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The Lisino training and experimental forest of the Saint-Petersburg State Forest Technical
University was chosen as a study area. The forest is located in the central part of the
Leningrad region and has a high level of protection as a forest of scientific and historical
value. According to the official data, mean annual temperature in the region increased by
0.6 °C within 10 years as well as precipitation. The impact determination of changing
climate conditions on Norway spruce trees growth was the aim of this study. Three most
representative compartments dominated by Norway spruce (Picea abies (L.) Karst.) were
selected for data collection. Core samples were taken by the Pressler increment borer from
107 dominant trees while climatic data were obtained from the nearest weather stations.
Tree rings were measured and analyzed using WinDendro software while climate data
were processed by Microsoft Excel. Tree ring data cover the time interval from 1848 to
2011, each ring was characterized by width, calendar year, age and diameter of the tree.
Radial growth was analyzed within age and diameter classes. Annual rings widths were
varied from 0.1 to 6 mm. There was a positive trend in age classes of 0-20, 21-40 and
41-60 years old. The growth was very slow in the age classes of 61-80, 81-100 and >100.
Diameters are larger in the age classes of 20-40 and 41-60 as compare to the local diameter
growth table which was developed in the 19th century. Diameters for age classes older than
41-60 years were less than prescribed by the diameter growth table. Annual rings width for
all age classes also demonstrate cyclic dynamics, moreover, the decline in growth sometimes
occurred in recent decades. Multiple regression was used for developing the response
function of growth to changes in climatic conditions. There was revealed a high correlation
(90 %) and low influence of vegetation period climate data on growth during 1848-2011
(0.08102 mm/°C and 0.00085 mm/mm). Likewise, analysis shows that growth is higher
in young and middle-aged than mature and over mature stands. Overall, climate change
impact has a positive effect on the radial growth of Norway spruce for the studied area,
however, not for all age and diameter classes.
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Introduction

Official data shows the reliable temperature growth in the last decades,
especially for northernmost areas, for instance in the taiga region. In taiga, temperature
is one of the most important ecological factors limiting forest trees’ growth and
development. Changes in mean and seasonal temperatures in spatial aspects for the
Russian Federation are presented in Fig. 1.
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Fig. 1. Spatial pattern of mean temperature variation in Russia: a) — annual; b) — winter;
¢) — summer; d) — spring; ¢) — autumn. Adopted from [4]

Leningrad region belongs to the area with an increase in mean annual tempera-
ture. Area, where study plots are located, belongs to the territories with temperature
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increase by 0.6 °C within 10 years. Changes in annual precipitation over the last
75 years and its deviations for the Russian Federation are presented in Fig. 2. Dots on
the maps represent locations of the weather stations.

Fig. 2. Spatial pattern of annual precipitation changes during 1936-2010 in Russia: a — over
the last 75 years, mm; b — % of the mean value in 1961-1990. Adopted from [4]

In Leningrad Region, there is no or only minimal changes in annual precipitation,
measured both in mm and as a percentage of normal precipitation in 75 years.

The estimation of impacts of changing climate conditions on Norway spruce
trees growth was the aim of this study. Leningrad region belongs to the areas with
an increase of mean annual temperature that is why it is a reason to suppose here
elevated growth in radial increment of main tree species as a reaction to climate
warming. Increased plant growth in the northern latitudes is an expected outcome of
recent climate changes towards warming [19], also such a trend was established for
the large areas of European forests [8, 21, 22].

The research area in the narrow sense was Lisino training and experimental
forest of the Saint-Petersburg State Forest Technical University. It belongs to
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the taiga zone, located out of the influence of damaging factors, has a high-level
protection status. This is a forest of high scientific and historical value because it was
founded in 1805 and since this time continuously used for research and training. It
may be considered as a proper place to boost forest growth registration due to climate
warming.

Dendrochronology approach to Norway spruce tree stands radial increment
analysis was used as the main method for growth trends revealing. This approach
for a long time widely and successfully implemented for the study of climatic
impacts on trees growth analysis [3, 5, 10-15, 23, 25], as well as for other
environmental factors, which may influence forest growth assessments [16, 17,
20, 24].

Materials and methods

The study area location of the Lisino training and experimental forest of the
Saint-Petersburg State Forest Technical University is shown in Fig. 3.
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Fig. 3. Location of the study area on the maps of Russia and Leningrad region

The study area is situated on Ladoga-Ilmen lake-glacial lowland (the bottom
of lake-glacial basin) from the geomorphologic point of view. The height above
sea level varies from 20 up to 70 m. The largest river Lustovka crosses the forest
from NW to SE. There are three streams in the forest area: Laguza, Heart and
Kastenka. In addition, two channels Kuznetsovskiy and Kozhinskiy pass through
the forest. All of these operate as a drainage system for the lowland forested area.
The topography is flat and undulating. Small flat hills formed by glacial debris are
scattered throughout the forest. Podzol formed in a marsh is the main soil type
in Lisino. Other predominant soil types are moor-humus podsolization (20 %),
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podzolic moder-mor humus (18 %), marsh soil (57 %), torf-podzolic (2 %) and
alluvial soils (3 %). The soil is slightly acidic poor with well-developed podzolic
humus horizons.

The climate is characterized as moderate and influenced by cold air masses
coming from the Arctic, and the warmer air mass from the Atlantic. The regional
climate is strongly influenced by the proximity of the Baltic Sea and Ladoga
Lake.

According to the nearest weather station Luban, the maximum temperature in
Lisino is 33 °C in July and the minimum is —40 °C in January. The average annual
rainfall is approximately 590 mm. Additionally, the average wind speed is 3.3 m/s
and average relative humidity is 80 %. The climatic conditions are favorable for the
growth and development of trees and shrubs. The length of the growing period is
approximately 150-160 days.

Norway spruce is the main species for the Lisino training and experimental
forest. It occupies 34.5 % of the total area covered by forest. The second species is
Scots pine, which takes 28.1 % of the area covered by forest.

Description of Norway spruce dominated tree stands where wood samples
were collected is presented in Table 1.

Table 1
Characteristics of sampled Norway spruce stands
Species composition Age, yrs | Height, m Diameter, cm Growing stock, m?
Block — 123, compartment — 18, area — 3.1 ha
Norway spruce, 50 % 130 28 32 470
Norway spruce, 30 % 90 24 24 280
Birch, 20 % 90 23 24 190
Scots pine, single trees 130 - - -
Aspen, single trees 90 - - -
Block — 200, compartment — 28, area — 2.8 ha
Norway spruce, 80 % 130 22 24 550
Birch, 20 % 120 24 28 140
Scots pine, single trees 130 - - -
Block — 206, compartment — 5, area — 5.9 ha
Norway spruce, 30 % 170 29 32 570
Norway spruce, 20 % 80 21 24 370
Scots pine, 30 % 170 28 40 560
Birch, 20 % 130 27 30 370
Aspen, single trees 130 - - -

As shown in Table 1 sampled Norway spruce dominated tree stands are old-
growth of 80—170 years old on average, highly productive and with a mixture of
Scots pine, birch, and aspen.

The Pressler increment borer tool was used to extract tree cores in all 3
compartments. One core per tree was collected from 107 sample trees of different
ages. The samples were taken at the height of 1.30 m above ground level. The trees
were selected in such a way which represented dominant trees (high trees which were
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free from disease and malformations) and the most vital trees in different age classes
(ocular estimate) from all selected compartments. The oldest tree was 163 years old
and the youngest tree was 30 years old in the sample, so annual ring data is available
for the period 1848-2011.

The image analysis program WinDendro was applied to detect annual
and intra-annual ring boundaries on the base of changes in light intensity of an
image and requires manual adjustment to ring boundaries to account for growth
anomalies (WinDendro, 2009). The ScannerCal calibration file allows WinDendro
to compensate for differences in the dpi reported by the scanner and the real dpi
measured with a high precision calibration target. Earlywood and latewood widths,
as well as total ring width, were measured automatically for each annual ring
sample. If there were almost no contrasts between rings for single-core samples
the ring widths were measured manually. In the following analysis total annual
ring width was used. Data on temperature and precipitation were collected on local
weather stations for each year of the vegetation season of the whole growth period
1848-2011.

For the obtained annual rings data analysis was used before developed
special method aimed on removing of age trend from annual ring width data [1,
6, 71.

Each tree ring with the following data was used as a basic unit for the
analysis: annual ring width, calendar year of appearance, age of the tree in
which the annual ring appears, the diameter of the tree in which the annual ring
appears.

Then the annual ring data was grouped firstly by age class for comparison
of annual ring width of trees of the same age growing in different calendar years
and secondly by age class and diameter for diameter growth curve development for
comparison with the data of regional growth and yield tables.

In order to determine the response function of radial increment on climatic
factors, temperature and precipitation multiple regression analysis were used. The
mean annual radial increment was related to mean temperature and precipitation for
vegetation season:

y=ax +a,x,, (1)

where y—mean annual radial increment of Norway spruce trees, mm; @, —regression coefficient,
which reflects the effect on the radial increment of changes in temperature, mm/°C; x, — mean
temperature of vegetation season for each year, °C; a, — regression coefficient, which reflects
the effect on the radial increment of changes in precipitation, mm/mm; x, — mean precipitation
of vegetation season for each year, mm.

The temperature dependence coefficient of Norway spruce trees for each age
class was developed to assess the difference in reaction trees of different age on
changes in temperature:

Yi=a,x, (2)

where y, — mean annual radial increment of Norway spruce trees of age class i, considered age
classes of 0-20, 21-40, 41-60, 61-80, 81-100, and >100 years old; x — mean temperature of
vegetation season for each year, °C.

Regression analysis was done using STATISTICA 10.0 software.
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Results and discussion

The long-term trends in Norway spruce radial increment are presented in Fig. 4.
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Fig. 4. The long-term trends in Norway spruce radial increment of different age class per
20-years intervals: a) 0-20; b) 21-40; ¢) 41-60; d) 61-80; e) 81-100; /) >100 years old

Fig. 4 shows the usual pattern between radial increment and age: the greater
the age the smaller the increment. Also, as it may be seen from Fig. 4, only for age
classes 21-40 and 41-60 there is a statistically reliable trend in the radial increment
of Norway spruce trees. For all age classes, including 21-40 and 41-60, increment
for the last period is less or almost the same as for some previous ones. For example,
for the youngest age class 0-21, the increment for the last period is less than in 6
previous 20-years intervals and the same as in 1848—1860. In addition, the increment
dynamics show cyclical changes with a period of approximately 80 years. So, the
comparison of Norway spruce radial increment of the same age class growing in
different calendar years gives no clear evidence of elevation of increment for the last
years as it is supposed to be due to the registered climate warming in the last decades
and according to research hypotheses.

Radial increment response function on temperature and precipitation was
obtained as a result of two-factor regression analysis. Regression function with
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coefficients @, = 0.08102 mm/°C and a, = 0.00085 mm of increment/mm of
precipitation, which explains mean annual radial increment with determination
coefficient of 81.5 %, was developed. Analysis shows practical independence of
radial increment on precipitation during vegetation period because coefficient a, is
very small and weakly dependent on mean temperature of vegetation season. The
fact of radial increment independence from precipitation of the vegetation season
may be easily explained by the traditional excess of precipitation during evaporation
for the studied area, the absence of significant changes in precipitation (see
Fig. 2), concave landforms and prevailing of wet soils. The temperature dependence
coefficient of Norway spruce radial increment for each age class is presented in
Table 2.

Table 2

Temperature dependence coefficient of Norway spruce trees
radial increment

Age class, Coefficient increment — Determination

yrIs temperature, mm/°C coefficient, %
0-20 0.123 88
21-40 0.085 90
41-60 0.075 89
61-80 0.074 92
81-100 0.071 86
>100 0.069 96
Mean 0.08283 90

The Norway spruce radial increment of any age class statistically reliable
depends on mean vegetation season temperature as it is shown by the data from
Table 2, the younger trees the stronger reaction on warming during vegetation season,
the coefficient for age class 0-20 years old is approximately as much as twice more
than for the age class older than 100 years. The mean temperature dependence
coefficient is approximately the same as al and demonstrates also slow mean reaction
of increment on temperature changes. If take the temperature growth of 0.6 °C within
10 years for the research area as it officially estimated [4] or 0.06 °C per year the
increment reaction will be as much as 0.06 - 0.08102 = 0.0049 mm and cannot be
reliably registered.

Dendrochronological data after special treatment offer a possibility to develop
the diameter growth curve for Norway spruce stands and it is of interest to compare
the result with diameter growth for the same area but which took place in the previous
century. For comparison of diameter growth nowadays and before the local growth
and yield tables developed by Vargas de Bedemar in the 19th century for the Lisino
training and experimental forest of the Saint-Petersburg State Forest Technical
University was taken. The comparison results are presented in Fig. 5. As seen in
Fig. 5 only for two age classes of 21-40 and 41-60 years old mean diameter of
Norway spruce stands exceeded data of growth and yield tables meanwhile for all
others age classes diameter growth is the same or even less. So, the comparison of
diameter growth curves derived from radial increment data and growth and yield
table of the 19th century doesn’t provide clear evidence of Norway spruce stands
elevated growth for the last decades.
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Fig. 5. Mean diameter growth of Norway spruce stands in comparison
with the data of regional growth and yield tables

Conclusion

There is a reliable official data on some increase of mean temperature per year
as well as for vegetation season for the study area which belongs ecologically and
geographically to the south taiga climate zone. It is well known that temperature
is one of the main ecological factors limiting the Norway spruce trees growing in
the taiga zone. It has shown by the calculated temperature dependence coefficient
describing the relationship radial increment/mean temperature for the vegetation
season. The increase of mean vegetation season temperature in the last decades
should stimulate Norway spruce trees growth but this is not the case of our study.
The analysis showed that slowly increased long-term growth of trees of all age
classes is statistically reliable only for age classes of 21-60 years old. At the
same time for the last 20 years a decline in the radial increment of trees of 0-20,
21-40 and 81-100 years old was revealed; meanwhile, for trees of 41-60, 61-80 and
>100 years old radial increment was the same or less than in some previous period.
Comparison of experimental and taken from growth and yield table Norway spruce
stands diameter growth curves also do not indicate elevated diameter growth for
the last decades.

Generally, the absence of elevated growth for the last 20 years and even its
decline may be probably explained by growth cycling dynamics with the cycle
of approximately 80 years as presented in Fig. 4. During the last decades climate
warming does not affect Norway spruce stands growth as it has waited. Two reasons
may be considered as explanations of such a fact. First, climate warming is still
insignificant yet for the study area and has not led to a definite radial increment
increase of Norway spruce trees of all age classes. Second, no clear influence of
climate warming on Norway spruce trees growth may be explained by optimality of
study area climate conditions. According to Shelford’s law of tolerance (Fig. 6) if the
temperature belongs to the optimal zone it rising may cause both increase and decline
in growth [9].
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Fig. 6. Shelford’s law of tolerance. Horizontal axis includes

temperature diapasons as these effects on radial increment (fatal —

no increment; suppressive — low increment; normal — satisfactory

increment; optimal — maximum increment with both increase and
decrease of the increment)

Almost the same results were obtained for the mountainous regions of Northern
Italy when the influence of climatic factors on the growth of Norway spruce (Picea
abies (L.) Karst.) and European pine (Pinus cembra Pall.) was studied [2]. Similarly,
it was found that the radial increment is weakly responsive to changes in climatic
factors due to close to the optimal temperature and moisture growth conditions. It
is possible to mention here one interesting analysis as a result of which there is no
direct influence of temperature on the productivity of plants growing in low or high-
temperature environments [18]. The mean productivity of natural vegetation appears
to be the same per time unit of the vegetation season in the tropical and near Polar
regions despite big temperature differences. The total productivity of plants in these
cases is determined by the duration of the growing season if all other environmental
factors are at a satisfactory level.

As a general conclusion, we may say that the research on relationships
of Norway spruce stands growth and variation of climate conditions should be
continued.
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JloaroBpeMeHHbIe€ TEHAECHIUH POCTa APEBOCTOEB €JIM €BPONEICKON U3ydaluch Ha TEPPUTO-
pun JIMcHUHCKOHM YacTh y4eOHO-OIBITHOTO JIeCHHYecTBa JICHMHTpaIcKoi 00acTy, pacroso-
JKCHHOHM B €€ LEHTPE M UMEIOILEH BBICOKMI 3alllUTHBINA CTaTyC LIEHHBIX JIECOB, UMEIOLIUX
Hay4yHOe M ucTtopuyeckoe 3HadeHue. [1o oduImasbHBIM JaHHBIM CPEIHErofoBas TemIlepa-
Typa B palioHe uccaenosanuii Bozpocia Ha 0,6 °C 3a 10 neT, cpeqHErof0BbIE OCAIKU TaKXKe
YBEJIMYUIINCH HE3HAUNUTENBHO. L{enb nccnenoBanuii — onpeesieHue BIUSHIS TPOU30IIEAIINX
M3MEHEHHMH KJIMMaTHYeCKUX ITOKa3aTesIeld Ha POCT JIepeBbEB €M eBponeiickoit (Picea abies
(L.) Karst.). Tpu HamboJnee THIUYHBIX BBIJENA C MIPEOOTaJaHHEM €A €BPOICHCKON ObLTH
BBIOpaHbI [uIst cOOpa JaHHBIX O X0J1e pocTa apeBocToeB. OOpasibl ApeBecHHbI 0TOOPaHbI Oy-
paBom [Ipeccnepa y 107 nepeBbeB, METEOPOIOTHUECKUE JTAHHBIE TIOJIyYEHBI 110 HAOIIOICHHU-
M OmrKalIIel MeTeopoJIOTHYEeCKOM CTaHIMU. PaguanbHbIi IPUPOCT U3MEPEH C ITOMOILIBIO
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KaJMOpOBAaHHOTO CKaHepa W CIelHaIn3upoBaHHON mporpammbl WinDendro, momy4eHHble
Ppe3yabTaThl COBMECTHO C METEOPOJIOTMUECKUMH JJaHHBIMU 00paboTanbl B mporpamme Excel.
JlanHble O paanaNbHOM MPHPOCTE MOJECIBHBIX JIEPEBLEB MOKPBIBAIOT MHTEpBaI ¢ 1848 1o
2011 r.,, KaXk/1bIi TOMMYHBIH CIIOH XapaKTepru30Bajcs KaJleHJapHbIM T0I0M 00pa30BaHusl, U~
PHHOI, BO3pacTOM M JIMaMETPOM JiepeBa. PajuanbHblil IPUPOCT IEPEBLEB aHATH3HPOBAJICS
T10 KJIaccaM Bo3pacTa M CTyINeHs M ToymuHbl. [upuna roanyseix koser Bapbuposaia ot 0,1
710 6 MM. BBIsSBIICHBI TIOJIOKUTENBHBIE TPEH B! PAAMAIBHOTO IPUPOCTA JUISl KJIACCOB BO3pacTa
0-20, 21-40 u 41-60 net. [{nsa knaccoB Bo3pacta 61-80, 81-100 u Gonee 100 net monoxu-
TeJIbHbIE N3MEHEHHUS Pa/IMAJIFHOTO MPUPOCTA OKA3aJIMCh HEJJOCTOBEPHBI. AHAIM3 X0/1a POCTa
JICPEBbHEB 110 TUAMETPY ITyTEM CPaBHEHHMS C MECTHBIMH Ta0IMLIAMH X0/Ia pOCTa MOKa3all 00Jib-
M 1uameTp i kiaccoB Bozpacta 21-40 u 41-60 net, 1y ocTanbHBIX KJIACCOB BO3pacTa
OH OKa3aJICsl MEHbIIIE YKa3aHHOTo B Tabnmunax. PaguaabHbIil IPHPOCT JUIs BCEX KIIACCOB BO3-
pacra NnpoJIeMOHCTPUPOBAJ HAJIMYUE IUKJINYECKON TMHAMUKN U3MEHEHUH, IIPHYEM T1aJICHUE
MIPUPOCTa MHOT/IA TPUXOAMIOCH Ha MOCIeTHHUE AecaTiieTrs. s noctpoenust GpyHKIuM oT-
KIIMKa MPUPOCTa Ha W3MEHEHHE KIMMAaTHYECKHX YCIOBUH OBbLI MCIOJIB30BaH MHOYKECTBEH-
HBII perpeccroHHbI aHanu3. C BBICOKOM cTerneHbto npoctoBepHocTH (90 %) ycTaHOBIEHO
ciaboe BIMSIHUE TEMITEpaTyphl U KOJMYECTBA 0CA/IKOB 32 BET€TAIIMOHHBIN CE30H Ha paiialib-
HBII ipupocT aepeBbeB ¢ 1848 no 2011 . (0,08102 mm/°C u 0,00085 mm/mMm). Kpome Toro,
aHaJIM3 1MoKa3aj 0oJee CHIbHYIO PeaklMIo PaauaibHOrO IIPUPOCTa Ha U3MEHEHHUS KIIMMaTH-
YECKHMX YCJIOBHH y MOJIOZIBIX ¥ CPETHEBO3PACTHBIX JIPEBOCTOEB MO CPABHEHHUIO CO CIEIBIMH
U TIepeCTOWHBIMH. B 11eloM M3MEHEeHHUs! KIMMaTHYECKUX YCIOBHH MMEIOT TOJIOKHUTEIBHOE
BIIMSIHUE HA PaJMaJIbHBIN IPUPOCT, HO HE JUISl BCEX KIIACCOB BO3PACTa U CTYICHEH TOJIINHBI.
/s yumuposanusn: Alekseev A.S., Sharma S.K. Long-Term Growth Trends Analysis of
Norway Spruce Stands in Relation to Possible Climate Change: Case Study of Leningrad
Region // 13B. By30B. JlecH. xxypH. 2020. Ne 3. C. 42-54. DOI: 10.37482/0536-1036-2020-
3-42-54

Knroueswvie cnosa: env eBpomneiickas, MUpUHA TONUYHBIX KOJIEl, U3BMEHEHUE KIIMMaTa, Kiacc
BO3pacTa, TPCH]] paJIMaIbHOTO IPUPOCTA, TEMIIEPATypa, OCaIKH.
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