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Growth patterns of Scots pine (Pinus
sylvestris L.) under the current regional
pollution load in Lithuania
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The hypothesis that trees have grown more rapidly in recent years as a conse-
quence of climate warming and the reduced pollution was tested in Scots pine
(Pinus sylvestris L.) forests in Lithuania. A hundred of the largest, dominant
pine trees, with a diameter at breast height exceeding 50 cm, were selected in
three experimental, over-mature stands located in different parts of the coun-
try (north-eastern, western and sea coast). Results confirmed that the annual
increment of the trees analyzed has increased since 1980. The causes of such
faster growth were higher air temperatures during the winter and, to a lesser
extent, higher temperatures from May through August. The effect of precipita-
tion was negligible. Using data on acidifying pollutants collected in last 30
years, a significant effect of the reduced SO, concentration and sulphur deposi-
tion, as well as of the increased ammonia deposition, on the enhanced annual
increment in the tree basal area was detected. Multiple regression analysis re-
vealed that meteorological parameters can explain up to 50% of the observed
variation in the increase of growth rate for Scots pine in Lithuania, while the
variation in the concentration of acidifying pollutants accounted for an addi-
tional 30%. However, the pollution data set did not cover a timespan long
enough (20-30 years) to clearly distinguish between the effect of the reduced
pollution in recent years and the increased temperatures due to global war-
ming as the driving factor of the enhanced growth observed for dominant pine
trees in Lithanian forests.

Keywords: Scots Pine Growth, Pre-dominant Trees, Climate Change, Acidifying
Pollutants

Introduction

Annual tree-rings provide a valuable sour-
ce of environmental information and have
been widely used throughout the world to
document past forest conditions (Martin-Be-
nito et al. 2011). Parameters related to the
annual stem increment are extremely reliable
indicators of general forest health and stabi-
lity (Cook & Kairiukstis 1990). Tree rings
provide unique possibilities for the retro-

spective assessment of growth rates over an
extended period of time (Juknys et al. 2002).
Modern tree-ring analysis methods were de-
veloped at the beginning of the 1980s, when
forest damage was recognized as a serious
and widespread regional problem (Eckstein
1985, Cook 1987a, 1987b, Innes & Cook
1989, Schulze 1989). However, a few years
later an apparently opposite view on Euro-
pe’s forest conditions was presented by Spie-
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cker et al. (1996), based on 22 growth stu-
dies from 12 countries. The results revealed
a considerable increase in forest growth over
central Europe (Solberg et al. 2009).

Many potential causes for the increase in
net primary productivity have been propo-
sed, even though forest health was simulta-
neously deteriorating. The relative importan-
ce of different factors has been difficult to
assess because of a multitude of interacting
stresses affecting trees throughout their life-
times (Makinen et al. 2001). Despite this, the
main factors for the enhanced growth rates
were attributed to increases in the photosyn-
thetic rate, the length of the growing season
and the leaf area index (Hyvonen et al. 2007,
Boisvenue & Running 2006). Meteorologi-
cal variation had a major response to these
changes (Becker 1989, Innes 1994, Spiecker
et al. 1996, Raitio 2000).

Our earlier investigations revealed that
acidifying pollutants mainly resulted in
changes in the rate of tree crown defoliation
vs. tree stem increment when the effect of
crown defoliation on increment was consi-
dered (Augustaitis & Bytnerowicz 2008).

In this study, we attempted to detect the ef-
fects of acidifying pollutants on stem incre-
ment after taking into account the effect of
meteorological parameters. Therefore, this
study aimed to analyse recent changes in me-
teorological variables, air pollution, and acid
deposition to identify the cause of changes in
the stem annual increment of over-mature,
pre-dominant healthy pine trees.

Material and methods

In 2010 we assessed tree conditions within
national parks (NP) in different regions of
Lithuania: Curonian Spit, Zemaitija and
Aukstaitija NPs. These three parks are loca-
ted at a seaside site, in western and north-
eastern Lithuania, respectively (Fig. 1).

A hundred of predominant pine trees were
selected matching the following characteri-
stics: age exceeding 120 years, diameter at
breast height larger than 50 cm, upper crown
taller than the general level of the canopy, no
visible crown or stem damage, healthy status
(defoliation 0-15 %). Moreover, trees were
selected within permanent observation plots
already monitored by different methodolo-
gies: in Curonian Spit NP plots were esta-
blished based on UN ECE Forest monitoring
Level 1 methodology, while in Aukstaitija
and Zemaitija NP based on local methodo-
logy, as described in details in earlier publi-
cations (Augustaitis 2011). All monitored
stands represent Pinetum vacciniosum and
Pinetum vacciniosum-myrtiliosum forest ty-
pes which are prevailing in Lithuania. The
position of largest and tallest trees, ove-top-
ping the stand canopy allowed stand density
to be ignored, since competition with neigh-
boring trees are minimal for these trees.
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Fig. 1 - Location of Aukstaitija, Zemaitija and Curonian Spit National Parks.

Forty series of tree ring width from 5 over-
mature permanent observation pine (POS)
stands in Aukstaitija NP, 30 series from 3
POS in Zemaitija, and 30 from 10 POS in
Curonian Spit NP were used to detect re-
gional peculiarities of the effect of meteoro-
logical parameters on pine growth, as well as
the effect of acidifying species in the air,
their deposition and surface ozone over the
last 30 year period. Such a number of moni-
tored trees and their mean values in each NP
allowed to detect statistically significant re-
gional differences in tree ring width varia-
tions and their reactions to the integrated ef-
fect of meteorological parameters in con-
junction with air pollutants and acid deposi-
tion.

A standard dendrochronological technique
was used to assess tree growth rates. Radial
growth was assessed by measuring the width
of annual tree-rings in stem cores. Each ring
was measured to the closest 0.01 mm using
an electronic transducer and a binocular
scope fixed over the moving stage of
“Lintab6” equipment. To eliminate the effect
of age on pine radial increment, we com-
puted the stem basal area increment (BAI).
For each POS, a BAI chronology was com-
puted by averaging the BAI for each year
across all trees sampled at that POS.

Because tree growth rate is strongly af-
fected by stand density (Assmann 1970), we
analyzed only the largest diameter, pre-do-
minant, healthy trees (Fritts 1976, Dobbertin
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2005, Olivar et al. 2012). This allowed to
minimize the effects of competition and sim-
plified cross-dating due to their few missing
rings (Fritts 1976, Dobbertin 2005, Olivar et
al. 2012). Cross-dating analysis among tree
ring series was carried out based on detected
years of exclusively high (1905, 1949, 1975,
1990, 2008) and low (1902, 1940, 1979-80,
1992, 2006) increment rate.

Pearson correlation analysis was used to
examine the relationship between radial
growth and climate. Multiple regression mo-
dels were applied to assess the integrated ef-
fect of meteorological parameters (mean air
temperature and monthly precipitation rates)
on pine stem annual increment, as well as
the effect and significance of air pollutants
and their deposition. All statistical analyses
were carried out using the software package
Stamistica® 7.0 (StatSoft Inc., Tulsa, OK,
USA).

We evaluated the effects of meteorology
over a period of 60 years to detect key pa-
rameters responsible for the intensive growth
of pine trees. This time period was split into
two 30-year periods: the increment decrea-
sed during the first 30-year period (natural
growth) and increased during the second 30-
year period (affected growth). Equal lengths
of time periods allowed to detect key meteo-
rological parameters responsible for the “V”
form tree growth.

Meteorological parameters collected from
September to August for the last two prece-
ding and the current seasons were used in
the correlation analysis. Significance of aci-
difying pollutants and surface ozone was
tested on the residuals of annual stem basal
area increment, after subtracting the effect of
key meteorological parameters by multiple
regression analysis. The effect of pollutants,
including surface ozone, on the natural re-
duction of pine increments from 1950 to
1980 could not be tested due to a lack of
data. Predicting variables were included in
the regression model by a stepwise method.
To assess the goodness-of-fit of the models,
the coefficient of determination R® and its
significance (0=0.05) were considered.

Meteorological parameters as well as data
related to the airborne concentration of aci-
difying pollutants, their deposition rates and
surface ozone were obtained from the Auks-
taitija and Zemaitija integrated monitoring
stations, as well as from the Preila European
Monitoring and Evaluation Programme
(EMEP) station in Curonian Spit NP. These
data were presented in details in earlier stu-
dies (Augustaitis et al. 2010a, 2010b, 2012).

Results

Growth patterns of pre-dominant and
over mature healthy pine trees

Tree-ring width data of the monitored pine
trees revealed a stable or slightly decreasing
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Changes of mean annual temperature
and precipitation in NPs
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Indeed, pine growth is limited by cold tem-
peratures from September to April in the
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north-eastern part of Lithuania (Aukstaitija
NP) and from December through April in the
western and seaside parts (Zemaitija and
Curonian Spit NP, respectively). In contrast,
the effect of precipitation during the dormant
period was more significant than that during
the growing season in western and seaside
part of Lithuania. In fact, only more abun-
dant precipitation in June was positively cor-
related with an increased annual increment
of Scots pine in Lithuania.

Correlation analysis revealed that in Auk-
Staitija NP the increased mean temperatures
in winter over the period 1981-2010 had a
significant positive effect on tree growth,
while the observed decrease in precipitation
by September (both the previous and the cur-
rent seasons) showed a significant negative
effect (Fig. 5).

The strong positive effect of the higher
mean temperatures during the dormant (De-
cember to April) and the growth (June to
July) periods are mainly responsible for the
intensive growth of pine trees over the years
1981-2010 in Zemaitija NP. Analogously,
the same two factors (along with the positive
effects of increased precipitation in Novem-
ber and July) are mainly responsible for the
intensive growth of trees over the same pe-
riod in Curonian Spit NP (Fig. 5).

[ after 1980/prec

untill 1980/temp after 1980/temp

Based on the above data, it can be inferred
that the recent enhanced growth of pine trees
in Lithuania can primarily be attributed to
warmer winters. Moreover, the effect of the
reduction in precipitation on pine growth
seems to be more significant over the dor-
mant than over the vegetation period.

Approximately 52% of the variation in the
basal area increment (Zg, mm?) of pine trees
analyzed in the Curonian Spit NP was ac-
counted for by the precipitation of July-Au-
gust of the previous seasons (Pr'viym, mm),
and by mean temperatures of April (7my,
°C), of the period from May through Sep-
tember of the previous season (Tnm'v.x, °C)
and of December through March of the cur-
rent season (Tmxum, °C), according to the
following model (R? = 0.522, Fp4 5= 15.3, p
<0.0001, SEE =327.9 —eqn. 1):

Zg==97.1+1.701-Pry,, ., +
+58.6-Tm,, +82.8-Tm)" .+
+108.6:Tm ,;,_,,

In the Zemaitija NP (western part of
Lithuania), mean temperatures from Decem-
ber to April (Tmxmv, °C) and from May to
August of the previous and current seasons
(Tm'yv.ym and Tmy.ym, respectively, °C) were
responsible for the more intensive pine

growth. These parameters accounted for
about 41% of the variation in the annual
basal area (Zg, mm?®) increment, according to
the following model (R* = 0.415, Fpy
55=9.74, p < 0.0001, SEE = 349.6 - eqn. 2):

Zq=—848.1+47.46-Tm ,;, ,,+
+87.98-Tm ,,_,, +64.14Tm," ,, +
+73.27Tm, _,,

Changes in temperature and precipitation
also explained the variation of annual basal
area (Zg, mm?®) in AukStaitija NP. Growth
rate changes were explained by the mean
temperatures of July-August of two growing
seasons (Tm'vuym and Tmypym, °C) and
from December to March of the current sea-
son (Tmxum, °C) along with the precipitation
from July through August of the current year
(Prvivm, mm) and of September of the cur-
rent and previous seasons (Prix, and Pr'i,
respectively, mm), according to the follow-
ing model (R? = 0.416, Fi 59 = 6.54, p <
0.0001, SEE =277.9 — eqn. 3).

Zg=—639.6—2.914-Pr 1 —2.576- Pr ,+
+1.227-Pr,y, 1y +67.91-Tm)), 0+
+22.24- Tmyy;_;;, +62.08-Tm

However, the meteorological parameters
considered in this analysis were not able to
explain the peaks in stem growth in 2003
and 2007 in the Aukstaitija NP, and in 1990
in Zemaitija and Curonian Spit NPs (Fig. 6).

Changes in acidifying pollutants, their
deposition and effect on radial
increment

Analysis of the IMS (Integrated Monito-
ring Station) dataset revealed a significant
decrease in pollutant load until the year
2000. The air concentration of SO, at Auks-
taitija IMS (LT-01) decreased by 82% (2.73
to 0.49 ugS m®) and at Zemaitija IMS (LT-
03) by 79% (2.22 to 0.47 pgS m?). There-
after, the concentration was stable at 0.5-1.0
ugS m?>. Air concentration of aerosolic SO,*
changed in a similar way as SO, air concen-
tration.

The most significant decrease in XNH," air
concentration lasted until 2001 and was 86%
in LT-03 (8.55 to 1.15 pgN m?) and 77% in
LT-01 (4.44 to 1.02 pgN m?). During the
2001-2005 period a stabilization of XNH,"
air concentration at 1.1-1.3 pugN m? in both
LT-01 and LT-03 was observed. Annual
means of ZNO; concentration in the air were
stable at 0.5-0.7 pgN m™ in all the stations
considered.

Changes in annual wet deposition had a
very similar pattern to that of the air. The
wet deposition of sulphur for the period
1994-2000 at the Aukstaitija NP decreased
by 58% (600 to 250 mgS m?) and by 60% at
the Zemaitija NP (750 to 300 mgS m?). Over
the period 2001-2010, sulphur deposition at

iForest 8: 509-516

512

© SISEF http://www.sisef.it/iforest/



LT-01 station further decreased up to 190
mgS m?, and up to 280 mgS m™ at LT-03.

A decrease in annual wet deposition of
NH," from 492 to 198 mgN m? at LT-01 and
from 537 to 303 mgN m? at LT-03 were ob-
served until 2001. Afterwards, a gradual in-
crease in deposition of NH," was observed in
all the stations. Annual wet deposition va-
lues for NO;™ ranged from 241 to 211 mgN
m? at LT-01 and from 414 to 342 mgN m?
at LT-03. Despite this, the total N deposition
since 2001 started to increase again mainly
due to the increase in ammonium deposi-
tions.

The dataset obtained from the Preila EMEP
station in Curonian Spit NP showed higher
pollution levels. A significant decreasing
trend in the concentration of main acidifying
pollutants in the air and in precipitation was
detected until the year 2000 (Augustaitis et
al. 2012). Over this period, air concentra-
tions of both sulphur compounds (SO, and
SO,*) decreased by approximately 75-80%
(from 4.0 to 0.85 pgS m™ for SO, and from
3.0 to 0.83 pgS m? for SO.*). Sulphur con-
centration in precipitation decreased by 70%
(2.5 mg I to 0.8 mg 1"") and by 85% in wet
deposition (2100 mg m? to 310 mg m” - Fig.
7). This significant decrease (p<0.05) in an-
nual sulphur compounds was most likely the
result of a reduction in SO, emissions in Eu-
rope, including Lithuania.

Data on NO;” and NH4" in the precipitation
and in wet deposition revealed that the high-
est concentration of ammonia was reached in
the period 1987-1993 (1992: NH4" 2.0 mgN
I'" and 1120 mgN m?, respectively). After-
ward, these pollutants significantly decrea-
sed down to 0.6 mgN 1" and 200 mgN m? in
the year 2000, that is, a reduction of 70%
and 82%, respectively. Changes in NO;™ de-

Growth patterns of Scots pine under pollution in Lithuania
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position were minor, while some decrease in
wet concentration and wet deposition was
detected. Until 2000 NOs™ concentration in
precipitation decreased by 53% (1.3 to 0.6
mgN 1) and wet deposition by 72% (700 to
200 mgN m?).

Between 2000-2007 a further decrease up
to 0.26 and 0.40 pgS m* was observed in SO,
and aerosol SO,* concentrations, respective-
ly (Fig. 7). Those were the lowest values of
this acidifying pollutants over the whole
observation period. Afterward, a gradual in-

crease in their air concentration has begun,
reaching 0.31 pgS m® and 1.02 pgS m?, re-
spectively, in the year 2010. The same trend
of variation was observed in the SO wet
concentration and deposition data series.

The 30-year dataset obtained from the Prei-
la EMEP station (Augustaitis et al. 2012) al-
lowed to detect a significant effect of the re-
duction in concentration of acidifying pollu-
tants on the tree growth in Curonian Spit
NP, according to the following model (R? =
0390, F[3'2()] = 5539, p= 00044, SEE =
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Fig. 8 - Integrated effect of meteorological parameters and acidifying species on annual in-
crement of pine stem basal area in Curonian Spit National Park.

260.6 — eqn. 4):
Zq resid=—112.4+1.539- NH,

4 dep

-0.609-50; ,,,—57.58 SO,

where SO4% 4, is the annual sulphur deposi-
tion (mgS m?), NHy"4 is the annual ammo-
nia deposition (mgN m?) and SO, is the sul-
phur air concentration (ugS m).

Ammonium and sulphur deposition, along
with the SO, concentration in the air, ac-
counted for about 40% of variation in the
residuals of stem basal area increment after
subtracting the effects of meteorological pa-
rameters in Curonian Spit NP. Such relation-
ship was statistically significant (p<0.05).
Overall, the combined effects of meteorolo-
gical parameters and acid deposition on pine
growth can explain up to 80% of the varia-
tion (p<0.05) in the recent growth of pre-
dominant, over-matured, healthy pine trees
analyzed in this study (Fig. 8). Notwith-
standing, neither changes in air concentra-
tions of acidifying pollutants nor their depo-
sition fully explained the observed peaks in
annual increment, which exceeded 2500
mm’.

No significant effects of acidifying pollu-
tant concentration on variation in residuals
of basal area increment were detected for
Aukstaitija or Zemaitija NPs.

Discussion

In the traditional dendroecology, the ef-
fects of climate on tree growth are usually
studied by response function analysis (Fritts
1976). Tree-rings, as an indicator of the ra-
dial growth of trees, are highly sensitive to
climate change. Air temperature and mois-
ture clearly influence forest conditions and
growth, and both are predicted to change
with changing climate (Fernandez 1997). In
northern Fennoscandia summer temperatu-
res, especially mean temperatures of July, af-
fect variations in growth rates (Briffa et al.
1990, Nojd & Hari 2001), while in central
(Eckstein et al. 1989) and eastern Europe
(Henttonen 1984, Makinen et al. 2001) pre-

cipitation affects variations in tree growth
rates.

In this study, we used the correlative
method which has proven to be effective in
the analysis of the response of forest growth
to climate change (Chen et al. 2010, La-
pointe-Garant et al. 2010, Zhang et al. 2012,
Wang et al. 2013).

Our earlier investigations showed that tem-
peratures of late winter (February), early
spring (March, April) and those of late sum-
mer (August) mostly affect pine growth rates
at our latitudes (Augustaitis et al. 2002, Au-
gustaitis & Bytnerowicz 2008). In some ca-
ses, temperatures of autumn months (Sep-
tember, October) of the previous year had a
dramatic impact on tree radial increments. In
contrast, the effect of precipitation was less
pronounced (Juknys et al. 2002, 2003). The
results obtained here are in full agreement
with previous recent analyses in this area
and revealed no significant negative effect of
the meteorological parameters considered on
pine increments.

State-of-the-art climatic reports clearly de-
monstrate that global warming is already oc-
curring (IPCC 2007), leading to changes in
forest growth by extending the growing sea-
son and increasing rates of photosynthesis,
mainly at northern latitudes (Lindner et al.
2010, Wang et al. 2013). In such regions,
growth is mainly limited by the availability
of water in sandy soils under global warming
conditions (Briceno-Elizondo et al. 2006).
However, in our study tree growth increment
was positively correlated to warming in the
dormant period. Evergreen conifers can pho-
tosynthesize all year around, and warm win-
ters can increase the synthesis and storage of
carbohydrates to be used in the next growing
season (Lebourgeois et al. 2010). Indeed,
this promoted the earlywood formation in
spring when combined with abundant pre-
cipitation, which increases the water avai-
lability in the soil. (Michelot et al. 2012).

Soil water shortage is a major limiting fac-
tor for tree growth (Michelot et al. 2012),
making trees growing on sites with lower

water availability more sensitive to climatic
variations (Lebourgeois et al. 2010). The
lack of precipitation may be considered a
limiting factor for tree growth at seaside in
Lithuania, where forest stands are located on
sandy soils.

The combined effects of increased atmo-
spheric CO; levels and elevated N deposition
may also account for a 15-20% of the ob-
served increase in forest net primary produc-
tion (Rehfuess et al. 1999). In this study, we
examined the effect of acidifying pollutants
(including N compounds) in combination
with several environmental factors on the
basal area increment of dominant, old-
growth pine trees.

Results obtained in the Curonian Spit NP
confirmed previous evidence about the posi-
tive effect of the load of N deposition on
trees’ growth and health. This positive effect
of ammonia is consistent with the hypothesis
of enrichment/fertilization of poor forest
soils by N pollutants. Plant species belon-
ging to the same community may differ in
their capacity to up-take different forms of N
(Falkengren-Grerup et al. 2002, McKane et
al. 2002, Miller & Bowman 2002). There-
fore, NH4" or NO;” may alter the competition
among plant species by favoring those capa-
ble of exploiting N depositions (Nordin et al.
2006). However, a depression effect due to
deposition in N saturated systems has been
reported by several authors (Aber 1992,
Aber et al. 1998, De Vries et al. 2003).

The results obtained in the Curonian Spit
NP were also in full agreement with previous
studies showing that the concentration of
sulphur deposition negatively affects the
growth and health of trees (Augustaitis et al.
2002, 2010a, 2010b, Augustaitis & Bytne-
rowicz 2008, Augustaitis 2011, Juknys et al.
2002, 2003).

Similar results were expected for the other
sites considered in this analysis. However,
the limited dataset available (covering the
last 15-17 years) may have hampered the de-
tection of any significant effect of acidifying
pollutants on pine growth. Indeed, studies at
the monitoring stations in AukStaitija NP
started in 1994, and in Zemaitija NP in
1996.

No phytotoxic effect of surface ozone on
tree increment was detected in the National
Parks of Lithuania. However, assessment of
the cause-and-effect related O; risk on tree
growth, study of the function of stomatal Os
influx, analysis of the yield of phytotoxically
relevant O; uptake over time are highly re-
commended (Matyssek et al. 2013a, 2013b).

Further studies are needed to explain the
negative effects of sulphur compounds on
the pine increments at nutrient poor sites, as
well as the positive effect of ammonia and
the negative effect of more abundant precipi-
tation in September. Moreover, the more in-
tensive tree growth observed in recent years
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was detected only for tallest healthy trees
over-topping the forest canopy. Whether this
reflects a general trend for Scot pine in
Lithuania is a matter deserving further inves-
tigations.

Conclusion

Main factors influencing the increased
growth of pre-dominant healthy trees ob-
served since the beginning of the 1980s are
mainly meteorological factors. Specifically,
air temperature of the winter period (Decem-
ber-April) and of the growing season (May-
August) mostly affected pine tree growth.
Such parameters accounted for about 50% of
the variation in annual basal area increment
of dominant pine trees. The effect of precipi-
tation is less conspicuous, though its effect
on pine growth seems more relevant over the
dormant period. Higher rainfall in July and
August enhances pine stem increment, par-
ticularly in the seaside part of Lithuania,
where pines grow on sandy soils. No nega-
tive effect of higher air temperature during
the growing season was observed.

A decrease in the concentration and depo-
sition of sulphur together with the soil en-
richment by N pollutants in the growing sea-
son boost the growth rate of dominant pine
trees in Lithuania. However, it is worth to
stress that our results concerned only the
tallest healthy trees in the studied forests: the
hypothesis that the growth of pine stands in
the last 30 years is faster than before in
Lithuania could not be confirmed based on
the results of this investigation.
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