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Abstract Radial growth was examined in two Scots pine stands that were seeded during
the 1920s and 1930s due to reforestation and afforestation activity on the timberline of
northern Finnish Lapland. Tree-rings of seeded pines were calibrated against the instru-
mental records of local weather and large-scale atmospheric patterns and further compared
to pines of natural origin on the timberline. The studied stands were shown to contain
common growth variability that differed from the variability of natural pines. Deviating
growth of seeded pines was attributed to their only moderate growth dependence on mid-
summer (July) temperatures and, likewise, their strong dependence on the autumn climate
in the previous year, and linked to the different genetic origin of artificial stands due to
southern seeds. Stands were thinned for different densities in 1985 and 1986. The growth
response to thinning was markedly better than could be expected according to previous
studies. We found that the positive growth reaction conceivably benefited from the ame-
liorated winter conditions, expressed as warmed (March) temperatures and the prolonged
positive phase of the Arctic Oscillation (February). The results emphasize the determining
influence of climatic fluctuations on reforestation and afforestation near the distributional
limits of tree species.
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Introduction

Annual radial increments of a tree stem, tree-rings, are commonly used indicators of biotic

and abiotic factors affecting tree growth (Mikola 1950; Fritts 1976; Vaganov et al. 2006).
The great advantages of tree-rings, and especially ring-widths, are that they are obtainable
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at low cost and form coherent and annually resolvable time series that provide a long-term
perspective on variability of individual-to-regional tree growth. Tree-ring variability shows
the influence from age-size related factors, competition and growth resources (Mikola
1950; Fritts et al. 1969; Fritts 1976; Spiecker 2002; Vaganov et al. 2006). Moreover, tree-
rings can be directly calibrated against climatic records (Fritts et al. 1971; Fritts 1976;
Lindholm 1996).

In northern Finland, the tree-ring growth of Scots pine is known to be limited by
summer temperature (Hustich and Elfving 1944; Mikola 1950, 1952, 1962; Sirén 1961;
Hari and Sirén 1972; Pohtila 1980; Lindholm 1996; Lindholm et al. 2000; Helama et al.
2002, 2005a; Macias et al. 2004). In addition, the natural variability in climate over North-
West Europe that may influence the pines is often described using either the index of the
North Atlantic Oscillation (NAO) or Arctic Oscillation (AO) (also called Northern Annular
Mode) (Hurrell 1995; Thompson and Wallace 1998, 2000; Hurrell et al. 2001). This
variability is characterized by an oscillation of atmospheric masses producing large-scale
changes in the mean wind speed and direction over the North Atlantic. The AO is char-
acterized by an alternation of atmospheric mass between the Arctic and middle latitudes,
and it accounts for a significantly larger fraction of the variance in Northern Hemisphere
surface air temperatures than the NAO (Thompson and Wallace 1998, 2000). The NAO
was previously shown to influence the tree-ring growth of the pines by controlling the local
climate variability in northern Finland (Macias et al. 2004).

The timberline in Finnish Lapland is often a broad, transitional zone from forest to
isolated trees, being largely a polar timberline (Veijola 1998). Scots pine (Pinus sylvestris
L.) forms the coniferous timberline in the region (Hustich 1966). These pines represent
some of the northernmost occurrences of the species worldwide (Mirov 1967). The two
stands studied here were artificially regenerated. Seeding occurred during the earlier half of
the 20th century. Initiation of this activity was related to the concern at that time that
ongoing cuttings at the timberline would result in the slow death of the northernmost pine
forests in Finland (Renvall 1912). Subsequent to these concerns, the natural timberline
regeneration has, however, taken place in the region (Hustich 1940, 1948; Sirén 1998;
Juntunen et al. 2002) and, considering the harsh climatic conditions, the artificially
regenerated pine stands investigated here have performed relatively well. The stands were
thinned in the middle of the 1980s. According to Varmola et al. (2004b), the thinning
reaction of the pines was markedly stronger and occurred with a considerably shorter lag
than could have been expected based on previous experiments in northern Finland (Ruha
and Varmola 1997). While the diameter growth response in naturally regenerated stands has
not been clearly observed earlier than 10 years after the thinning in northern Finland (Ruha
and Varmola 1997), the artificially regenerated pines reacted to increase in growing space in
2-3 years at the coniferous timberline (Varmola et al. 2004b). Moreover, pines responded
to thinning systematically according to remaining stand density (Varmola et al. 2004b).
Accordingly, one could hypothesise that the climatic conditions may have been especially
favourable during the critical periods or that the growth of these pines could be related to
climate differently than expected according to literature on natural pines (Hustich and
Elfving 1944; Mikola 1950, 1952, 1962; Sirén 1961; Hari and Sirén 1972; Pohtila 1980;
Lindholm 1996; Lindholm et al. 2000; Helama et al. 2002, 2005a; Macias et al. 2004).

Primary aim of the study was to test this hypothesis and an assemblage of sub-targets
was set to examine the growth variability of the two pine stands in more details by
dendroclimatic analyses. Firstly, the growth of seeded pines was compared to growth of
natural pines. Further, the dendroclimatic analyses of this study aimed to reveal the
potential climatic influences behind the pine growth variability. Previously Varmola et al.
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(2004b) demonstrated the variations in radial increment within the two stands, with ten-
tative climate correlation to annual temperature sum. Our aim was to perform a systematic
growth-climate analysis of seeded and thinned pines using local climate variables and
indices of NAO and AO. Moreover, we aimed to unveil the long-term (decadal to cen-
tennial) climatic frame in which the growth of these pines had occurred. In so doing, we
wanted to show the usefulness of dendroclimatic analyses for forest research, and dem-
onstrate the importance of long-term climatic variations on regeneration and growth
especially in the extremely harsh conditions near the distributional limits of trees.

Material and methods
Seeded and thinned stands

Two experimental stands of Scots pine along the coniferous timberline were studied
(Fig. 1). Both belong to the areas that have been reforested and afforested in the
protection forests of northernmost Finnish Lapland since the 1910s (Pohtila and
Timonen 1980). Stands are located in Pakanajoki (69°33/39” N; 29°10'56” E; 90 m
a.s.l.) and Mierasrova (69°31'33" N; 27°13’00” E; 190 m a.s.l) and are denoted
hereafter as PAK and MIE, respectively. Soil in both stands represents dry forest land
with an organic layer of a couple of centimetres only. Both sites were first prescribed
burned. Broadcast seeding was carried out on the snow cover in spring 1928 in PAK

Arctic Ocean

FINLAND
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Fig. 1 Map showing the study region in northern Finland with squares indicating the weather station of
Karasjok (K) and the seeded stands in Mierasrova (M) and Pakanajoki (P). An oval indicates the
approximate geographical origin of the seeds. The naturally regenerated timberline pines originated from
Kultima (1), Pitk&jarvi (2), Kalmankaltio (3), Luttojoki (4) and Kessi (5)
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whereas MIE was band-seeded in 1939. The pre-thinning stand densities were 1669 and
1972 stems per ha in PAK and MIE, respectively, and the thinning occurred in the
spring of 1985 and 1986. Prior to that date, both stands were slightly thinned in 1952
(PAK), 1955 (MIE) and 1957 (PAK). The thinning treatments were carried out in PAK
and MIE in 40 x 40 m square plots for the densities of 300, 550, 800, 1,050 and 1,300
stems per ha, denoted hereafter as PAKO3, PAKOS, PAKOS, PAK10, PAK13, MIEO3,
MIEO5, MIEO8, MIE10 and MIE13, respectively. In addition, one treatment in both
stands was left unthinned. The ring-widths within the plots of these treatments are
denoted hereafter as PAK99 and MIE99. Each thinning was replicated in four plots in
both of the stands. Seeds used in PAK originated 300 km south of the study site
(Fig. 1), the origin of MIE seeds was unknown but was likely of southern origin.

Dendrochronological work

An increment borer was used to extract cores for tree-ring analysis at breast height. The
ring-widths were measured from each core to the nearest one hundredth of a millimetre.
Ring-widths were cross-dated using dendrochronological approach of Holmes (1983) along
with visual comparison of the produced time series. Dendrochronological cross-synchro-
nization of series by their ring-width characteristics, narrow and wide rings, produces
absolute dating of each sample to an accuracy of one calendar year (Fritts 1976). An
average number of 92 and 80 trees per treatment were sampled in PAK and MIE. In all,
collections of ring-widths in PAK and MIE resulted in 27035 and 18848 measured and
cross-dated individual ring-width values from 551 and 480 trees, respectively.

Naturally regenerated pines

Control chronology contained Scots pine tree-ring series from five natural-grown sites on
the timberline of the same region: Kalmankaltio (68°26" N; 24°42' E), Kessi (69°05' N;
28°50" E), Kultima (68°25' N; 22°53' E), Luttojoki (68°29" N; 28°05’ E) and Pitkdjérvi
(68°18' N; 24°E). Control chronology was constructed as a sub-sample of particularly
young pines (having first ring 1915 or later) that were extracted from much larger tree-ring
network of naturally regenerated Scots pines on the timberline. Due to natural timberline
conditions, these pines were regenerated sporadically during the periods of favourable
climatic conditions and the stands can be characterized by a mixed age structure. This
network was previously described and documented by Macias et al. (2004), Varmola et al.
(2004a) and Timonen (2005). Similarly to seeded and thinned stands, the soils in control
stands represent dry forest land with a thin organic layer. The initial tree-ring material of
these sites was collected and cross-dated (Holmes 1983) similarly to the material from
experimental stands.

Dendrochonological analysis
Series of tree-ring widths are known to contain a trend that is a non-stationary process
partly arising from the geometric constraint of adding an annual volume of biomass to a

stem of a tree with increasing radius (Cook 1985, 1990). The growth trend of many species
ideally exhibits an abrupt and short lived increase in annual growth from the pith to a

@ Springer



New Forests (2008) 35:267-284 271

juvenile growth maximum, after which exponential decrease occurs as a function of
cambial age until the outermost ring (Matalas 1962; Fritts 1976). This is also known to be
the case for Scots pine in northern Finland (Mikola 1950; Cook et al. 1995; Helama et al.
2002, 2004b, 2005a, b). In order to remove this non-climatic trend from the initial ring-
width series, a single growth curve was used to detrend all the individual ring-width series.
Using the formula of modified negative exponential function (Fritts et al. 1969), the
relationship between tree age and radial growth can be expressed as

y=ae ™ +c¢ (1)

where y represents the expected growth value (in mm) according to cambial age x. This
curve was empirically parameterized by Helama et al. (2005b) using a dataset of Scots
pine tree-rings that was thought to represent non-climatic tree ageing on the northern
timberline in Finland for the past centuries. In so doing, the curve (Eq. 1) takes the form

y =0.971e 014 10330 (2)

Initial ring-widths were transformed into dimensionless growth indices as ratios, that is,
the observed ring-width values were divided by expected values of the curve (Eq. 2). This
procedure follows the regional curve standardization that was described by Briffa et al.
(1992). Resulting annual ring-width indices were then averaged according to their calendar
year into 12 different chronologies each representing different thinning treatments in PAK
(six chronologies) and in MIE (six chronologies).

PAK and MIE growth indices were compared to the control chronology. Ring-width
series of this chronology were detrended using the same model (Eq. 2) that was used to
remove the growth trend from PAK and MIE ring-width series. Moreover, in order to
separate the impacts of climate and thinning reaction on ring-widths, the annual index
values of PAK and MIE chronologies were divided by the corresponding indices of the
control chronology. These ratios between the thinning treatment chronology and the
control chronology were hypothesized to reflect the growth release due to thinning with the
minimized climate-driven influence (Haapanen et al. 1979).

Finally, the initial ring-width series were realigned according to their cambial ages and
the mean curve for tree ageing was computed as an average of all realigned series in
unthinned plots, separately for PAK99 and MIE99. Thus attained trends were further
determined using the curvilinear function (Eq. 1) and the modelled growth trends of PAK
and MIE were compared to predetermined regional ageing model of pine (Eq. 2).

Dendroclimatological analysis

Prior to climatic comparison, the growth indices were prewhitened using Box and Jenkins
(1970) methods of autoregressive and moving average time series modelling (Cook 1985;
Guiot 1986; Monserud 1986). The order of the autoregressive-moving average process was
determined using Akaike (1974) Information Criteria. Prewhitening transforms autocor-
related series into a series of independent observations. These indices were used here to
compute relationships between climate and tree-rings.

Identification of climatic features that affected tree radial growth was achieved using the
bootstrapped response functions in a form of principal component regression that was
designed to account for the commonly occurring collinearity of the monthly climatic
variables. Each bootstrap estimate was obtained by generating 1,000 samples (Biondi
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1997; Biondi and Waikul 2004). Ring-width variability was compared to monthly mean
temperatures and precipitation sums in the adjacent weather station of Karasjok (69°28' N;
25°31’ E; 129 m a.s.l) (Fig. 1) that provided high quality records with centennial temporal
coverage representing climatic variability similar to study sites. Monthly indices of North
Atlantic Oscillation (NAO) and Arctic Oscillation (AO) were included in the bootstrapped
correlation analysis (Biondi and Waikul 2004) due to their correlation with local climate
(Fig. 2). The NAO indices of Hurrell (1995) are found from the difference of normalized
sea level pressure (SLP) between Ponta Delgada, Azores and Stykkisholmur/Reykjavik,
Iceland. The AO indices of Thompson and Wallace (2000), identifying AO as the domi-
nant empirical orthogonal function of sea-level pressure variability for the Northern
Hemisphere, are found by projecting the AO pattern onto sea-level pressure anomalies.

In addition to monthly response functions, the growth variability was explained by
seasonal tri-monthly temperature and precipitation variables using linear regression. The
higher the coefficient of the determination (R?) in the regression, the more the climatic
factors explained the variance in the ring widths.

The calibration period for response functions was the interval between 1945 and 1984.
Due to the low number of ring-width series in MIE prior to the 1960s, climate-growth
relationships were derived using the chronology of PAK only.

Results

Pre-thinning growth variability was similar in both stands (Fig. 3a, b). Post-thinning
release interrupted the slight growth decline that had been in evidence since the middle of
the 1970s (Fig. 3a, b). Trees responded to thinning systematically according to remaining
stand density. Lag in response was 2-3 years.

PAK and MIE growth was compared to control chronology as ratios (Fig. 3c, d). The
growth in PAK approximated the growth of the control chronology until the middle of the
1970s (Fig. 3c). Thereafter, relative decline occurred (ratios below one), similar to that
already seen in the ring-width indices (Fig. 3a). This decline lasted until the end of the
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Fig. 2 Correlations (1951-1998) between temperature and precipitation (Karasjok weather station), and
North Atlantic Oscillation (NAO; Hurrell 1995) (gray histograms) and Arctic Oscillation (AO; Thompson
and Wallace 2000) (white histograms) over winter (DJF, December—January—February), spring (MAM,
March—April-May), summer (JJA, June—July—August) and autumn (SON, September—October—November)

@ Springer



New Forests (2008) 35:267-284 273

A T
25} J25
8
® 20} {20
2
=
& 115
8
= 10F 11.0
05t 405
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
Calendar year Calendar year
c 1.5- T T T T T T ] D T T T T T T
S 115
=
[=]
Q
5 10}
g
£ 110
=
=t
2
T 05f
o 405
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000
Calendar year Calendar year
E T T T T T T T F T T T T T T T
25} 1 F 125
£ PAK99 | |
E Control ——— MIE99
% 29 1 i i Control | 12°
8 g
. N
2 15; | 3 . 415
210_ "'“-».~ J L 41.0
(=) ]
g
g 05 Serss e - \\\ 405
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Cambial age Cambial age

Fig. 3 Tree radial growth expressed as growth indices in PAK and MIE stands, shown separately for
thinning densities of 300, 550, 800, 1,050 and 1,300 stems per ha and for unthinned plots (gray area
emphasizes the post-thinning period). Pines in differently thinned plots responded to the thinning in
proportional fashion, so that the more intense the thinning was, the more amplified was the growth release
afterwards (a, b). Also shown are the ratios between the thinned and control tree-ring indices (¢, d). The two
lowermost plots (e, f) compared the ageing growth trends in PAK99 and MIE99 (unthinned) and in control
dataset (Helama et al. 2005b)
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records in unthinned plots; only thinning was able to interrupt this decline. In MIE
(Fig. 3d), the decline was very similar to that in PAK. However, as the overall growth level
was higher in MIE, this decline did not result in such a poor growth as in PAK. The post-
thinning radial growth (1989-1998) in PAKOS5 and PAKO8 corresponded to the growth
during the same period in the control chronology (Fig. 3c). In the case of the MIE stand,
where the overall growth was better already prior to thinning, growth comparable to the
control chronology was attained with slighter thinning, in MIE13 (Fig. 3d). In the two
stands, the post-thinning tree-ring widths (1989-1998) were 154% (PAKO3) and 184%
(MIEO3) of the width expected due to tree age; without thinning, the tree-rings were
markedly narrower than expected by tree age, 69% of the expected growth in PAK99 and
79% in MIE99 (Fig. 3c, d).

The ageing growth trends for PAK and MIE were compared to theoretical pine ageing
curve in the region (Eq. 2). The juvenile growth of PAK99 and MIE99 was markedly
higher than could be expected according to the curve (Fig. 3e, f). This relationship was
reversed as the pines got older, from a cambial age of 30 years, as counted from tree-ring
series, upwards (Fig. 3e, f). Since the trees were sampled at breast height, they were
actually around 20 years older than this and the corresponding point thus occurred at a
cambial age of c. 50 years.

Markedly high correlation between the two chronologies, PAK and MIE (Table 1),
implied that the climatic growth component was probably very similar in both of them.
Climatic impacts on growth were interpreted in detail using the response functions (Fig. 4).
Six out of 24 monthly temperature and precipitation variables were found to have a
statistically significant influence on pine radial growth during the calibration period (1945-
1984), only one of these six being negatively correlated with growth. All three significant
temperature variables were positively correlated with growth including the influence of
mean temperatures of the previous October, previous March and current July. Precipitation
sums that influenced tree growth positively were the previous January and May. November
precipitation of previous autumn was negatively related to pine growth. Moreover, the pine
growth could be statistically related to NAO indices of the previous November and con-
current June and to AO indices of February. All these monthly indices had positive
influence on growth. These responses could be used to assess the thinning response in the
context of contemporary climate. Accordingly, it was found that the thinning response may
have benefited from the prolonged positive phase of February AO and March temperatures
(Fig. 5). Moreover, none of the 9 monthly variables showed markedly negative phase over
the post-thinning years (Fig. 5) and it thus seemed likely that the climate was in general
favourable to thinning release.

While pre-thinning radial growth in PAK and MIE closely resembled each other, the
radial growth was evidently more dissimilar in the control chronology (Table 1; Fig. 6a).
To summarise, the climate of the previous autumn had great influence on the growth in the
seeded stands, whereas a similar relationship was absent from control chronology
(Table 2).

Table 1 Pearson correlations (r) between PAK99, MIE99 and control chronologies calculated over the
period 1956-1984

Correlations PAK versus MIE PAK versus control MIE versus control

r 0.913 0.594 0.475

Visual comparison between these chronologies is possible in Fig. 6
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Fig. 4 Relationships between the tree-ring indices and monthly meteorological variables of previous (small
letters) and concurrent year (capital letters) to growth. Significant relationships are indicated as filled
histograms

Discussion

Previous observations had shown that the seeded and thinned timberline pine stands had
grown surprisingly well (Varmola et al. 2004b). The growth success of timberline Scots
pine is depending on climate probably more than pine growth in any other environment
(Mikola 1950; Ilvessalo 1970; Lindholm et al. 2000; Helama et al. 2005a). Accordingly,
we hypothesised that either the climatic conditions had been especially favourable during
the critical growth periods or that the growth of the seeded pines could be related to climate
variability differently than the growth of naturally regenerated pines. A set of analyses was
performed in order to compare the growth variability of these pines to growth of naturally
regenerated pines and to local and large-scale climate variations. Hereafter, dendrochro-
nological and dendroclimatolgocial results are discussed in the context of previously
published knowledge of timberline pine growth.
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Fig. 5 Local climate fluctuations over the pre- and post-thinng (gray area) periods exemplified with those
nine meteorological variables that were shown to have significant influence on growth (Fig. 4). Thin and
thick lines indicate the year-to-year and decadal variability in climatic features, respectively, about the long-
term mean (horizontal line)

Thermal climate at the coniferous timberline

The harshness of the local climate could be best viewed in the context of the growing
season temperatures. According to Norokorpi (1994), the polar timberline of conifers in
Finland can be generally expressed as a temperature sum of 600 degree-days and the
tree-limit by 550 degree-days. According to the logistic regression model of Mikkola
and Virtanen (2006), the timberline can be expected to have a temperature sum of 591
degree-days (R® = 0.44) and a mean July temperature of 12.2°C (R> = 0.47). Mean
temperature sums for PAK and MIE were as low as 667 and 618 degree-days,
respectively, with a range of 443-979 and 404-930 degree-days between the years
1961 and 1990 (Varmola et al. 2004b). While the inter-annual variability in thermal
climate is ample, the seeded and thinned stands are both located in phytogeographical
positions where the climatic conditions have recently remained only slightly milder
than the theoretical timberline climate.
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Fig. 6 Tree radial growth as tree-ring indices in PAK99 and MIE99 as well as in the control sites since
1915 (a). The 20th century pine growth has been anomalously good in the context of past centuries (the data
for long chronology comes from Helama et al. 2005b) (b)

Table 2 Tree-ring variance explained (R®) by monthly temperature and precipitation variables over
previous autumn (SON, September—October—November), winter (DJF, December—January—February),
spring (MAM, March—April-May) and summer (JJA, June—July—August)

Climatic influence SON DIJF MAM JJA
Seeded 0.480 0.306 0.308 0.290
Control 0.191 0.166 0.343 0.227
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Pine growth and local climate

Similarly to our study, the positive influence of mean temperatures of the previous October
on pine growth has been found in some of the high latitude studies in Finland, Norway and
Sweden (Lindholm 1996; Kirchhefer 1999; Linderholm 2002). According to Lindholm
(1996), this response was common to a variety of sites in the northern timberline region in
Finland. The effect of mean temperatures in March, which was detected as a positive and
significant growth controlling factor, appeared only in some sites or over limited time
intervals according to previous studies in Norway and Sweden (e.g. Linderholm 2002;
Kirchhefer 2000). According to Kirchhefer (2000), this response was related to heat
advection by moist south-western air masses during this particular time of the year, under
the threat of winter-desiccation, especially at south-facing slopes.

The prominent positive influence of the mean temperatures in July on Scots pine ring-
widths in northern Finland, Norway and Sweden has been described by several authors
(Erlandsson 1936; Hustich and Elfving 1944; Mikola 1950; Schove 1950; Sirén 1961;
Lindholm 1996; Briffa et al. 1988; Kirchhefer 1999, 2000, 2001; Helama et al. 2004a;
Macias et al. 2004). In general, the temporal variability in the growing season temperatures
largely determines the growth variability of the trees at high altitudes and latitudes. The
dependency of growth on summer temperatures and its connection to the seasonal stage of
development was described for Scots pine in northernmost Finland in fine detail by Hari
and Sirén (1972). According to Helama (2004a), the relationship between July mean
temperatures and pine ring-widths can be proved to be time-independent over the past
300 years, whereas the relationships between June and August temperatures and growth is
clearly time-dependent in northernmost Finland. Although July temperatures influenced
the growth of seeded pines significantly and positively (Fig. 4), the strength of this
influence was weaker than previously shown to be the case elsewhere in the region and in
adjacent areas. This observation may, at least partly, explain the low correlation between
the control chronology and studied stands (Table 1).

Among the precipitation sums that significantly influenced tree growth (Fig. 4), the
precipitation in May is well described over several sites in the region and also in the
vicinity (Lindholm 1996; Kirchhefer 2001; Macias et al. 2004), but also across the country,
from northern to southern Finland (Lindholm et al. 2000; Helama et al. 2005a). According
to Kirchhefer (2001), this response can be associated with the inducing effect of rainfall on
snow-melt and soil warming at that time of the year. Positive influence of the precipitation
sum in January was also found by Lindholm (1996) to be apparent in some sites in
northernmost Finland, and by Kirchhefer (1999) in northern Norway. As parallel evidence,
it is known that very thin snow cover in combination with low temperatures may cause
damage to pines, especially in northern Finland (Jalkanen 1993). As a matter of fact, the
same processes may interact behind the positive influence of February AO (Fig. 4).

In general, the climate of the previous autumn had great influence on the growth in the
seeded stands, whereas similarly strong relationship was absent from control chronology
(Table 2). Interestingly, the overriding dependence of growth variability on climate of the
previous autumn has not been statistically described in previous studies in the region or
adjacent areas, but could potentially be related to the hardening processes of the trees to the
dormancy. Along with the relative weak response of seeded pines to mid-summer (July)
temperatures, the results may emphasize the potential difference in the genetic origin of the
two tree groups, that is, northern and southern seeds of the naturally and artificially
regenerated pines, respectively. Genetic differentiation is indeed imprinted in the tree-ring
growth of Scots pine: seeded under identical climatic conditions, the pines of southern
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origin show a later cessation of ring growth and transition to dormancy, and likewise a
higher sensitivity to late growing season climate (Savva et al. 2001, 2003, 2006). This
pattern could explain the difference in the climatic growth response between the artificially
(seeds of southern origin) and naturally (seed of local northern origin) regenerated pines.

North Atlantic Oscillation and Arctic Oscillation

The use of NAO and AO indices as predictors of tree-ring variability was decided due to
the fact that these phenomena seem to have significant influence over the local weather
(Hurrell 1995; Uvo and Berndtsson 2002) (Fig. 2). Actually already Brier (1948) and
Pohtila (1980) pointed to the importance of hemispheric surface pressure pattern and zonal
circulation for the growth of northern Finnish pine tree-rings.

Negative growth influence of the precipitation sum of the previous November could be
associated with the positive growth response to NAO of the same month (Fig. 4): corre-
lation between November precipitation and November NAO was —0.48; and the
correlations between tree-rings and November NAO indices, and tree-rings and November
precipitation sums were 0.32 and —0.45, respectively. It seems that November NAO does
not explain this relationship better than November precipitation, but the significant cor-
relation between tree-ring and NAO indices is merely a reflection of NAO’s influence on
the local precipitation. This seems not to be the case for the positive and significant
correlation between June NAO and tree-ring indices (Fig. 4). This is a relationship that has
been found in some of timberline sites in Finland, Norway and Sweden (Linderholm 2002;
Macias et al. 2004; Helama et al. 2005b). However, neither June mean temperature nor
precipitation sum separately influence the growth significantly. It could be even proposed
that June NAO may actually describe the response to climate over a broader time-window
and represents a transition from the snow-melt to the mid-summer warmth, bearing the
features of both of these two important growth factors.

Post-thinning pine growth and climate

As already noted by Varmola et al. (2004b) and exemplified here (Fig. 3), the thinning
reaction was markedly better than could have been expected according to the previous
experiments in northern Finland (e.g. Ruha and Varmola 1997). The reaction was espe-
cially notable considering the harshness of the growing habitats and the greatly limited
growth resources. Post-thinning growth was systematically better, the more intense the
thinning. In addition, the growth ameliorated within only 2-3 years in PAK and MIE
(Fig. 3), whereas the previous studies have documented a delay of 10 years for thinning
growth reaction (Ruha and Varmola 1997). Yet, previous study from Finland had shown
that weakness of the thinning reaction could be associated to dryness of the site (Hynynen
and Arola 1999) by contrast, the PAK and MIE both represent dry forest soil. Moreover,
the studied stands are situated at the timberline, whereas the previous studies focused on
more southern pines. The better than expected growth response to thinning could be
viewed in the context of climatic fluctuations.

It may be possible to associate the growth reaction with the prolonged positive phase of
February AO and March temperatures (Fig. 5), which were, based on response functions
(Fig. 4), both found to have significant impact on growth. The positive anomalies of both
of these variables are probably interrelated, and associated with the significant excursion of

@ Springer



280 New Forests (2008) 35:267-284

the winter-time AO, with prolonged positive phase in the recent past (Thompson and
Wallace 1998).

While the site dryness was previously shown to diminish the pine thinning response
(Hynynen and Arola 1999), precipitation in May was consistently found influence the pre-
thinning growth positively in this study (Fig. 4). Similarly, the growth reduction that
occurred during the end of the 1960s in both PAK and MIE stands was evidently coeval to
multi-year decrease in May precipitation (see Fig. 5). Interestingly, the notably wet May in
1989 coincided with the starting year of especially enhanced post-thinning growth (Fig. 3).
Although transient in character, the early-summer wetness (in 1989) may have contributed
to the initiation of the positive thinning response.

Centennial variation in pine growth

Timberline pine growth is characterized by ample year-to-year variations, visible in PAK,
MIE and control chronology (Fig. 6). Growth in PAK and MIE was especially well cor-
related with each other, but also, albeit less well, with the control chronology (Table 1;
Fig. 6a). In addition to short-term growth variations, considerable changes in the growth at
longer time-scales occurred as well. In general, the 20th century has experienced markedly
good radial growth compared to the 19th century (Fig. 6b). A favourable growth period
occurred especially during the 1920s and 1930s. This was a positive afforestation and
growth phase that was noted and discussed already by contemporaries (Hustich 1940,
1948; Mikola 1952, 1962) in association with the general amelioration of the regional
climate during the same period of time (Rogers 1985; Przybylak 2000). This is also a
period during which the northern timberline exhibited a clear increase in the regeneration
success of pine (Hustich 1940, 1948; Sirén 1998; Juntunen et al. 2002) and during which
the stands were seeded.

It is likely to studied stands benefited (especially PAK) from the advantageous climatic
phase. Although the growth (and apparently the favourability of the climate) did not reach
the level of the 1920s and 1930s during the rest of the century, it is notable that the growth
of the natural pines in Lapland during the later part of the 20th century remained at a higher
overall level than the 1800s growth (Fig. 6). Even the growth during the 1960s, which was
a particularly unfavourable period in the region’s forestry (e.g. Pohtila 1979) was not
comparable to the disadvantageous growth periods during the 19th century. The growth
deterioration during the first decades of the 19th century was probable among the worst
growth intervals over the past eight centuries (Fig. 6b). Actually, the 19th century has been
thought to be perhaps the coldest interval in the Northern Hemisphere (Mann et al. 1999)
and in the study region (Helama et al. 2002) over the past millennium, belonging to a
multi-centennial climatic interval commonly referred to as the ‘Little Ice Age’, during
which a cool climate is thought to have prevailed over wide area especially between AD
1570 and 1900 (Matthews and Briffa 2005). Apart from climatic factors, also the nitrogen
deposition has been speculated to influence the growth of European forests positively over
the recent times but we note that its influence is supposed to be low in northern Europe
(Spiecker 1999).

Given that the years of unfavourable growth were also amongst the years of disad-
vantageous pine regeneration (Sirén 1961, 1993), the negative phases of growth curve
(Fig. 6b) determine the historical intervals during which pine seed or seedling performance
were likely to be absent or very poor, and vice versa. This may be a rough picture of the
realms of the long-term timberline pine growth (~forestry practices) possibilities in
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northernmost Lapland and it shows that during the past two centuries, temporally no less
than the common life span of naturally grown pines, climate conditions have varied
between the extremes, from the especially unfavourable 19th to the generally favourable
20th century. The highly variable past conditions indicate general instability of the regional
climate also in the future, with concomitant influences on forestry practices.

Conclusions

Reforestation and afforestation activity that took place during the 1920s and 1930s have
resulted in successfully seeded pine stands in Pakanajoki and Mierasrova. Tree-rings of
these pines provide insights into the growth variations of relatively young stands in cli-
matologically harsh timberline environment. One more interesting aspect comes from
southern origin of seeds. Altogether, the stands serve the forest researchers an interesting
and unique experiment.

It was found that while pre-thinning tree-ring variability in seeded stands closely
resembled each other, the growth in the naturally regenerated stands in the region was
evidently more dissimilar. The growth of naturally regenerated pines has previous shown
to correlate strongly with mid-summer temperatures whereas the growth of seeded pines
was only moderately related to mid-summer conditions. It is also presumable that the
different genetic origin of seeded stands resulted in climate-growth relationships that were
expressed as profound dependence on autumn climate in the previous year. Such rela-
tionship could potentially be attributed to the hardening processes of the trees to the
dormancy via a later cessation of ring growth in pines of southern genetic origin.

It was also found that the pines were seeded and thinned during the periods that were
rather favourable for both activities. The warmth of summers especially in 1930s contrasts
sharply with the centennial summer cooling of the 1800s that preceded the 20th century
climatic amelioration. Post-thinning growth occurred under the climate that likely bene-
fited the reaction to increase in growing space. Prolonged positive phase of the Arctic
Oscillation (Northern Annular Mode) in winter overlapped the post-thinning period with
conceivable influence on the successful growth release. The results illustrate the might of
climatic variability to determine the success of silvicultural practices near the distributional
limits of the species.
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