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»  Tree-ring indices of Scots pine showed decadal variations and a prolonged reduction both on
mineral soil sites and peatlands after the mid 2000s.

* The indices of Norway spruce had less pronounced decadal variations and no trend-like
reduction over the last 15 years.

*  Temperature and drought explain some part of the observed growth variability.

After a decades-long increasing trend, the recent results of the National Forest Inventory (NFI)
reported a decline of forest growth in North Finland. The aim of this study was to assess climatic
and reproduction influences behind the growth decline. We used tree-ring data that had been
collected by NFI using systematic sampling. The tree-ring width series were detrended using
the regional curve standardisation (RCS) removing age-related trends. The resulting tree-ring
indices of Scots pine (Pinus sylvestris L.) showed decadal variations with low increment in the
1990s, and high increment in the 1980s and the early years of the current century. Thereafter,
a prolonged growth reduction for pine started both on the mineral soil sites and peatlands. The
tree-ring indices of Norway spruce (Picea abies (L.) Karst.) had less pronounced decadal vari-
ations and no trend-like reduction over the last 15 years. High spring and summer temperatures
were found to enhance radial growth, but high winter temperatures were related to low growth
for pine and spruce in the following summer. Temperature variation, accompanied by variables
indicating years of drought and intensive flowering, accounted for 34% annual growth variance
of pine and 21-44% for spruce. Thus, the results imply that climatic factors may have to some
extent contributed to the recent growth reduction of pine. Due to its ecological and economic
consequences growth decline needs to be further monitored and investigated. Moreover, analyses
of stand and age structure, potentially affecting the growth decline, were beyond the scope of this
paper, but also warrant further investigation.
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1 Introduction

Arctic forests are strongly influenced by the ongoing changes in the global climate system. Clearly
warmer temperatures have already been measured at the northern regions and the trend has been
predicted to continue towards the end of the 21st century, but the projections on precipitation are
more variable (Vihma et al. 2016; IPCC 2021). Large-scale greening detected in northern regions
since the early 1980s based on remote sensing vegetation data is thought to be caused by climate
warming (Myneni et al. 1997; Nemani et al. 2003). Fennoscandia belongs to the region where
warming has been extensive since the 1970s with a strong Atlantic influence modifying the sea-
sonal climatic patterns (Marshall et al. 2018) and affecting vegetation and tree growth (Henttonen
et al. 2017; Helama et al. 2018).

Previous studies have indicated that summer temperature is the main climatic parameter
influencing tree growth in northern Fennoscandia, (Mikola 1950; Helama et al. 2004; Korpela et
al. 2011). In addition, high spring temperatures have enhanced snow and soil frost melting and
consequently tree growth (Hordo et al. 2011; Helama et al. 2013). Apart from temperature, the Arctic
moistening affects the Arctic forests of northern Fennoscandia through increased precipitation and
cloud cover (Helama et al. 2018). However, growth response to precipitation has generally been
weak in northern boreal forests (Salminen et al. 2009; Korpela et al. 2011; Fleischer et al. 2022),
even though our previous results indicated that water availability and drought may influence tree
growth also at the high northern latitudes (Henttonen et al. 2014). As climate changes, the factors
limiting tree growth are in change and the established knowledge on climate-growth relations may
not apply. Thus, the recent and future changes in climate may lead to increasing uncertainties in
forest growth predictions.

Apart from the direct climate-growth relationship, tree growth is linked to fluctuations in cli-
matic conditions via reproduction complicating climate-growth studies. Abundant seed production
constitutes an important resource investment and relocated allocation from growth to reproduction
(Pukkala 1987; Despland and Houlle 1997; Climent et al. 2008; Vila-Cabrera et al. 2014).

Investigations on growth trends have indicated increasing forest productivity in central
and northern Europe (Pretzsch et al. 2014; Henttonen et al. 2017; Socha et al. 2021). However,
recent results of the Finnish National Forest Inventory (NFI) reported a decline of forest growth
in North Finland, a deviation from a decades-long rising trend in volume growth (Korhonen et al.
2021a,b). The most recent annual volume increment estimate for North Finland was 3.3 M m?a~!
(—11%) smaller than the previous one, most of the decrease being targeted to Scots pine (Pinus
sylvestris L.). In addition, a negative trend in tree-ring data of Scots pine was found over the past
~15 years (Korhonen et al. 2021b). In contrast, the growth of Norway spruce (Picea abies (L.)
Karst.) show only a slight reduction during the same period. Generally, the growth of Norway
spruce in Fennoscandia has been expected to be less resilient to climate warming and associated
increase in prolonged extreme weather events, rather than the growth of Scots pine (Kelloméki et
al. 2018; Matkala et al. 2021). Due to its shallow root system and long transpiring crown, Norway
spruce is sensitive to periods of limited water availability. Indeed, droughts have been shown to
limit growth of Norway spruce trees and result in mortality in southern Finland (Mékinen et al.
2001; Jyske et al. 2010).

The growth decline is widespread, as the NFI is based on systematic cluster sampling over
the region and the confidence intervals for the growth estimates are narrow (Korhonen et al. 2021b).
The extent of the decline is worrisome not only for forest owners but also for the society as a whole
as wood consumption in the region is increasing due to a new bioproduct mill, the largest-ever
investment by forest industries to Finland, and enlargements of sawmill industries, motivated by
the recent high demand of pulp and saw timber. Moreover, additional mills are being planned.
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Lack of explanation for the substantial decline is a handicap for accurate assessment of annual
sustainable cuts and for determining appropriate silvicultural practices enhancing forest growth.

The analyses of this study were motivated by the observed decline of the overall forest
growth and the downturn of tree-ring indices of Scots pine in North Finland. Recent data show an
increase in summer temperatures in the region since around 1980 (Irannezhad et al. 2015; Meier et
al. 2022), linear trends corresponding to 2.1°C warming both of June—August and May—September
seasons observed in Sodankyld meteorological station (central Finnish Lapland) since that date
(calculated from open data available at fmi.fi). Contrary to expectations that warmer summers
enhance northern conifer growth, the recent warming has not led to increased growth in North
Finland (Korhonen et al. 2021D).

The aim of this study was to assess potential climatic influences behind the growth decline.
Moreover, we compared the climate-growth relationships of Scots pine and Norway spruce to
unveil potential differences between these two main tree species of the region. As site properties
may have a profound effect on growth response, we analysed climate-growth relationship of both
tree species separately on mineral soils and on peatlands where growth frequently is limited by
excessive amount of water, not lack of it (Edvardsson et al. 2015; Blanchet et al. 2017; N&jd et al.
2017). We used the extensive tree-ring data systematically sampled as a part of the NFI. Thus, the
data represent the forests in North Finland (except for the three northernmost municipalities), in
contrast to targeted sampling of old trees on ecologically marginal sites (cf., Klesse et al. 2018).

2 Material and methods

A systematically sampled set of increment cores were collected from North Finland by the NFI
during the years 2004-2021. The study region of this paper consists of the NFI sampling regions
of ‘Lapland and Kuusamo’ and ‘Ostrobothnia and Kainuu’ (Korhonen et al. 2021a), excluding
‘Upper Lapland’, i.e., the three northernmost municipalities (Enonteki6, Utsjoki and Inari). The
sampling design in the NFI has been based on systematic cluster sampling (Tomppo et al. 2011;
Korhonen et al. 2021a). Tree measurements were made on circular sample plots where the plot
radius depend on stem diameter. Sub-samples of the trees were selected as sample trees by weight-
ing the sampling probability with stem basal area. The NFI data included a high number of stands
and sample trees (23 048 Scots pine and 8277 Norway spruce trees, hereafter pine and spruce)
on forest land and poorly productive forest land. However, the sample size of the cored trees has
decreased over the recent years because an increasing number of sample plot clusters have been
established as permanent which means that the sample trees are not cored (Supplementary file S1,
available at https://doi.org/10.14214/sf.10769). In the ongoing cycle (NFI13), the proportion of
temporary clusters is 20%.

The data were stratified into four subgroups according to tree species (pine, spruce, but
excluding deciduous trees which together represent 18% of the total volume of growing stock
in the region) and main site type (mineral soils, peatlands). There are 3.8 M ha of peatlands on
productive and poorly productive forest land, which make up 34% of the total area of productive
and poorly productive forest land in North Finland (Korhonen et al. 2021a).

On every sample tree, an increment core was collected from the bark to the pith at breast
height (1.3 m). The rings of the cores were measured to 0.01 mm using the WinDendro™ software
(Regent Instruments Inc., Quebec, Canada) and visually cross-dated. The trees with less than six
rings were excluded from this study. The tree-ring width series of years 1970-2021 were detrended
by using the regional curve standardisation (RCS) removing age-related trends from tree-ring data
(Briffa et al. 1992; Helama et al. 2017). The RCS curve was calculated by averaging the tree-ring
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widths according to their age from pith outward (adjusted by pith offset estimate) and the mean of
all the series was modelled by a stiff spline (Suppl. file S2). The tree-ring indices (/Rind, ;) were
calculated as ratios between the measured values (/R;;) and the RCS curve values (/Rpcs;) for the
appropriate tree age i for tree ¢:

IR,;
1Rind,,,-:[ Lt —1}100 1)
RCS,i

The tree-ring indices were then averaged by calendar year into a mean time series. The RCS
standardisation was separately performed for the four subgroups, i.e., pine and spruce on mineral
soil sites and peatlands. A plot was classified as peatland site if the thickness of the peat layer
covering the mineral soil was over 30 cm.

Data on cone production were included in the analysis to account for growth reductions due
to intensive flowering and cone production. The intensity of cone production was obtained from
the Natural Resources Institute Finland (Pekka Helenius, unpublished). The data contained the
average number of cones per sample tree in 34 and 18 stands for pine and spruce, respectively,
in North Finland. The cone crop measurements were initiated in 1979, i.e., they did not cover the
early part of the study period. To identify the years of intensive flowering and cone production
(‘mast’ years), a threshold of 60 and 66 cones per tree for pine and spruce, respectively, was defined
based on the 90th quantile of cone production and visual inspection of the cone data. If the cone
production exceeded the threshold, the year in question in spruce and the previous year in pine
was marked as an intensive flowering year (Flowering=1) and the other years were marked as
normal years (Flowering=0). For pine, the years of abundant number of cones were also marked
as years of intensive cone production (seed maturation) as cone development period of pine is one
year longer than that of spruce (Cone=1/0).

Weather data (daily mean temperature, precipitation sum, global radiation) were obtained
from the Finnish Meteorological Institute. The data set covering the period 1970 to 2021 consist of
daily values interpolated into a 10 x 10 km grid (Venéldinen and Heikinheimo 2002). The weather
data for each plot having sample trees were extracted and averaged using the NFI plot-level latitude
and longitude coordinates. Because the mean temperature and global radiation were significantly
correlated, global radiation was omitted from the analyses. Because the impact of severe droughts
on tree growth is not well known at the high northern latitudes, we identified the years with lowest
July precipitation as drought years (Dry=1) and the other years as normal years (Dry=0), in the
same way as for the flowering and cone production, based on the 90th quantile and visual inspec-
tion of July precipitation distribution. Accordingly, the years with lowest June precipitation were
identified as drought years, but they were unrelated to the growth variation and the variable was
not retained in the final analysis.

Pearson correlation coefficients over years 1970-2021 were calculated between the tree-ring
indices and mean monthly temperatures and precipitation sums from the June of the previous year to
the August of the current year. The correlations were calculated separately for pine and spruce and
for mineral soils and peatlands. To quantify and simultaneously estimate the effects of the weather
variables, drought, flowering and cone production, a linear model was fit to the mean chronologies
for both tree species and main site types. Because the physiological processes and rates of reac-
tions that lead to ring formation are often non-linear rather than linear (Cook and Pederson 2011;
Wilmking et al. 2020), a natural log-transformation was applied to the increment indices and to
the weather variables, except for the winter temperatures and the dummy variables for flowering,
cone production and drought. The Durbin-Watson statistic was used to test for autocorrelation in
the residuals of the model. The statistical analyses were performed in the SAS software (transreg,
arima and reg procedures), version 9.4 (SAS Institute Inc. 2013).
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3 Results
3.1 Growth variation

The tree-ring indices of pine showed highly similar annual variation on mineral soil sites and
peatlands (Fig. 1A). In the 1970s, years with especially high increment were 1976 and 1979. In the
1980s, the tree-ring indices of pine were positive for several years, but the 1990s was a decade of
low increment with especially low indices in 1992 and 1995. Thereafter, the growth recovered, and
the indices were positive until 2006. A prolonged growth decline started after 2006 and the tree-
ring indices of pine have been negative for the latter part of 2000s and the whole 2010s, except in
2011 and 2012. On the peatland sites, the recent decline has been even greater than on the mineral
soil sites and the indices have fallen below the low values of the early 1970s.
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Fig. 1. Tree-ring indices of Scots pine (A) and Norway spruce (B) on mineral soil
(continuous line) and on peatlands (dashed line) in North Finland.
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The tree-ring indices of spruce also showed similar variation on the mineral soil sites and
peatlands, but the indices had less pronounced decadal variations than for pine (Fig. 1B). Like
for pine, a period of high increment occurred in the 1980s. Moreover, the indices of spruce were
mainly positive in the early and middle 2000s, like the indices of pine. However, no continuous
growth decline could be found for spruce during the last 15 years, only the sudden low peak of
2015. The low visual parallelism of the pine and spruce indices (Fig. 1) was confirmed by their
low correlation on the mineral soil sites and peatlands (pine vs spruce on mineral soils r=0.22,
p=0.12; pine vs spruce on peatlands r=0.23, p=0.11).

3.2 Correlations with weather variables

The tree-ring indices of pine were positively correlated with the spring temperature (April-May),
especially on the mineral soil sites (Fig. 2A,B). High July temperatures seemed to promote pine
growth on the mineral soil sites, but no correlation was found for peatlands. In addition, high
winter temperatures (December of the previous year, January of the current year) were related to
low tree-ring indices of pine in the following summer on both mineral soil sites and peatlands. The
correlations with monthly precipitation were low on both main site types, and generally negative
on peatlands.
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Fig. 2. The correlation coefficients between the tree-ring indices and monthly precipitation sums (Prec) and mean tem-
peratures (Temp) from June of the previous year (small letters) to August of the current year (capital letters) in years
1970-2021 for Scots pine (upper row) and Norway spruce (lower row) on mineral soil (left column) and on peatland
(right column) in North Finland. The dashed horizontal lines are 0.05 significance levels.
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Warm spring and early summer were related to high tree-ring indices also for spruce
(Fig. 2C,D). In addition, high June and July temperatures seemed to promote spruce growth on
both main site types. High winter temperatures seemed to be detrimental for spruce growth on
the mineral soil sites, but the highest negative correlations occurred a few months later (February,
March) than for pine. On peatlands, the correlations between the winter temperatures and tree-
ring indices were low. The correlations with precipitation were mainly positive and higher on the
peatlands than on the mineral soil sites.

3.3 Models explaining the growth variation

Based on the correlation analyses, winter, early summer and midsummer temperatures were
selected as independent variables to the linear model, in addition to the variables indicating the
years of intensive flowering and cone production and midsummer droughts. As already indicated
by the correlations, high early and midsummer temperatures were positively related to the tree-ring
indices of pine, and high winter temperatures seemed to impair growth in the following summer
(Table 1). Moreover, the years of intensive flowering (1981, 1995, 1996, 2003) and droughts (1980,
1994, 2018, 2019) were negatively related to the tree-ring indices of pine on both main site types.

Table 1. Parameter estimates and their standard errors (S.E.) of the
tree-ring index models in years 1970-2021 for Scots pine and Norway
spruce on mineral soil and peatlands in North Finland.

Scots pine Norway spruce

Parameter S.E. Parameter S.E.
Mineral soil
Int. —0.625 0.373 -1.257 0.246
T 12,1 -0.012 0.004 -
T3 - -0.018 0.005
In(T45) 0.082 0.028 0.064 0.027
In(Te) - 0.420 0.096
In(T7) 0.152 0.137 -
Flower —0.061 0.051 -
Dry -0.127 0.052 -
R2 0.34 0.44
Pr<DW <0.01 <0.01
Peatland
Int. -0.289 0.066 -0.921 0.503
T 121 —-0.020 0005 -
In(T45) 0.081 0.039 0.111 0.038
In(T5) - 0.291 0.186
Flower —0.083 0.071 -
Dry —0.188 0.071 -
R2? 0.33 0.21
Pr<DW <0.01 <0.01

T_12,1: mean temperature of previous year December and current year January
T, 3: mean temperature of current year February and March

Ty4,s: mean temperature of current year April and May

Te: mean temperature of current year June

T7: mean temperature of current year July

Flower: intensity of flowering and cone production

Dry: intensity of drought in current year July

Pr<DW: p-value for testing positive autocorrelation
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However, no relationship was found to the years of intensive cone production (variable Cone, see
the Material and methods). The relationships between the weather variables and tree-ring indices
were similar in spruce as in pine, except that the winter temperatures were not related to the tree-
ring indices of peatland spruces (Table 1). In addition, no relationship was found between spruce
growth and the years of intensive flowering (1986, 1989, 1994, 2018) and midsummer drought.

The predictions of the linear model had similarities with the annual and decadal growth
variations of pine both on the mineral soil sites and peatlands (Fig. 3A,B). However, the mag-
nitude of the variation in the observed tree-ring indices was clearly higher than in the predicted
indices. Thus, the predicted tree-ring indices for pine were lower during the first years after the
turn of the century, and the growth reduction thereafter delayed and less steep than the observed
one. Accordingly, the linear model reproduced the growth variation of spruce on the mineral soil
sites, excluding the early 1970s, but the peaks of the observed indices were higher and the valleys
lower than those of the predicted indices (Fig. 3C). In general, the predictive power of the models
was rather low R? ranging from 0.21 for spruce growing on the peatlands to 0.44 for spruce on
the mineral soil (Table 1). Moreover, the Durbin-Watson pointed to positive autocorrelation in the
residuals of the models.
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Fig. 3. The measured and predicted tree-ring indices (continuous and dashed lines, respectively) for Scots pine (A and
B, upper row) and Norway spruce (C and D, lower row) in years 1970-2021 on mineral soil (left column) and on peat-
land (right column) in North Finland. The indices were predicted by using the models in Table 1.
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4 Discussion

Forests trees have been shown grow faster under current climate than trees in otherwise similar
conditions a few decades ago in Central Europe and Fennoscandia (Henttonen et al. 2017; Socha
et al. 2021). As climate is expected to become warmer, the increasing trend in growth has been
projected to continue (Kelloméki et al. 2018; Héarkonen et al. 2019). The observed lower growth
of pine, both in terms of the dimensionless tree-ring indices (i.e., mean growth of individual trees)
and annual volume increment measured as m3 ha~! a~!, contradicts the predictions. The results of
this study demonstrated that a parallel decline has occurred both on the mineral soil and peatland
sites, with a greater drop on the peatlands. Despite the considerable decline of pine, no trend-like
reduction was found for spruce growth. The variation in weather and flowering accounted for
one-third of the pine growth variance and the variables describing weather were also able to partly
reproduce the recent decline.

The results of this study corroborate the results of several previous studies (Mékinen et al.
2000; Helama et al. 2004; Korpela et al. 2011) in that high summer temperatures promote tree
growth at the northern latitudes. However, the correlations with summer temperature were rather
low. Based on a global network of tree-ring data, Babst et al. (2019) found a positive correlation
with summer temperature, but the temperature response of boreal trees decreased towards the late
20th century. At cold sites metabolic rates are slow and warming promotes growth, but as tem-
perature continues to increase, growth-temperature relationship tends to weaken or even disappear
(Mékinen et al. 2003; Andreu-Hayles et al. 2011; Williams et al. 2011). Accordingly, several studies
have reported divergent growth trends and a loss of climate sensitivity of trees (D’Arrigo et al.
2008; Wilmking et al. 2020). Moreover, there are species-specific differences in growth response
to divergence-related underlying factors (Biintgen et al. 2006).

High spring temperatures have also enhanced radial increment according to some northern
studies (cf., Hordo et al. 2011; Henttonen et al. 2014; Babst et al. 2019) and the correlations of the
trees we studied with April/May temperatures were mostly higher than for those with June and
July temperatures. In northern Finland, the permanent snow cover typically melts in late April/
May, thus, warm periods in spring promote snow and soil frost melting and consequently prolong
growing season (Helama et al. 2013).

The growth of pines on both mineral soil sites and peatlands, as well as the growth of spruces
on the mineral soil sites, responded negatively to mild winters, as also found by Suvanto et al.
(2016) for the northern spruce provenances growing in North Finland. Accordingly, in cold-dry
regions, the response to winter temperature became negative towards the late 20th (Babst et al.
2019). Andreassen et al. (2006) found that February temperatures were negatively correlated with
radial growth in northern Norway and at high altitudes of south-eastern Norway, as also reported for
northern Finland by Helama and Sutinen (2016). Andreassen et al. (2006) suggested that mild winter
temperatures result in an earlier break of the dormant phase and, thus, increase frost damage risk.
Moreover, repeated freeze-thaw cycles under elevated winter temperatures with shallow snowpack
may have damaged fine roots in moist boreal forests (Cleavitt et al. 2008; Sutinen et al. 2014). High
temperatures also affect respiration during winter as trees maintain their respiration during warm
and dark periods (Vesala et al. 2010). Ogren et al. (1997) showed that spruce down-regulated res-
piration faster than pine, which improved the conservation of sugar storage. Moreover, the results
by Linkosalo et al. (2014) showed that spruce regain the potential for photosynthetic activity more
rapidly than pine when temperatures increase during the cold months and, therefore, spruce is more
prone to frost damage. As the predicted effects of climate change in northern Europe are the strongest
during winter (IPCC 2021), the results presented in this study indicate that high winter temperatures
could, at least party, counterbalance growth-promoting effects of increasing summer temperatures.
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For pine, the correlations between the tree-ring indices and monthly precipitation were lower
than those with temperature on both main site types (cf., Salminen et al. 2009; Korpela et al. 2011).
However, the results of our previous study implied that low water availability may influence pine
growth also at the high northern latitudes (Henttonen et al. 2014). Even though the correlation
analysis of this study did not confirm an overall connection between the variations of precipita-
tion and tree growth, the dummy variable for exceptionally dry summers, i.e., years of low July
precipitation, improved the fit of the linear model indicating that exceptionally low water avail-
ability may reduce pine growth. In contrast, the variable for dry summers was not significant for
spruce, which typically grows on less drought prone sites (Sutinen et al. 2002). Our observations
are consistent with the global tree-ring data set (Babst et al. 2019), in which a moderate increase
in water limitation of growth was found across the boreal zone during 1960—-1990.

Also for spruce growing on the mineral soil sites, the correlations between the tree-ring
indices and precipitation were generally lower than those with temperature, excluding the cor-
relation with the precipitation of previous year October. It is hard to find a plausible physiological
explanation for a high correlation between growth and precipitation in late autumn, especially when
the correlation with the precipitation of previous year September was low. Moreover, the correla-
tions between growth and precipitation of several months were relatively high for spruce growing
on peatlands. That is surprising as -unlike on mineral soils- soil water availability is abundant on
peatlands (Smiljani¢ et al. 2014; Gonzalez de Andrés et al. 2022). Moist soils on peatlands have
been associated with reduced growth due to low soil temperature and anaerobic conditions (Hokka
et al. 2012; Edvardsson et al. 2015). A potential explanation could be that most of tree roots are
in the top peat layer due to high water table levels. When the surface peat layer dries out shallow-
rooted trees may be prone to drought. In Finland, one quarter of the productive forests grow on
drained peatlands (Hokka et al. 2012). The large-scale drainage of peatlands in the 1960s and 1970s
aimed to increase forest growth. Despite the ditching, soil water conditions are different on drained
peatlands and mineral soil sites. However, the increasing growth trend due the ditching may have
concurred with an age-dependent growth pattern of young forests and thus was probably partly
removed in the RCS standardisation. Yet, an increasing trend over the study period is evident in the
tree-ring indices of spruce on the peatlands, coincidently with the increasing trend in precipitation
over the study period. Therefore, we decided not to include precipitation in the model describing
growth variation of spruce, except the dummy variable for exceptionally low July precipitation,
even though it was not statistically significant for spruce. These inconsistent results emphasise the
need for future studies on the effects of water availability on spruce growth, especially because
climate change is expected to make growing conditions less favourable for Norway spruce (Kel-
lomaki et al. 2018; Matkala et al. 2021).

Estimates of resource allocation from growth to reproduction in Pinus spp. vary between 10%
and 18% of annual biomass/volume increment of tree stems (Ovington 1961; Linder and Troeng
1981; Cannell 1985; Pukkala 1987). Seed production also has a pronounced negative effect (up to
20%) on stem volume growth of Norway spruce (Pukkala 1987) and the reduction of ring width in
masting years of high seed production has been up to 50% (Selés et al. 2002). In northern Finland,
seed production is infrequent due to the harsh climate (Koski and Tallqvist 1978) and, thus, the
number of masting years remains low. Accordingly, we found no relationship between the annual
variation of flowering and tree-ring indices, but the years of intensive flowering were associated
with reduced pine growth. No relationship between the flowering and radial growth was found
for spruce. Cone development of Scots pine takes place over a period of four calendar years, i.e.,
three growing seasons are involved in cone initiation, flowering and seed maturation, but seed
production of Norway spruce requires only three calendar years, i.e., seeds fall during the spring
following the flowering year (Sarvas 1962). As the process is shorter for spruce, one would expect
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the relationship between flowering and radial growth to be stronger. As warm summers promote
both flowering and tree growth (Despland and Houlle 1997), the confounding effect appears to
be more prominent for spruce. Moreover, it must be taken into account that the data sets used in
the analyses do not describe flowering/cone production and growth in the same trees. However, a
synchronous negative relation between ring widths and seed production has been found at sites up
to 250 km apart for spruces and 500 km apart for pines (Koenig and Knops 1998).

The RCS chronology has potential to preserve long-term growth changes due to climate, but
it is sensitive to inhomogeneity in the data set (Cook et al. 1995; Helama et al. 2017). The RCS
curve may be influenced by changes in non-climatic conditions over time. Even the large sample
size in the NFI data does not remove effects of systematic changes in forest management over time.
Changing stand structure and between-tree competition, as well as age structure, may affect the
RCS chronology more than chronologies standardized using a flexible curve fitted individually to
each series. Using a flexible curve to detrend the series would, in any case, remove any long-term
growth trend from the resulting chronology, and such method cannot be used when a potential
decline in growth is studied.

It is noteworthy that there is a strong reduction in sample size towards present, especially
after the first decade of the 21st century (Suppl. file S1). As a caveat, this reduction overlaps with
the growth decline and could impair the estimation of the recent growth variations. However, the
tree-ring indices calculated based only on the trees cored during 2019-2021 are very similar to
the indices based on the whole data set (Suppl. file S3).

It is noteworthy that although the model (Table 1) was linear, the variables (except the
winter temperatures and dummy variables) were logarithmically transformed prior to the cal-
culations, which affects the interpretation of the regression coefficients. Another indication of
non-linear relationships between climate and growth is the acceptance of dummy variables (e.g.,
drought) in the regression, i.e., the growth variation was not related to the annual variation of
precipitation and flowering, but growth was reduced after a certain threshold. Regressions used to
model the growth variability accounted for 34% of annual growth variance of pine and 21-44%
(depending on the soil type) of spruce. This means that a large portion of growth variation
remained unexplained. Moreover, the models were fitted over the period of growth decline and
were not validated on data withheld from the calibration, both increasing the risk of statistical
overfitting. In addition, the Durbin-Watson statistics indicated that the residuals from the models
were not randomly distributed, which could mean that a yet to be defined factor or factors con-
tributing to growth variation may exist. As a high number of climatic variables were examined,
non-climatic factors (e.g., changes in stand and age structure) are strong candidates. An implica-
tion of the Durbin-Watson statistics could be that the climate-growth relationship may not have
remained stable over the study period.

Alternatively, the fact that the indices were averaged over an extensive area (11.298 M ha)
could have led to a situation where factors related to climate and/or reproduction but affecting
tree growth over more limited areas may have been partially masked when calculating the mean
time-series (see below). Combined, the coefficients we obtained may not represent climatic rela-
tionships over the full study region and period. Such generalisations in modelling could also have
lowered the R? of the models.

In interpreting the results, several changes over time in forest management need to be
considered. At the start of our monitoring period, a large part of forests in North Finland had not
been managed intensively. The mean productivity was low, not only because of the cold climate,
but also because high stand age and former selective dimensional cuttings (highgrading), which
often resulted in stands with low density (Ilvessalo 1957). Management has become much more
intensive during our monitoring period.
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The most obvious change is large-scale regeneration of old pine stands and, thus, pine forests
in North Finland are on average much younger today than in early 1970s (Tomppo et al. 2011;
Korhonen et al. 2021a). In addition, favouring pine in regeneration and converting former spruce
dominated forests on mineral soils into pine stands has been extensive. This means that the average
site fertility of the current pine and spruce forests may be significantly different than it used to be
40-50 years ago. This needs to be considered in interpreting the results for spruce.

The estimated annual volume increment of the forests of North Finland has increased from
12.0 M m3a ! of the early 1970s to the most recent one of 27.4 M m3a~! (Korhonen et al. 2021b),
a result of not only a more favourable age-structure, but also a much higher growing stock. How-
ever, the most recent reported age-structure suggests that a large share of regenerated pine stands
are past their peak growth (Korhonen et al. 2021a,b), which probably partly explains the fact that
the most recent growth estimate for the region was somewhat lower than the previous one.

Our approach, based on a statistically representative sample from the forests of the region,
differs from those dendrochronological studies focusing on site chronologies. In the latter, data col-
lection is targeted to test a certain, pre-selected hypothesis. A researcher operating on a sample-based
data does not have this advantage. On the other hand, generalizing findings based on subjectively
selected material is bound to be problematic (Cherubini et al. 1998; Nehrbass-Ahles et al. 2014;
Klesse et al. 2018). In this study, the growth correlations and the variance explained by weather
variables were lower than in several previous dendroclimatic studies from the region. This may be
at least partly explainable by tree age and size-related differences in climate sensitivity, reported
in several previous studies (Sceicz and Macdonald 1994), that may dilute the signal in sample-
based data. Moreover, there is large heterogeneity in the NFI data in respect to latitude, longitude,
altitude, site properties, management practices etc., resulting in less variability in tree-ring time
series. The climatic signal in tree-ring chronologies could be masked and thus more difficult to
relate to coarse (large-scale) weather variables.

5 Conclusions

The extensive tree-ring data, systematically sampled as a part of the NFI, revealed that pine
growth has declined over the last 15 years in North Finland both on mineral soils and peatland
sites. Thereagainst, spruce growth has not declined over the same period. Although temperature
variation, accompanied by variables indicating years of drought, did not account for an especially
large part of the growth variation, one can deduct that these factors have played a role behind the
recent growth decline of pine, to an extent that remains to be detailed and validated. The possible
mechanistic causes for tree growth sensitivity to weather extremes rather than monthly or seasonal
means are still poorly understood and could provide an additional explanation. As no trend-like
growth reduction was found for spruce indicates that growth decline has been species-dependent.
Due to its detrimental ecological and economic consequences the phenomenon needs to be further
monitored and investigated.
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