaitis 2015). The following meteorological
parameters were recorded: air temperature at 2 m (°C), soil
temperature at 5 cm (°C), precipitation (mm), air humidity
(%), Precipitation for 10 days before the measurements was

et al.,

calculated as an estimate of soil water content. Vapour pressure
deficit (VPD) was calculated from temperature and vapour
pressure of the air (Fig. 1).

Soil water potential was determined weekly at 20 cm and
40 cm soil depth using WATERMARK sensors (Fig. 2).

In 2016 deciduous early leaves of Silver birch started to
unfold on 27 April and early leaves were fully developed on 8
of May. The leaves of Silver birch started to fall on 9 September
and were fully fallen on 15 October. In 2016 needles of Scots
pine started to unfold on 15 May and finished on 10 June.
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and weekly precipitation at Aukstaitija monitoring station in 2016 May — September.

(SWP20 — soil water potential at 20 cm soil depth; SWP40 — soil water potential at 40 cm soil depth).
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Table 1. Average diurnal meteorological parameters of weather period.

Date Air temperature,  Soil temperature, PAR Precipitation per Air humidity Vapor pressure
2m (C) 5cm (°C) (umol m™s™) 10 days before (%) deficit (VPD)
(mm) (kPa)
20/05/2016 11.1 9.3 714 12.0 70.4 0.390
02/07/2016 22.8 16.6 908 0.0 41.4 1.624
27/07/2016 21.2 17.9 519 30.6 81.7 0.375
26/08/2016 18.2 15.8 790 14.7 77.8 0.464
Needles of Norway spruce started to unfold on 12 May and 12
finished on 8 June. T I
The gas exchange and chlorophyll fluorescence measurements £
were performed in four weather periods with different E 3 /I\
meteorological conditions in the vegetation season of 2016: f‘j \ / \ —Birch
—the beginning of vegetation season (20/05/2016); - the [ - — -Spruce
middle of vegetation season (02/07/2016); — the middle of § \I/ ======= Pine
vegetation season (27/07/2016), and the end of vegetation season £ 4 - 1
(26/08/2016) (Table 1). g Feo R :
2 2 S~ — P i— T
o ~ < , k4
2.3 Measurements of leaves/needles gas exchange 0 S . .
Gas exchange measurements were done using a LCPro+gas 20/May 2/uly 27/uly 26/August
Date

exchange system (ADC BioScientific, UK) with a standard
2.5%X25 cm broadleaf chamber (area - 6.25 cm’) for
broadleaved trees and coniferous chamber (area — 100 cm®) for
coniferous tree species. We calculated mean projected area for
pine and spruce needles in the coniferous chamber. The 5 twigs
of the pine and spruce which were placed into the coniferous
chamber were collected. We separated the needles from the twig
and measured projection area for each twig separately using
scanner and WinDias3 (Image analyses systems) software. We
calculated the mean value for each species. We used conversion
factor for projected area of pine and spruce needles considering
needles shape (Cannel, 1982).

Gas exchange was recorded in 2016 in the end of May, in the
beginning of July, in the end of July, and in the end of August
(Table 1). Measurements were performed using current year intact
leaves for Silver birch and one year old needles for coniferous
species exposed to direct sunlight. During each measurement
we used needles of the same age. We measured the three
leaves/needles of the three individuals of the tree species on the
same days between 12:00 and 14:00. The trees were selected
at the canopy edge due to practical possibility to access leaves/
needles exposed to direct sunlight. The crowns of the tree were
at about 5-6 m from the ground and were reached using a ladder.

Measurements were made at saturating irradiance photosynthetic
photon flux density PPFD (1500 pmol m™s™") and an ambient
temperature, humidity and CO, concentration. Light-saturated
photosynthetic rate (4, umol CO, m™ s™'), stomatal conductance
(g, mol HLO m™>s™), transpiration rate (£, mmol H,0O m~s™),
and intercellular CO, concentration (C, pmol mol™) were
measured. Using the measured 4, E, g, and C; values, the water use
efficiency (WUE=A/E, pmol CO, m~ s/ mmol H,O m~s™"), the
intrinsic water use efficiency considering the stomatal mechanism
(iWUE=4/g,, pmol mol™), and the instantaneous carboxylation
efficiency (4/C,, umol CO, m~s™' / pmol mol™') were calculated.

Fig. 3. Photosynthetic rates of the tree species in different
weather periods (points are means and whiskers - standard
errors).

During gas-exchange measurements the uniform leaf/needle
photosynthesis and transpiration over the leaf/needle area was
assumed (Terashima, 1992).

2.4 Measurements of chlorophyll fluorescence

The ratio of variable chlorophyll fluorescence to maximal
chlorophyll fluorescence (Fv/Fm) of leaves/needles was measured
with a portable fluorimeter (OS5p Modulated Chlorophyll
Fluorimeter, Opti-Sciences, Inc. USA). Leaves/needles were
acclimated to the dark for at least 20 min before the measurements
using the leaf clip provided by the manufacturer. Chlorophyll
fluorescence was measured on three leaves/needles of the three
individuals of the tree species between 11:00 and 14:00 on the
same days as gas exchange was measured. All measurements were
performed on the same shoots of the trees.

2.5 Data analyses

ANOVA was used to compare parameters between different
weather periods and tree species. The least significant difference
method (LSD) was used to test the significant differences at level
of P < 0.05. The Pearson correlation (r) was used to verify the
relation between gas exchange and meteorological parameters.
All statistical analyses were carried out using the STATISTICA
7.0 software package.

3. Results

The photosynthetic rate of Silver birch was higher (up to
10 pmol m™ s™') compared with coniferous species during
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the whole vegetation period (Fig. 3). The photosynthetic rate
of Silver birch was lowest during moderate drought weather
conditions and in the end of vegetation season. All tree species
showed lower photosynthetic rates during the moderate drought
period. The largest reduction of photosynthetic rate during the
moderate drought period was observed for Norway spruce.
Norway spruce displayed higher photosynthetic rate compared
with Scots pine during the warm humid weather period (Fig. 3).
Photosynthetic rate of Silver birch and Scots pine but not
that of Norway spruce correlated negatively with air and soil
temperature (Table 2). Photosynthetic rate of Silver birch and
Norway spruce correlated negatively, VPD and positively
correlated with precipitation and air humidity. Photosynthetic

Table 2. Pearson
exchange,

correlation  coefficients

chlorophyll

between  gas
fluorescence and meteorological
parameters of the weather periods (Tm 2 m - air temperature
during measurement, 2 m ‘C, S tm 5-soil temperature
during measurement 5 cm ‘C, Hum - air humidity during
measurement %, VPD -vapor pressure deficit

measurement kPa, PrecilOd - precipitation per 10 days before

during

measurement mm. A - photosynthetic rate, E - transpiration
C - intercellular  CO,
concentration, A4/C; - instantaneous carboxylation efficiency,
WUE - water use
efficiency, Fv/Fm - maximal chlorophyll fluorescence).

rate, g, -stomatal conductance,

efficiency, iWUE - intrinsic water-use

Tm 2m S tm 5 Hum VPD  PrecilOd

Birch -0.57* -0.52*  0.57* -0.59*  0.38%*

A Pine -0.58* -0.43*  039* -0.50*  0.03
Spruce -0.29 0.06 0.73*  -0.71*  0.69*

Birch 0.06 0.08 0.18  -0.18 0.47*

E Pine 0.34* 0.54*  0.42* -0.25 0.68*
Spruce  0.31* 0.56*  0.53* -0.40*  0.73*

Birch 0.08 0.26 0.71*  -0.54*  0.88*

g Pine -0.07 0.26 0.60* -0.54*  0.68*
Spruce  0.01 0.18 0.40* -0.33*  0.48*

Birch 0.33* 0.67*  0.38*%* -0.22 0.55%

G Pine 0.43* 0.63*  0.43* -0.22 0.73*
Spruce  0.71%* 0.46%¥ -0.66%  0.75% -0.42%

Birch -0.65* -0.69*  0.40* -0.47* 0.14

A/C;  Pine -0.62* -0.59* 0.10 -0.28  -0.20
Spruce -0.42*  -0.09 0.65* -0.67*  0.55%

Birch -0.77* -0.75*  0.50* -0.60*  0.19

WUE Pine -0.71*  -0.65*  0.12  -0.33* -0.23
Spruce -0.86*  -0.69*  0.62* -0.74*  0.28

Birch -0.48* -0.80* -0.36*  031* -0.67*
iWUE Pine -041*  -0.69% -0.45*%  0.33*% -0.75*
Spruce -0.40*  -0.03 0.67* -0.69*  0.58*

Birch -0.21 -0.24 0.18  -0.18 0.10
Fv/Fm Pine 0.26 029  -0.06 0.14 0.15
Spruce -0.05 -0.07  -0.08  -0.07 0.08

* significance at P-0.05

rate of Scots pine did not correlate with precipitation, but it
correlated negatively with VPD and correlated positively with
humidity (Table 2).

Transpiration rate of Silver birch was higher (up to
2.6 mmol m™ s™') compared with coniferous species during the
whole vegetation period (Fig. 4). The highest transpiration rate
of Silver birch was observed during the humid weather period
and it was 4-5 times higher than that of coniferous species.
Transpiration rate of Norway spruce was significantly higher
during the humid and warm weather periods. Transpiration
rate of Scots pine remained similar during different weather
periods (Fig. 4). Transpiration rate of Silver birch positively
correlated only with precipitation. Transpiration rate of Scots
pine and Norway spruce positively correlated with air and soil
temperature, precipitation and humidity, transpiration rate of
Norway spruce negatively correlated with VPD (Table 2).

Stomatal conductance of all tree species positively correlated
with precipitation and humidity and negatively correlated with
VPD (Table2). Silver birch demonstrated higher stomatal
conductance (g,) compared with coniferous species. The highest
stomatal conductance of Silver birch was during the humid
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weather period. Both coniferous species displayed the lowest
stomatal conductance during the drought weather period and the
highest conductance during the humid weather period (Fig. 5).
Norway spruce exhibited the lowest response of stomatal
conductance to meteorological conditions.

Silver birch demonstrated the highest intercellular CO,
concentration (C;) during the whole vegetation
Intercellular CO, concentration of Norway spruce was highest

season.

during the drought weather period. Scots pine demonstrated the
highest intercellular CO, concentration during the humid weather
period, probably because of increased stomatal conductance
(Fig. 6). Intercellular CO, concentration of all species correlated
positively with air and soil temperature (Table 2). Intercellular
CO, concentration of Silver birch and Scots pine correlated
positively with precipitation and humidity. Intercellular CO,
concentration of Norway spruce correlated positively with
VPD and correlated negatively with precipitation and humidity
(Table 2). Such findings indicate a non-stomatal regulation of
Norway spruce photosynthetic rate during moderate drought.
Silver birch demonstrated higher instantaneous carboxylation
efficiency compared with coniferous species, except in the end
of vegetation season (Fig.7). Norway spruce displayed the
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Fig. 6. Intercellular CO, concentration of the tree species
in different weather periods (points are means and
whiskers - standard errors).
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Fig. 7. Instantaneous carboxylation efficiency of the tree
species in different weather periods (points are means and
whiskers - standard errors).

lowest instantaneous carboxylation efficiency during the drought
weather period. Scots pine demonstrated the lowest instantaneous
carboxylation efficiency during the humid weather period
probably. Instantaneous carboxylation efficiency of Silver birch
and Scots pine correlated negatively with air, soil temperature
and VPD, but it did not correlate with precipitation. Instantaneous
carboxylation efficiency of Scots pine correlated negatively with
air and soil temperature, but it did not correlate with precipitation,
humidity and VPD. Instantaneous carboxylation efficiency of
Norway spruce correlated positively with precipitation and
humidity, and correlated negatively with air temperature and
VPD (Table 2). Instantaneous carboxylation efficiency of Norway
spruce was sensitive to moisture conditions.

WUE of all tree species correlated negatively with air,
soil temperature, and VPD. In general, coniferous species
demonstrated higher WUE than Silver birch (Fig. 8). Silver
birch demonstrated lower WUE during the moderate drought
period due to reduced photosynthetic rate and during humid
weather period due to increased transpiration rate. In the end of
vegetation season Silver birch showed lower WUE efficiency
because of degradation of the photosynthetic apparatus. Norway
spruce displayed the lowest WUE efficiency during the drought
weather period due to significantly reduced photosynthetic
rate, while transpiration rate remained rather high. In the humid
weather period and in the end of vegetation period WUE
efficiency of Norway spruce was higher than in the drought
period. Scot pine demonstrated higher WUE efficiency than
Norway spruce during the drought weather period, but WUE
efficiency of Scot pine was lower compared with Norway spruce
in the humid weather period (Fig. 8). WUE of Norway spruce
correlated positively with humidity (Table 2). Precipitation
within 10 days before the measurements did not correlate with
WUE of all tree species, suggesting that soil moisture had no
effect on water use efficiency.

Intrinsic water use efficiency (i(WUE), defined as the
ratio between photosynthetic rate and stomatal conductance,
demonstrated similar tendencies as described above for WUE
(Fig. 9). IWUE of Silver birch and Scots pine correlated
negatively with air, soil temperature, precipitation, and humidity
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Fig. 8. Water use efficiency of the tree species in different
weather periods (points are means and whiskers - standard
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and positively correlated with VPD (Table 2). Opposite
correlations (except air temperature) were noted for iWUE
of Norway spruce — it correlated negatively with VPD and
correlated positively with precipitation and humidity (Table 2).

Maximal chlorophyll fluorescence (Fv/Fm) of all species
was rather high and ranged from 0.764 to 0.834. There were no
significant differences between species and weather periods,
except for Silver birch which showed the lowest average value
of Fv/Fm in the end of vegetation season (Fig. 10). Fv/Fm did
not correlate with meteorological parameters (Table 2).

Intercorrelations among gas exchange and chlorophyll
fluorescence parameters of tree species are shown in Table 3.
Photosynthetic rate of all species correlated positively with
stomatal conductance and correlated negatively with intercellular
CO, concentration. Photosynthetic rate of Silver birch and
Norway spruce but not of Scots pine correlated positively with
transpiration rate. Photosynthetic rate of Silver birch correlated
positively with Fv/Fm. All other gas exchange parameters
did not correlate with Fv/Fm. Transpiration rate of all tree
species correlated positively with stomatal conductance, but
only transpiration rate of Scots pine correlated positively with
intercellular CO, concentration.
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Fig. 9. Intrinsic water use efficiency of the tree species in different
weather periods (points are means and whiskers - standard
errors).
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Fig. 10. Maximal chlorophyll fluorescence (Fv/Fm) of the tree
species in different weather periods (points are means and
whiskers - standard errors).

Table 3. Pearson correlation coefficients among gas exchange, and
chlorophyll fluorescence parameters (4 - photosynthetic rate,
E - transpiration rate, g, - stomatal conductance, C; - intercellular
CO, concentration, Fv/Fm - maximal chlorophyll fluorescence).

Parameters E g, G Fv/Fm
Silver birch

A 0.73* 0.54* -0.47* 0.45*
E 0.78% -0.10 0.31
g, 0.31 0.25
C, -0.28
Scots pine

A 0.09 0.54%* -0.54* 0.03
E 0.74* 0.59* 0.31
g 0.30 0.30
C, 0.17
Norway spruce

A 0.80* 0.47%* -0.67* -0.04
E 0.54%* -0.18 -0.10
g -0.09 -0.03
C, -0.10

* significance at < 0.05

4. Discussion

We found that all investigated tree species demonstrated
reduced photosynthetic rates,
and transpiration rate under moderate drought conditions.
Photosynthesis is one of the physiological processes most
sensitive to drought stress. Plants can avoid drought stress by

lower stomatal conduction

minimizing transpiration rate via stomatal closure. This, in turn,
reduces internal CO, availability in the vicinity of the enzyme
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), thus
declining the plant photosynthetic rate. Reduced photosynthesis
rate can be caused by stomatal regulation and other non-stomatal
1988; Lawlor, 2002;
Lawlor and Tezara, 2009). Thus, trade-offs exist between
water conservation and CO, assimilation rate for carbohydrate
production. The decrease in photosynthetic rate during water

photosynthetic processes (Assmann,

stress has been shown to correlate with a reduction of Rubisco
activity (Assmann, 1988; Anev et al., 2016).

Stomatal closing is an early reaction of plants to water
stress (Lawlor and Tezara, 2009). The positive correlation of
photosynthesis with stomatal conductance and transpiration
rate was considered to be an adaptive mechanism to water
stress (Lawlor and Tezara, 2009). Besides stomatal closure,
non-stomatal limitations on photosynthesis also occur during the
periods of water stress. Stomatal conductance is a good indicator
for determination of stomatal and non-stomatal limitations to
photosynthesis (Xu and Zhou, 2008). As stomata close, the
intercellular CO, concentration initially declines with increasing
stress and then increases as drought becomes more severe.

We found that during the drought weather period intercellular
CO, concentration of Norway spruce was higher compared
to other weather periods. Such findings showed reduced
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photosynthetic capacity due to non-stomatal regulation and
proved sensitivity of Norway spruce to water stress. Lawlor
(2002) reported reduced photosynthesis of Norway spruce under
mild drought conditions, probably caused by a suppression
of metabolism processes. The metabolic changes at drought
conditions were responsible for low photosynthetic rate (Lawlor
and Cornic, 2002). Under these conditions drought can impair
ATP synthesis and thus ATP limited regeneration of RuBP. More
severe drought leads to a reduced photochemical activity (Lawlor
and Cornic, 2002).

The instantaneous carboxylation efficiency can be considered
as the estimate of Rubisco activity under stress conditions
(Niinemets ef al., 2009). High intercellular CO, concentration
associated with a low stomatal conductance indicate a decrease
in the instantaneous carboxylation efficiency. In our study,
instantaneous carboxylation efficiency of tree species was
lower during the drought weather period. The highest decrease
in instantaneous carboxylation efficiency was demonstrated
by Norway spruce due to significantly reduced photosynthetic
rate, while instantaneous carboxylation efficiency of Scots pine
reacted less to different weather conditions.

Stomata partial closing and consequently diminished
transpiration rate ensures some carbon fixation and increased
efficiency of water use (Yordanov et al., 2000; Lawlor and
Tezara, 2009).

WUE can serve as a water stress indicator for mature trees.
WUE of trees is increasing with the extent of water stress (Anev
et al., 2016). Our study demonstrated lower water use efficiency
of investigated tree species during the moderate drought period
mainly due to the reduced photosynthetic rate. Other studies
showed that in the early stage of water stress, the stomatal
conductance decreases faster than the photosynthetic rate,
resulting in increased WUE (Gilbert ef al., 2011; Edwards et al.,
2012; Anev et al., 2016).

Severe drought can cause photosynthesis photoinhibition
which occurs under conditions of almost complete stomata
closure (Flexas and Medrano, 2002). Plant photosynthetic
photoinhibition can be assessed by chlorophyll fluorescence.
Chlorophyll fluorescence is a non-destructive efficient method
to assess activity of plant photosystem II (PSII), which drives the
light-phase of photosynthesis (Baker and Rosenqvist, 2004). One
of the most widely used parameters is a maximal chlorophyll
fluorescence (Fv/Fm), an indicator of photoinhibition (Ogaya
and Pefiuelas, 2003) and its value reaches 0.84. For healthy
plants of various genera (Fv/Fm) value is 0.80-0.84. According
to Maxwell and Johnson (2000), values of less than 0.75 indicate
a state of plant stress.

We found no significant changes in Fv/Fm during different
weather periods. During the study period, tree species did not
experience severe drought stress and photoinhibition probably
did not occur. Only Silver birch showed the lowest mean
value of Fv/Fm in the end of vegetation season probably due
to the photosynthetic apparatus started to degrade (Flexas and
Medrano, 2002; Lawlor and Tezara, 2009).

Other studies have also shown Fv/Fm to be rather insensitive
to changes occurring under conditions of low or moderate stress
(Sofo et al., 2008). In the experiment of four-year-old seedlings

of Norway spruce grown under semi-controlled conditions
with three watering regimes, Fv/Fm was not sensitive to low or
moderate drought (Ditmarova e al., 2009).

We found that tree species reacted differently to weather
conditions. Differences in stomatal response to drought may
occur among species with different ecological strategies for
controlling water relations under drought conditions. The
isohydric behaviour was reported for Norway spruce, Scots
pine and Silver birch (Tardieu and Simonneau, 1998; Uddling et
al., 2004; McDowell et al., 2008; Hartmann, 2011). Plants that
possess better stomatal regulation are more tolerant to drought.
Our findings showed the lowest reaction of stomatal conductance
to meteorological conditions for Norway spruce compared with
other tree species. Photosynthetic rate of Norway spruce reacted
more sensitively to precipitation and humidity compared with
Scots pine and Silver birch. With regard to transpiration rate,
Silver birch was the least sensitive to temperature and moisture,
while Norway spruce was the most sensitive to moisture
conditions. Norway spruce displayed lowest instantaneous
carboxylation efficiency during the drought weather period
due to significantly reduced photosynthetic rate. Instantaneous
carboxylation efficiency of Norway spruce was sensitive to soil
moisture conditions.

Ge et al. (2011) found different species responses to water
deficit in mixed spruce-pine-birch and monoculture forests.
Reduced precipitation and elevated temperatures had only small
effects on Scots pine and birch but large impact on Norway
spruce in boreal forest in Finland (Bricefio-Elizondo ef al.,
2006). Their findings supported our results on Norway spruce
sensitivity to drought conditions.

In conclusion, our study showed that the investigated tree
species reacted differently to weather conditions. Under
moderate drought conditions all tree species demonstrated
reduced photosynthetic rates, lower stomatal conduction
transpiration rates, WUE and instantaneous carboxylation
efficiency. No significant changes of Fv/Fm among species
were detected during different weather conditions. The Scots
pine demonstrated the highest tolerance whereas Norway spruce
highest sensitivity to drought conditions. The Silver birch was
the least sensitive to temperature and humidity conditions. If
drought condition would continue, vegetation will be modified
from spruce dominate to birch or pine.

Acknowledgements

The research leading to these results was funded from the
National Research Programme “Sustainability of agro-, forest
and water ecosystems” project FOREStRESS (No. SIT-3/2015).

References

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell
N, Vennetier M, Kitzberger T, Rigling A, Breshears DD, Hogg
EH, Gonzalez P, Fensham R, Zhang Z, Castro J, Demidova N,
Lim JH, Allard G, Running SW, Semerci A, Cobb N, 2010:
A global overview of drought and heat induced tree mortality
reveals emerging climate change risks for forests. Forest
Ecology and Management 259, 660-684.

Assmann S, 1988: Stomatal and non-stomatal limitations to

- 10 —



V. Marozas et al. : Gas exchange characteristics of three dominant tree species in hemi-boreal zone, Lithuania

carbon assimilation: an evolution of the path-dependent
method. Plant, Cell and Environment 11, 577-582.

Anev S, Ivanova A, Tzvetkova N, Panayotov M, Yurukov S,
2016: Stomatal control on photosynthesis in drought-treated
subalpine pine saplings. Genetics and Plant Physiology
6(1-2), 43-53.

Ashraf MI, Bourque CPA, MacLean DA, Erdle T, Meng FR,
2015: Estimation of potential impacts of climate change on
growth and yield of temperate tree species. Mitigation and
adaptation Strategies for Global Change 20, 159-178.

Augustaitis A, Augustaitiene I, Baumgarten M, Bicenkiené
S, Girgzdiené R, Kulbokas G, LinkeviCius E, Marozas V,
Mikalajunas M, Mordas G, Mozgeris G, Petrauskas E, Pivoras
A, Sidlauskas G, Ulevicius V, Vitas A, Matyssek R, 2018:
Tree-ring formation as an indicator of forest capacity to adapt
to the main threats of environmental changes in Lithuania.
Science of the Total Environment 615, 1247-1261.

Augustaitis A, 2011: Impact of meteorological parameters
on responses of pine crown condition to acid deposition at
Aukstaitija National Park. Baltic Forestry 17,205-214.

Augustaitis A, Augustaitiené I, Mozgeris G, Juknys R, Vitas A,
Jasineviciené D, 2015: Growth patterns of Scots pine (Pinus
sylvestris L.) under the current regional pollution load in
Lithuania. iForest 8, 509-516.

Baker NR, Rosenqvist E, 2004: Applications of chlorophyll
fluorescence can improve crop production strategies: an
examination of future possibilities. Journal of Experimental
Botany 55, 1607-1621.

Bréda N, Cochard H, Dreyer E, Granier A, 1993: Water transfer
in a mature oak stand (Quercus petraea): seasonal evolution
and effects of a severe drought. Canadian Journal of Forest
Research 23, 1136-1143.

Briceno-Elizondo E, Garcia-Gonzalo J, Peltola H, Matala J,
Kelloméki S, 2006: Sensitivity of growth of Scots pine,
Norway spruce and silver birch to climate change and forest
management in boreal conditions. Forest Ecology and
Management 232, 152-167.

Cannell MGR, 1982: World forest biomass and primary
production data. London, Academic Press. pp. 391.

Clenciala E, Kucera J, Ryan MG, Lindroth A, 1998: Water
flux in boreal forest during two hydrologically contrasting
years; species specific regulation of canopy conductance and
transpiration. Annals of Forest Science 55, 47-61.

Ditmarova L, Kurjak D, Palmroth S, Kmet J, Strelcova K, 2009:
Physiological responses of Norway spruce (Picea abies)
seedlings to drought stress. Tree Physiology 30, 205-213.

Eilmann B, Rigling A, 2012: Tree-growth analyses to estimate
tree species’ drought tolerance. Tree Physiology 32, 178-187.

Ellenberg H, 2009: Vegetation Ecology of Central Europe.
Cambridge University Press, Cambridge, pp. 756.

Edwards CE, Ewers BE, McClung CR, Lou P, Weinig C, 2012:
Quantitative variation in water-use efficiency across water
regimes and its relationship with circadian, vegetative,
reproductive, and leaf gas-exchange traits. Molecular Plant
5(3): 653-668.

Flexas J, Medrano H, 2002: Drought-inhibition of photosynthesis
in C3 plants: stomatal and non-stomatal limitations revisited.
Annals of Botany 89, 183-189.

Gao Y, Markkanen T, Aurela M, Mammarella I, Thum T, Tsuruta
A, Yang H, Aalto T, 2017: Response of water use efficiency
to summer drought in a boreal Scots pine forest in Finland.
Biogeosciences 14, 4409-4422.

Ge Z-M, Kellomiki S, Peltola H, Zhou X, Wang K-Y, Viisdnen
H, 2011: Impacts of changing climate on the productivity of
Norway spruce dominant stands with a mixture of Scots pine
and birch in relation to water availability in southern and
northern Finland. Tree Physiology 31, 323-338.

Gilbert ME, Zwieniecki MA, Holbrook NM, 2011: Independent
variation in photosynthetic capacity and stomatal conductance
leads to differences in intrinsic water use efficiency in 11
soybean genotypes before and during mild drought. Journal of
Experimental Botany 62(8), 2875-2887.

Hartmann H, 2011: Will a 385 million year-struggle for light
become a struggle for water and for carbon?-How trees may
cope with more frequent climate change-type drought events.
Global Change Biology 17(1), 642-655.

Hynynen J, Niemisto P, Viherd-Aarnio A, Brunner A, Hein S,
Velling P, 2010: Silviculture of birch (Betual pendula Roth
and Betula pubescens Erh.) in northern Europe. Forestry
83(1), 103-119.

IPCC, 2014: Summary for policymakers. In: Edenhofer O,
Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth
K, Adler A, Baum I, Brunner S, Eickemeier P, Kriemann B,
Savolainen J, Schlomer S, Stechow C, von Zwickel T, Minx
JC (Eds), Climate Change 2014: Mitigation of Climate
Change. Contribution of Working Group Il to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, pp. 30.

Irvine J, Perks MP, Magnani F, Grace J, 1998: The response of
Pinus sylvestris to drought: stomatal control of transpiration
and hydraulic conductance. Tree Physiology 18, 393-402.

Keenan TF, Hollinger DY, Bohrer G, Dragoni D, Munger JW,
Schmid HP, Richardson AD, 2013: Increase in forest water-use
efficiency as atmospheric carbon dioxide concentrations rise.
Nature 499, 324-327.

Kelloméki S, Peltole H, Nuutinen T, Korhonen KT, Strandman
H, 2008: Sensitivity of managed boreal forests in Finland to
climate change, with implications for adaptive management.
Philosophical Transactions of the Royal Society B 363,
2341-2351.

Kitaoka S, Matsuki S, Kitao M, Tobita H, Utsugi H, Maruyama
Y, Koike T, 2016: The photosynthetic response of four seral
deciduous broad-leaved tree seedlings grown under elevated
CO, concentrations. Journal of Agricultural Meteorology 72,
43-49.

Kozlowski TT, Pallardy, SG, 2002: Acclimation and adaptive
responses of woody plants to environmental stresses. The
Botanical Review 68(2), 270-334.

Kozyr 1V, 2014: Forest vegetation dynamics along an altitudinal
gradient in relation to the climate change in Southern
Transbaikalia, Russia. Achievements in the Life Sciences 8
23-28.

Lawlor DW, 2002: Limitation to photosynthesis in water stressed
leaves: Stomata vs. metabolism and the role of ATP. Annals of
Botany 89(7), 871-885.

Lawlor DW, Cornic G, 2002: Photosynthetic carbon assimilation
and associated metabolism in relation to water deficits in
higher plants. Plant, Cell & Environment 25, 275-294.

Lawlor DW, Tezara W, 2009: Causes of decreased photosynthetic
rate and metabolic capacity in water deficient leaf cells: a
critical evaluation of mechanisms and integration of processes.
Annals of Botany 103, 561-579.

Lebourgeois F, Rathgeber CBK, Ulrich E, 2010: Sensitivity of

s

- 11 —



Journal of Agricultural Meteorology 75 (1), 2019

French temperate coniferous forests to climate variability and
extreme events (4dbies alba, Picea abies and Pinus sylvestris ).
Journal of Vegetation Sciences 21, 364-376.

Lebourgeois F, Merian P, Courdier F, Ladier J, Dreyfus
P, 2012: Instability of climate signal in tree-ring width
in Mediterranean mountains: a multi-species analysis.
Trees - Structure and Function 26, 715-729.

Lei X, Yu L, Hong L, 2016: Climate-sensitive integrated stand
growth model (CS-ISGM) of Changbai larch (Larix olgensis)
plantations. Forest Ecology and Management 376, 265-275.

Levesque M, Saurer M, Siegwolf R, Eilmann B, Brang P,
Bugmann H, Rigling A, 2013: Drought response of five
conifer species under contrasting water availability suggests
high vulnerability of Norway spruce and European larch.
Global Change Biology 19, 3184-3199.

Matias L, Jump AS, 2012: Interactions between growth,
demography and biotic interactions in determining species
range limits in a worming world: The case of Pinus sylvestris.
Forest Ecology and Management 282, 10-22.

Matyssek R, Wieser G, Calfapietra C, de Vries W, Dizengremel
P, Ernst D, Jolivet Y, Mikkelsen TN, Mohren GMJ, Le Thiec
D, Tuovinen J-P, Weatherall A, Paoletti E, 2012: Forests under
climate change and air pollution: gaps in understanding and
future directions for research. Environmental Pollution 160,
57-65.

Maxwell K, Johnson GN, 2000: Chlorophyll fluorescence — a
practical guide. Journal of Experimental Botany 51, 659-668.

McDowell NG, Pockman WT, Allen CD, Breshears DD, Cobb
N, Kolb T, Plaut J, Sperry J, West A, Williams DG, Yepez
EA, 2008: Mechanisms of plant survival and mortality during
drought: why do some plants survive while others succumb to
drought? New Phytologist 178, 719-739.

Medrano H, Escalona JM, Bota J, Gulias J, Flexas J, 2002:
Regulation of photosynthesis of C3 plants in response to
progressive drought: stomatal conductance as a reference
parameter. Annals of Botany 89, 895-905.

Neuner S, Albrecht A, Cullmann D, Engels F, Griess VC, Hahn
WA, Hanewinkel M, Hartl F, Kolling C, Staupendahl K,
Knoke T, 2015: Survival of Norway spruce remains higher
in mixed stands under a dryer and warmer climate. Global
Change Biology 21, 935-946.

Niinemets U, Diaz-Espejo A, Flexas J, Galmés J, Warren CR,

2009: Importance of mesophyll diffusion conductance in
estimation of plant photosynthesis in the field. Journal of
Experimental Botany 60, 2271-2282.

Ogaya R, Peiuelas J, 2003: Comparative seasonal gas exchange
and chorophyll fluorescence of two dominant woody species
in a Holm Oak Forest. Flora 198, 132-141.

Serengil Y, Augustaitis A, Bytnerowicz A, Grulke N, Kozovitz
AR, Matyssek R, Miiller-Starck G, Schaub M, Wieser G,
Coskun AA, Paoletti E, 2011: Adaptation of forest ecosystems
to air pollution and climate change. iForest 4, 44-48.

Scherer-Lorenzen M, Kormer Ch, Schulze E-D (Eds), 2005:
Forest Diversity and Function: Temperate and Boreal Systems
Springer-Verlag, Berlin, pp. 399.

Sofo A, Manfreda S, Fiorentino M, Dichio B, Xiloyannis C,
2008: The olive tree: a paradigm for drought tolerance in
Mediterranean climates. Hydrology and Earth System Sciences
12, 293-301.

Tardieu F, Simonneau T, 1998: Variability among species of
stomatal control under fluctuating soil water status and
evaporative demand: modelling isohydric and anisohydric
behaviours. Journal of Experimental Botany 49, 419-432.

Terashima I, 1992: Anatomy of non-uniform leaf photosynthesis.
Photosynthesis research 31(3), 195-212.

Uddling J, Pleijel H, Karlsson PE, 2004: Measuring and
modelling leaf diffusive conductance in juvenile silver birch,
Betula pendula. Trees 18, 686-695.

Yordanov I, Velikova V, Tsonev T, 2000: Plant responses to
drought, acclimation, and stress tolerance. Photosynthetica
38(2), 171-186.

Walther GR, 2003: Plants in a warmer world. Perspectives in
Plant Ecology 6, 169-185.

Will RE, Wilson SM, Zou CB, Hennessey TC, 2013: Increased
vapor pressure deficit due to higher temperature leads to
greater transpiration and faster mortality during drought for
tree seedlings common to the forest—grassland ecotone? New
Phytologist 200, 366-374.

Zhang X, Lei Y, Pang Y, Liu X, Wang J, 2014: Tree mortality in
response to climate change induced drought across Beijing,
China. Climatic Change 124, 179-190.

Xu Z, Zhou G, 2008: Responses of leaf stomatal density to water
status and its relationship with photosynthesis in a grass.
Journal of Experimental Botany 59(12), 3317-3325.

- 12 -



