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ABSTRACT

Changes over time in annual basal area growth and mean height for Scots pine (Pinus sylvestris L.) and Norway
spruce (Picea abies (L.) Karst.) over the period, 1983-2020 were studied using sample tree data from temporary
plots recorded in the Swedish National Forest Inventory. The annual basal area growth was derived from the last
measured full ring on increment cores. Using 20 to 60-year-old dominant trees, the mean height and annual basal
area growth were examined as functions of tree, stand and site conditions, and trends were assessed mainly using
residual analyses over time. A significant increase in mean height at a given age was found for both species, but
the annual basal area growth level remained stable over the 38-year period. Currently, at a given age of 50
annual rings at breast height, the mean heights of pines and spruces increased on average by 10.1% (i.e. ~2 m),
compared to 50 year-old pines and spruces in the 1980s, and the increase was similar in the different regions. The
results suggest that trees have become taller and slenderer in Swedish forests. Increasing tree height over time at
a given age in Northern Europe has been documented in several reports and many causes have been suggested,
such as changed forest management, increasing temperatures and nitrogen deposition. We suggest that elevated

CO> in the air and improved water-use efficiency for the trees might also be strong drivers.

1. Introduction

Global efforts to mitigate climate change are focused on the reduc-
tion of greenhouse gas emissions into the atmosphere and on increasing
the removal of carbon from the atmosphere (IPCC, 2014). Forests play a
pivotal role as “natural climate solutions” as they sequester carbon di-
oxide (CO5) through photosynthesis, and store it as biogenic carbon in
biomass and soil (Pilli et al., 2015). Increasing forest growth has been
recorded in Fennoscandia over the last 50 years (Hogberg et al., 2021).
The reasons for this increase are, however, unknown and it is important
to follow the trend and try to understand its background in order to
estimate its potential for future carbon balance.

The rate of tree growth can be influenced by management (e.g. soil
scarification, genetic breeding, thinning, and fertilization) and by site
amelioration through environmental changes (e.g. temperature, pre-
cipitation, CO3 concentration and nitrogen deposition). Based on sample
tree data from the Swedish National Forest Inventory (NFI), Elfving and
Tegnhammar (1996) found increased trends for the main tree species in
Sweden - Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) —
for both tree height and basal area growth in the period 1953-1992. The
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main reason was assumed to be changed forest management from se-
lective cutting to clearcutting but also increased nitrogen deposition.
Mensah et al. (2021) found a climate-related (temperature) height
growth increase after the year 2000 in long-term experiments on those
tree species. The development of the main climate factors in the period
1961-2018 is shown in Fig. 1.

However, in the latter study, site-specific variations in growth re-
sponses were observed, raising questions of how trees in a given region
might respond to transient environmental factors, for instance, the
drought conditions experienced during the summer of 2018 throughout
continental Europe. One aim of the present study was to examine to
what extent this increase in height and basal area growth has continued,
as well as validate the reported growth trend seen in the experiments.

Identifying site-specific drivers that may affect tree growth is rele-
vant for parameterizing regional growth models and for strategic forest
management planning (Kahle et al., 2008; Rohner et al., 2018). The
significance of growth drivers may vary depending on the species and
the site-specific realization of the driver of concern (Rohner et al., 2018).

For the past four decades, the variation in annual growth has been of
interest and most forest monitoring approaches have adopted
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Fig. 1. Trend of annual mean temperature (A) and precipitation (B) in Sweden during the years 1961 — 2018 compared to the normal period (mean 1961 — 1990)
(SMHI, 2018). The black line shows ensemble mean of the historic trend. The bars show historic data from observations (blue and red bars indicate higher and lower

than normal, respectively).

dendrochronological methods to study the development of forests at
national and regional scales (Schweingruber, 1988; Lebourgeois et al.,
2005). Currently, most NFIs derive growth estimates for individual years
based on radial increments from cores and other mensuration variables
from a single survey (Tomppo et al., 2010). For instance, in Sweden,
information from tree ring data is combined with tree caliper data to
estimate the average volume growth over time for tree species, regions
and the whole country (Svensson, 1988). Ols et al. (2021) also studied
the recent radial growth trends of conifers in Western Europe using the
French and Austrian NFIs. Tree ring chronologies, have thus become
valuable growth data mostly because (1) environmental signals and
management interventions can be linked to the year-to-year variations
in the ring widths and (2) they represent a non-destructive source of
deriving information (especially for conifers such as pine and spruce) on
the inter-annual to inter-decadal changes in tree growth (Biondi, 1999;
Makinen et al., 2002).

The extent and magnitude by which tree-ring widths capture inter-
annual processes (either climatic or stand-driven) depend largely on
the tree species and its surrounding environment (LeBlanc, 1990; Bio-
ndi, 1999). For a given species, the pattern of annual ring width varia-
tion is similar for neighbouring trees (hereafter, referred to as expressed
population signal, EPS), even though the variations in different di-
rections of the cross-sections of the stem can be quite large (Matérn,
1961; Makinen and Vanninen, 1999).

Despite increasing insights into growth processes and improvement
in the spatial and temporal resolution of weather parameters, it has still
been difficult to explain a larger proportion of the variance in ring
widths. In Europe, the highest correlations between ring width and
climate are mostly found with current summer temperatures in the north
and precipitation in the south (Makinen et al., 2002). Other factors, such
as fructification (Mund et al., 2010) and defoliation by pests and path-
ogens (Hoogesteger and Karlsson, 1992), can also explain some varia-
tions in ring width.

Stand-driven variations in ring width can, to some extent, be
explained by variations in stand density and tree position in the stand.
There are examples of trees grown in dense stands that increased their
ring width by a factor of four over 3-5 years after release by thinning.
This was observed for example, for pine and spruce in Sweden (Eklund,
1952) and white pine (Pinus strobus) in Canada (Bevilacqua et al., 2005).
According to Jonsson (1995), this thinning response is independent of
tree age and lasts 20-30 years for pine and spruce in Sweden. As shown
by Eklund (1952), dominant and co-dominant trees are more sensitive to
weather conditions than dominated and suppressed trees. For this
reason, studies of EPS are often based on cores from dominating trees,
especially when the main objective is to disentangle the influence of
environmental signals rather than density-induced competition trends
(Stern et al., 2021).

Most previous studies of inter-annual growth variation were based
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Fig. 2. Distribution of the tracts (grouped into the periods 1983-2002 and 2003-2020) used for the study. The letters describe the administrative codes of the regions
(from north to south: Norrbotten — BD; Vasterbotten — AC; Jamtland — Z; Vasternorrland — Y; Gavleborg — X; Dalarna — W; Uppsala — C; Vastmanland - U; Orebro - T;
Varmland - S; Stockholm — AB; Sodermanland - D; éstergétland - E; Vastra Gotaland - O; Jonkoping — F; Kalmar — H; Gotland - I, Kronoberg — G; Halland - N;

Blekinge — K; Skéne — M).

Table 1
Datasets (dominating and co-dominating trees) used for the height and growth
studies.

Pine Spruce

Nirees 21,788 22,270

BAI (cmZ/year) Minimum 0.14 0.09
Mean 8.2 13.6
Maximum 73.6 141.5
sd 5.7 11.4
Nirees 21,788 22,270

Height (m) Minimum 3.5 3.9
Mean 14.4 17.4
Maximum 31.9 34.5
Sd 3.9 4.8

Nirees: number of sample trees; Sd: standard deviation.

on ring width series. Those series express the variation in relative terms.
Ring widths generally show a progressive decline along a cross-sectional
radius due to the increase in stem size and tree age over time (Biondi and
Qeadan, 2008). Calibration of the ring width using tree diameter has
several advantages: it (1) removes the biological trend, (2) enhances the
formation of basal area growth series, and (3) allows meaningful growth
comparisons in quantitative terms, for example, between tree species
and geographical regions (Silva et al., 2010). By linking the basal area
growth from cores with stand and environment conditions, it is possible
to quantify growth trends and the inter-annual growth variation over
time (Hornbeck et al., 1988).

The best data available in Sweden for this purpose are the measured
tree ring widths on increment cores taken from several thousands of
statistically representative sample trees each year on the NFI plots. The
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Fig. 3. Trends (dotted lines) in the mean height development of pine and spruce over the period 1983 — 2020. The mean residuals (m) denote the difference between
the observed and the predicted height (Eq. (5)), averaged for each sampling year. The trend was specified by expressing the mean residuals as a linear function of the

year of measurement.

Swedish NFI is a probabilistic survey design with well-spread samples
across the entire country, a long time series (1923 to present) and covers
large gradients of growth drivers. This guarantees an unbiased sample of
the Swedish forest tree populations (Fridman et al., 2014). By examining
comparable dominant trees sampled annually over a longer period, it is
possible to evaluate growth trend changes.

The aim of this study was to give a retrospective view of the devel-
opment over time, the mean height at given age and the annual basal
area growth of trees with given diameter in Swedish forests, with a focus
on pine and spruce. These species are dominant, constituting 80% (pine:
39%, spruce: 41%) of the total growing stock on productive forestland

(Nilsson, 2021). We tested the null hypothesis that the mean height and
the basal area growth of individual trees at comparable sites and stand
conditions have not changed in the period 1983-2020. Specifically, we
posed the following questions: (i) trend in mean height development: are
trees, with a given age and growing under specified conditions, taller
now than similar trees were 40 years ago? (ii) trend in basal area growth:
are trees, with a given diameter and growing under specified conditions,
growing faster now than similar trees did 40 years ago? To answer those
questions, we used sample tree data (in the period 1983-2020) from the
temporary plots of the Swedish NFI. Based on a modelling approach, the
effects of tree and stand characteristics, such as stand density, site
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Fig. 4. Observed (dots) and calculated (lines) mean heights in different SIS and age classes.

Table 2
Parameter estimates for the tree-level height model (Eq. (6)).
Pine Spruce
Parameter Estimate SE SE el Estimate SE SE el
(%) (%)

b0 —119.6607 4.8570 —4.1 —112.6302 5.8728 -5.2
bi, SIS 0.9212 0.0157 1.7 0.8965 0.0156 1.7
b2,Agetor 0.0335 0.0014 4.2 0.0334 0.0014 4.2
b3 1.6837 0.0566 3.4 1.6139 0.0541 3.4
b4, Thing —0.2468 0.0209 -85 —0.1776 0.0152 —8.6
b5, SLH 2.5446 0.1447 5.7 2.8293 0.1799 6.4
b6, Year 0.0593 0.0022 3.7 0.0557 0.0029 5.2
(e)
&2 0.0007 0.0009
31 0.9951 0.9945
RMSE, m 2.0122 2.6356
R? adjusted 0.7281 0.7012
RMSE;.},% 13.9736 15.1471
n 21,788 22,270

Variable definition: Age, is total age (in years), SE is the standard error of the
estimate; SE, is the relative SE in percent; RMSE is the root mean squared error;
n is number of observations for fitting the model.

productivity, soil type and management (e.g. thinning), on basal area
growth and height development were accounted for and trends were
investigated mainly by examining model residuals over time. Other ef-
fects relating to changing environmental conditions (e.g. temperature,
precipitation, CO», nitrogen deposition), pests and diseases as well as
changes in sample tree selection and measurement devices were not
included in the modelling, but their potential effects were discussed.

2. Material and methods
2.1. Swedish NFI: design, sample trees, stand and site variables

Since 1923, the development of Swedish forests has been followed by
the NFI through annual measurements on temporary and permanent
plots. The Swedish NFI is a probability sample with a systematic cluster
sampling design, covering large gradients in management and climatic
conditions. Depending on the geographical location, the clusters (also
called tracts) may consist of 4-12 circular sample plots located along the
sides of a square, the side of which ranges between 400 and 1800 m. In
southern Sweden, the tracts are smaller and the sampling intensity is
higher than in the northern part of the country. Between 1953, when the
system with tracts was introduced, and 1982, all tracts were temporary.
Since 1983, the NFI has used an interpenetrating system where a set of
both temporary and permanent tracts (about 6000 plots; 3500 perma-
nent and 2500 temporary plots) are measured annually. Since 2017,
temporary plots have been established using balanced sampling
(Grafstrom et al., 2017). The permanent plots have an inventory cycle of
5 years. The circular sample plots have an area of 314 m? (radius of 10
m) on the permanent tracts and 154 m? (radius of 7 m) on the temporary
tracts.

On all plots, a large number of variables concerning the adminis-
tration (e.g. ownership), site (e.g. latitude, altitude, site productivity),
stand and tree variables are recorded. Site productivity is determined by
Site Index according to Site factors (SIS) (Hagglund and Lundmark,
1977). Site index is routinely calculated at the NFI and is an important
prerequisite for our analysis. It is based on primary site variables such as
climate (average temperature sum during the growing season in the
period 1961-1976), soil depth, texture and moisture, and field vegeta-
tion type. SIS values are estimated for pine and spruce with different
functions. Sites are classified as pine sites or spruce sites according to
dominant species or to the species with the highest SIS value. Repeated
estimations of SIS on the same plots have shown a measurement error of
about 2 m for this variable, and no bias (Fridman et al., 2019). Among
the stand variables (on ~ 20 m radius plot), stand closure (an indicator
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Table 3

Parameter estimates for the stand mean height model.
Parameter Estimate SE SE el (%)
Year 0.0644 0.0019 2.9
Thina 1.1136 0.0499 4.5
Tsum 15.082 0.9125 6.1
(Tsum)? —5.656 0.3988 -7.1
Gais —0.1108 0.0117 —10.6
Gspr 2.6299 0.2625 10.0
SIS? 0.0043 0.0009 19.6
SIS 0.3485 0.0372 10.7
Stand age 0.1837 0.0036 2.0
bO (intercept) —14.988 0.5042 -3.4

Variable definition: Year refers to the year of inventory; Thj,g is a dummy var-
iable of thinned (1, 5 - 15 years before measurement) and unthinned (0) plots;
Tsum refers to temperature sum (rescaled by division with 1000); other vari-
ables are already defined (see Table 4).

of stand density), basal area measured by relascope sampling, basal area
weighted mean height, tree species composition, and the type and time
of forest management activities are all of interest in this study. All trees
within the plot with a diameter greater than, or equal to, 40 mm are
calipered at breast height (dbh, 1.3 m above ground) in the direction to
the plot centre and a set of sample trees is selected with probability
proportional to their basal areas at breast height. For each sample tree,
tree species and tree class are registered and total tree height is
measured.
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i.e. the ratio of standard deviation to the mean BAI, lower panel) of pine and
spruce in the period 1983 — 2020.

On temporary plots, an increment core at breast height to the pith is
taken from each sample tree in the direction towards the plot centre for
later determination of tree age and annual ring width using a modified
Eklund instrument (Eklund, 1949). Broken cores with suspected missing
rings, and with disturbances such as rot or branch wood, are discarded
(on average about 12% of the cores). In cores missing the pith, the
number of missing rings is estimated in order to register the total age at
breast height. Only up to the last 60 full rings are measured. An exten-
sive account of the history of, and changes to, the Swedish NFI design is
given in Fridman et al. (2014).

2.2. Basal area growth and mean height estimation

Our study was restricted to sample tree data of pine and spruce from
undivided temporary plots on productive forestlands (where yield ca-



A. Appiah Mensah et al.

Table 4
Parameter estimates for the basal area growth function (Eq. (4)).
Parameter Pine Spruce
Estimate SE SE el Estimate SE SEe
(%) (%)
Intercept 0.8019 0.0633 7.9 1.1648 0.1054 9.1
dbh 0.0221 0.0013 5.9 0.0217 0.0011 5.1
1/dbh —11.7961 0.4163 -3.5 —14.4672 0.4449 -3.1
SIS 0.0431 0.0012 2.8 0.0439 0.0032 7.3
SLH? 0.7136 0.1002 14.0
SLH —0.2515 0.0207 —-8.2 —-1.1148 0.1462 -13.1
Thing 0.0480 0.0094 19.6 —0.0464 0.0091 -19.6
treeclass —0.1583 0.0076 —4.8 -0.1737 0.0085 —-4.9
Ggpr 0.5379 0.0528 9.8 0.1453 0.0737 50.7
Giis —0.0222 0.0021 —-9.5 —0.0068 0.0032 —47.1
CR 1.6125 0.0288 1.8 1.4266 0.0307 2.2
RMSE 0.5022 0.5669
R? adjusted 0.4944 0.5225
RMSE,},% 26.718 24.647
n 21,788 22,270

Variable definition: Gg; is the product of Gy, and SIS, n is the number of ob-
servations used for fitting the models. The dependent variable (BAI) is expressed
in logarithmic form.

pacity is > 1 m® ha™! year 1) with a basal area-weighted mean height
above 7 m and inventoried in the period 1983-2020 (Fig. 2). Only
dominant and co-dominant trees (21788 pines and 22,270 spruces)
within the age groups (at breast height) 20 to 60 years were included
(Table 1). The upper age limit was chosen to avoid lower representation
of fertile sites due to shorter rotations. The shortest legal rotation period
on fertile sites is around 60 years (Swedish Forest Agency, 2022). The
lower age limit was chosen to avoid exclusion of stands that had not
reached a mean height above 7 m. From the calipered dbh on bark at the
time of the inventory, the dbh under bark (DUB, cm) was calculated by
subtracting the double bark thickness. To find the DUB before growth,
we subtracted the double ring width (DI), so the basal area increment
(BAI, cm?) was calculated according to Eq. (1).

BAL= (DUB’ — (DUB — DI)’) x 7 e}

Bark thickness was estimated using the available functions for each
species (Soderberg, 1992). Using the last measured full ring means that
the growth associated with the inventory year of 2020 refers to the
growth year 2019. The annual ring for the inventory year was excluded
since the inventory is carried out during the growing season.

2.3. Statistical analysis of mean height development and basal area
growth trends

For examination of the changes over time in mean height at a given
age, tree height as a nonlinear function of age was modelled from two
components: an asymptote and a shape over age describing how the
asymptote is reached. The model was based on the 3-parameter
Chapman-Richard’s function (Eq. (2)):

h=a(l—-e™) +e 2

where h is the response variable, height (m) describes the change in
size with time t (total age, years); parameter a is the asymptote (i.e. the
expected maximum height as t approaches infinity), b is related to the
growth rate, c is related to the location of the inflection point and ¢ is an
error term. The total age was estimated by adding time to reach breast
height (Eq. (B.1), Appendix B) according to Elfving (2010). Based on Eq.
(2), we focused on two main measures: the mean heights at a given age
and year, and the change of the theoretical asymptote over time.
Therefore, the asymptote, rate and shape parameters of the height-age
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model (Eq. (2)) were adjusted further by including variables
describing the effects of stand density, site productivity, soil type and
management. Stand density was expressed by stand closure (SLH, esti-
mated from basal area and mean height, with values 0-1.1). Site pro-
ductivity was described by site index according to site factors (SIS, m).
Soil type was a dummy variable for peat (Peat;,q). Management (Th;,q)
referred to plots thinned 6-25 years before the measurement. The
variance of the error term was modelled using a power model (Eq. (3))
with two parameters (scale and shape, denoted as w? and &, respec-

tively) to ensure residual homoscedasticity over predicted height (h,
from Eq. (2)) and the other independent variables.

V(e) = 0?0 (3)
To determine a potential trend in the development of mean height

over time, the following steps were carried out. First, the residual (h —H)
computed as the difference between the observed (h) and the predicted

) height was averaged for each sampling year. Second, the mean re-
siduals (from step one) were expressed as a linear function of the year of
measurement. The significance and direction of the coefficient for the
year gives an indication of any possible trend. Third, to estimate the
magnitude of the trend, the asymptote (from Eq. (2)) was adjusted for
the year of measurement. Thus, the coefficient for the year directly
expressed the measure by which trees have increased their maximum
heights during the observation period.

For the basal area growth, the function relating the annual basal area
growth to a set of independent variables was expressed as:

BAI = f(dbh, tree class, SLH,CR, SIS, Th;,q, Peat;,q, Gspr) + e 4)

where tree class refers to the social position as either dominant or co-
dominant, CR is the crown ratio (the ratio of crown length to tree height)
and Gy, is an indicator for spruce sample trees in a typical pine stand. All
other variables are already defined. The dependent variable (BAI) was
expressed in logarithmic form in order to satisfy normality assumptions.
Appropriate transformations of the other numerical covariates were
made to ensure residual homoscedasticity. The parameters of the func-
tion f were estimated using the general multiple linear regression with
ordinary least squares. To determine a trend in the annual basal area
growth for the period 1983-2020, the residuals of Eq. (4) were regressed
on the growth year.

In a totally different approach, plots in stands with a total mean age
of 40-60 years were selected, and mean height was modelled as a
function of total mean age, SIS and the year of measurement. In total,
13,628 plots were included in this analysis.

All the statistical analyses were made separately in the R-environ-
ment (R Core Team, 2020). The significance of model parameters was
tested at 5% alpha levels, with non-significant variables (p > 0.05) being
removed from the final height and basal area growth models.

3. Results
3.1. Trend for mean height development at the tree level

The preliminary height model to examine the changes in mean tree
height at a given age of pines and spruces was of the form shown in
Equation (5); the estimated model parameters are shown in Table Al
(Appendix A). Together, the functions explained 70% of the variance in
height, with the model residuals not showing any apparent signs of
heteroscedasticity.

)

By examining the residuals of Equation (5) as a linear function of the
year of measurement, a strong and significant positive (upward) trend
was observed for both pine (R? = 88%) and spruce (R? = 72%) (Fig. 3).
This indicated that at a given age, the mean heights of pines and spruces

h = [bo + by (SIS) + bs (SLH) | x [1 — gl ~P2(Aseun) ]2 04(Thod)
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Fig. 8. Trends (dotted lines) of the annual basal area growth level for pine and spruce in the period 1983 — 2020.

have increased over the period 1983-2020. To estimate the magnitude
of the increase in mean height over time, the asymptote of Equation (5)
was modified with the year of measurement and the parameters were re-
estimated for the model (Eq. (6)).

b3+b4 (Thing)

©

The function showed good adaptation to the data (Fig. 4) and all

h = [bg +b; (SIS) + bs(SLH) + b (Year) | x [1 — el~P2(Azew) |

parameters were significant (Table 2). Site index (SIS) and stand density
(SLH) had positive effects, while that of thinning was negative.
Together, the functions explained about 73% and 70% of the variance in
height, respectively for pine and spruce. The residual variations around
the mean height were about 14% for pine and 15% for spruce, the error
variance was satisfactorily modelled by the power function and the re-
siduals showed no systematic deviations (Fig. 1A, appendix). The coef-
ficient of year (bs) was significant and indicates that, over time, trees ata
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knot at 2002 as: y = f, + f;(x) + fymax(x —2002,0) + ¢, with the parameter estimates for pine (ﬁo =-1.697; ﬁl = O.OOl:ﬁ2 = 0.004; ‘7(5) = 0.013) and for spruce

(Bo = —1.731;B; = 0.001; 3, = 0.002; V,, = 0.010).

given age and site index have increased maximum heights. In total, the
maximum mean heights are estimated to have increased by about 2.25
m (0.0593 x 38) for pine and 2.12 m (0.0557 x 38) for spruce over the
38-year period. For both species, the trend was examined for the
different regions and the increase in maximum mean height was similar
(Fig. 5). According to the functions (Table 2), and with given average
stand conditions (SIS = 22.5 m and SLH = 1), pines with 50 annual rings
at breast height (total age is 59 years) had an average height of 16.54 m
in 1983 and 18.25 m in 2020. The corresponding values for spruce were
16.39 m in 1983 and 18.01 m in 2020.

3.2. Trend for mean height development at the stand level

The result from the regression of mean height in the stands included
in the dataset in the age class 40-59 years on relevant variables is given
in Table 3. With 13,628 stands, the explained variance (R?) in mean
height was 70% and the residual error was 2.35 m. Residuals for this
function are shown in Fig. 6. The coefficient for the trend was 0.0644.
For stands with average conditions (age 50 at breast height, SIS = 22.5m

and Tsum = 1180), the estimated mean height was 16.13 m in 1983 and
18.51 m in 2020. The span was higher than was indicated by the tree-
level height model (16.5 and 18.1 m in average for pine and spruce at
age 50 years at breast height), but the estimated height was similar in
the mid-point year (in 2002: 17.3 m at age 50 years at breast height). A
similar analysis of the mean basal area development was made for the
included stands. The trend in mean basal area development was not
significant.

3.3. Trend for annual basal area growth at the tree level

The mean annual basal area growth level was 8.22 cm? for pine and
13.63 cm? for spruce, in the period 1983-2020 (Table 1). The corre-
sponding variation in the inter-annual growth was about 0.69 for pine
and 0.82 for spruce. For both species, longer and shorter periods of
higher and lower growth in individual years were observed, with the
growth patterns for the two species differing in the different regions
(Figs. 7 and A2). Table 4 shows the final basal area growth function. The
functions explained 49% and 52% of the growth variance in pine and
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spruce, respectively. Examining the model residuals over year revealed
that, the annual basal area growth level of 20 to 60-year old dominant
trees was stable over the last 38 years (Fig. 8).

The increased height but stable basal area growth level indicates an
allometric growth condition suggesting that trees have become taller
and slenderer. Slenderness, defined as the ratio of height to diameter (H-
D ratio), was examined further using height-diameter relationships. The
height-diameter relationship was primarily investigated for trees only in
the periods 1983-1987 and 2016-2020, using the 2-parameter Naslund
model (Eq. (A.1), Naslund 1947). The parameter estimates and
goodness-of-fit statistics for the model are given in Table A2 (Appendix
A). The variation in H-D ratio was studied as a linear function of tree age
at breast height, SIS and stand density, and the trends in slenderness
were studied by residual analyses over the year of inventory. The
parameter estimates are given in Table A3. For a given diameter, trees in
the period 1983-1987 were, on average, 1 m shorter than trees in the
last 5 years (2016-2020), and the trend shows increasing slenderness
over the 38-year period (Fig. 9).

4. Discussion

The results obtained supported the null hypothesis on basal area
growth but not on the mean height development. The mean height of 20
to 60-year-old trees had changed over time, but the annual basal area
growth level was stable in the period 1983-2020. According to Elfving
and Tegnhammar (1996), the mean height of trees with 50 rings at
breast height was 14.5 m in 1953 and 17.5 m in 1992. According to this
study, the corresponding mean heights were 16.5 m in 1983 and 18.1 m
in 2020. Those figures are the means for dominating and co-dominating
sample trees of pine and spruce. Comparable data for stands at age 50 at
breast height (in average for pine and spruce) had a higher range (16.1
m in 1983 and 18.5 m in 2020) than indicated by the tree-level model.
However, in the midpoint year (year 2002), the estimated heights at 50
years (breast height age) by the tree-level and stand-level height models
were similar (17.3 m). The difference in mean height estimates (at a
given age) between the tree-level and stand-level height models may be
the age addition to reach breast height when estimating the total age.
Those values have probably decreased since the values applied at NFI
were estimated (Appendix B). The reliability of the results and possible
causes of the trend are discussed below.

4.1. Data and models

The Swedish NFI data form an ideal database for growth studies.
Sweden is covered by closed stands of two dominant tree species be-
tween latitudes 55.4 and 68.4 °N and altitudes from sea level to the
arctic tree line, 500-800 m above the sea level. Representative data on
stands and trees have been gathered since 1923 with the methods of
measurement being fixed for long periods. Still, there are important
limitations to the results presented here. Those of the highest interest are
related to a change of the method for sample tree selection in 2003 and
successive changes of instruments for height measurement. Sample trees
have always been selected in proportion to the trees’ basal areas but, in
the period 1983-2002 without accounting for their spatial distribution
and, in the period 2003-2020, with 1-3 trees per plot (Fridman et al.,
2014). A detailed study on the effects of the changed selection system is
provided in Appendix C, but a summary is given here.

Before 2003, the probability of a plot being represented increased
with the density and sizes of the trees on the plot. The number of sample
trees per plot varied from zero to nine. This resulted in larger sample
trees in the 1983-2002 data than in the 2003-2020 data (dbh 23.6 and
21.5 cm). There was also a larger difference in the distribution of trees in
the classes of dominant and co-dominant trees, but the background to
this difference is hard to explain. In the models, site productivity was
registered by site index (SIS, m). The SIS was, on average, 22.8 and 22.1
m respectively, for the 1983-2002 and 2003-2020 data. There is also a

10

Forest Ecology and Management 527 (2023) 120605

possible shift in the classification of sites according to the most suitable
tree species. For example, the proportion of plots that were classified as
spruce sites was 54% in the 1983-2002 data and 47% in the 2003-2020
data.

When considering surveys, changes in the instruments for tree height
measurements are possible sources of variation (Eriksson, 1970). Until
1970, the Tiréns altimeter was used, and in the period 1970-1995, the
Suunto hypsometer. After that, the Haglof-HEC electronic clinometer
was used even though the Suunto was used to some extent on the sample
plots from 2002 to 2007. Since 2008, the Haglof-Vertex hypsometer has
been used. The accuracy of the measured heights was higher for the
Haglof-Vertex hypsometer (upward bias by 2 cm) than for the Haglof-
HEC clinometer (upward bias by 20 cm) and the Suunto hypsometer
(downward bias by 12 ¢m), in a controlled examination by the Swedish
NFI (Fridman et al., 2019).

In our estimation of the annual basal area growth (BAI), we only
pulled off the bark (using dbh at the time of the inventory) to obtain the
diameter below bark at the end of the last growth period. Since the in-
ventory is carried out during the growing season, the last incomplete
growth ring should also had been subtracted. Previously, the incomplete
growth was not measured but, currently, the core is measured contin-
uously from the bark boundary and inwards, and the ring boundaries are
marked. This implies that the width of the latest, incomplete ring is also
registered. A rough estimation indicates that the effect of ignoring the
ring under development is an overestimation of BAI of about 0.7%, and
we judge that this has little influence on the results.

In a similar fashion, the magnitude of the increased mean height may
be underestimated, for example, in the southern parts of Sweden. The
inventory usually begins in southern Sweden in early May and ends in
the northern parts during September. During the inventory, total tree
height is measured to the tip of the crown, and height growth in the
growing season is mostly completed by early July. This implies a loss in
part of the height increment in southern Sweden, but not in the northern
parts of the country. Despite this limitation, the magnitude of the in-
crease in the maximum mean height over time (from the asymptote of
the height model, Eq. (6)) was similar in all regions for both species
(Fig. 5).

4.2. Interpretation of the trends

As is the case with much survey data, it is difficult to isolate the
causes of changes in forest growth trends. Here, the trends are discussed
with reference to changes in forest management and environmental
conditions in Sweden. Forest management affects growth trends largely
through silvicultural practices, for example, changes in harvesting sys-
tems and precision silviculture with improved site preparation, nitrogen
fertilization, stand density regulation and planting with improved ge-
netic materials (Kahle et al., 2008). In the period 1953-1992, an in-
crease in both basal area growth and mean height was observed in
Swedish forests, and the major contributing factors were attributed to
the shift from selective cutting and thinning from above to clear-felling,
cleaning and thinning from below (Elfving and Tegnhammar, 1996).
Similarly, Henttonen et al. (2017) also found largely a silviculture-
induced (67%) growth increase in Finnish forests in the period
1971-2010.

In this study, the results obtained indicate that the increase in mean
tree height at a given age (Fig. 3; Tables 2 and 3) has continued to
present day in Swedish forests and corroborates well with the reported
increase from the Swedish long-term experiments (Mensah et al., 2021)
as well as in other forest regions (Sharma et al., 2012; Kauppi et al.,
2014; Socha et al., 2021). However, the stable level of the basal area
growth (Fig. 8) may imply that a peak growth was reached around 1992.
This effect is probably not due to increasing stand density in the latter
years. The mean basal area was about the same in the period 1983-2002
as in the period 2003-2020 (see Appendix C). Still, in the period
1950-1970, nearly 1 million hectares of productive forests were thinned
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(tending and commercial thinning) annually in Sweden. Currently, the
total thinned area has decreased to about 0.4 million hectares.
Increasing stand density generally has little influence on the height
growth (especially for dominant trees) but the basal area growth of
single trees is greatly reduced (Assmann, 1970).

Variations in environmental conditions over time may strongly in-
fluence tree growth rates. The rising summer temperatures are mainly
due to an increasing level of atmospheric CO». Temperature sum is also a
very strong variable in the determination of SIS. However, the stable
level for basal area growth surprised us and posed the question as to
whether the increased CO; level itself has a direct impact on the height
growth. The tallest trees are often found in humid climates. Givnish et al.
(2014) studied Eucalyptus in Australia over a humidity gradient and
found that tree heights decreased from 60 to 10 m from the humid to the
dry sites. The water-use efficiency means the balance between carbon
intake and water loss through the leaf stomata and seems to have a
strong impact on the height growth of trees. Increasing atmospheric CO5
levels means that the stomata can take in required carbon faster with a
smaller loss of water (Keenan et al., 2013).

Swedish forest soils are nitrogen deficient, and it is expected that
increases in nitrogen deposition would improve tree growth (Etzold
et al., 2020). However, the atmospheric deposition of nitrogen in Swe-
den decreased by 30% during the period 1983-2013 (Andersson et al.,
2018), suggesting a marginal effect of nitrogen deposition on forest
growth changes in Sweden.

These factors aside, forest growth changes can also be attributed to
complex cosmoclimatologic processes such as incidence of solar radia-
tion and galactic cosmic rays (Bontemps and Svensmark, 2022). Direct
solar radiation has been found to be less efficient for terrestrial photo-
synthesis and productivity, compared to diffuse light which has better
light penetration in forest canopies (Urban et al., 2007). Over the second
half of the 20th century, the release of anthropogenic aerosol to the
atmosphere has been excessive, thereby resulting in increased fraction of
diffuse radiation and cloud cover. This has been reported to be a major
driver of the global increase in terrestrial vegetation carbon sink (Mer-
cado et al., 2009).

It is important to point out that, it is unclear for how long the mean
heights at a given age of pines and spruces will continue to increase, or
will there be a change in the annual basal area growth level in Swedish
forests, especially, with a changing climate and management. In this
study, the effects of warming climate, elevated CO,, pests and diseases,
storms and fires were not accounted for in the models, but the residuals
from Figs. 3, 6 and 8 provide valuable information about the combined
effects of the latter on growth (Girardin et al., 2014; Belyazid and
Giuliana, 2019; Forzieri et al., 2021). For instance, a decline in the mean
height and basal area growth was seen in the period 2015-2020 for both
species (Figs. 3, 6 and 8). This period also coincides with pronounced
heatwaves and droughts, and outbreak levels of the spruce bark beetle in
Sweden. It is therefore recommended that, future research should
address the interactive effects of abiotic and biotic factors on growth

Appendix A

See Tables A1-A3
Naslund’s height-diameter function:

dbh’

h=13+—-—-—7-+
+(ag+a1 x dbh)’
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changes in Swedish forests.
5. Conclusion

The objective of this study was to give a retrospective view of the
development over time of mean height and annual basal area growth in
Swedish forests. The study was made of two of the most important tree
species in Sweden, Scots pine and Norway spruce, using temporary
sample plot data from the Swedish NFI for the period 1983-2020. The
asymptote (based on the height model, Eq. (6)) for mean height of pines
and spruces at a given age has increased over time. The increase is on
average 2.2 m over the 38-year period in both species. At a given age of
50 annual rings at breast height, the mean heights of pines and spruces
currently have increased on average by 10.1%, compared to 50 year-old
pines and spruces in 1983. However, the annual basal area growth level
was stable, despite large inter-annual variability. Many factors may have
contributed to the increase in tree height, but we postulate that elevated
CO4 and forest water-use efficiency may be strong drivers. Overall, the
results suggested that current trees are becoming taller and slenderer.
The use of top height as an indicator of site productivity may not be valid
anymore, and site curves must be revised and include a time factor that
mirrors the ongoing transition of the growing conditions.
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(A1)

where h is tree height in m, dbh is diameter at breast height in cm, ag (shape) and a; (slope) are parameters to be estimated from the data and y has a

value of 2 for pine and 3 for spruce.
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Table A1

Parameter estimates for the mean tree height model without year (Eq. (5)).
Parameter Pine Spruce

Estimate SE SE,e (%) Estimate SE SE,e (%)

bo —1.0368 0.1528 -14.7 —1.2387 0.1669 -13.5
bi, SIS 0.9701 0.0208 2.1 0.9104 0.0164 1.8
b2,Ageor 0.0301 0.0015 4.9 0.0333 0.0015 4.5
b3 1.5629 0.0568 3.6 1.6317 0.0575 3.5
b4, Thing —0.2855 0.0261 -9.1 —0.2234 0.0196 -8.8
b5, SLH 2.6061 0.1489 5.7 2.7519 0.1734 6.3
V(e)
w? 0.0238 0.0388
5 1.9715 1.7247
RMSE, m 2.0584 2.6682
R? adjusted 0.7159 0.6944
RMSE,,% 14.2944 15.3345
n 21,788 22,270

SIS is site index according to site factors, Thinq is a dummy variable for thinned (1) and unthinned stands (0), Age; is total age (in years), SLH is stand closure (scale
0-1).

Table A2
Parameter estimates (+SE) for the Naslund height-diameter function (Eq. (A.1)) using sample tree data measured in the periods 1983-1987 and 2016-2020.
Species Period n a0 (£SE) @, (£SE) RMSE (m)
Scots pine 1983-1987 1630 2.056 + 0.039 0.177 £+ 0.002 2.068
2016-2020 3276 1.869 + 0.029 0.175 + 0.002 2.042
Norway spruce 1983-1987 2413 2.009 + 0.023 0.300 + 0.001 2.056
2016-2020 2786 2.023 + 0.025 0.297 + 0.001 2.110
Table A3
Parameter estimates of height-diameter ratio as a linear function of age, site index and stand density.
Parameter Pine Spruce
Estimate SE SE,¢ (%) Estimate SE SE,¢ (%)
bO (intercept) 0.3410 0.0122 3.6 0.4459 0.0118 2.6
Age 0.0014 0.00012 8.6 —0.00035 0.00001 -2.9
SIS 0.0038 0.00031 8.2 0.0025 0.0003 12
Tree class 0.0081 0.00023 2.8 0.1012 0.0021 21
Altitude —0.00009 0.000008 -8.8 —0.00071 0.0001 -14.1
SLH 0.1513 0.0064 4.2 0.1522 0.0059 3.9
R? adjusted 0.152 0.184
Appendix B:

Function for the estimation of time to reach breast height based on Elfving (2010)

At the Swedish NF]I, the determination of stand age is generally based on the counting of year rings on increment cores taken at breast height from
basal area mean trees. To compute total stand age, a value for “time to reach breast height” is added. This value (T; 3, years) depends on species, site
index according to site factors (SIS, m) and latitude (LAT, ° N). The function is given as:

1121 LAT SPRUCE
Ty3 =37-0. LAT) ——— 421920 (= | +2950 (> B.1
13 =37-0605 o (LAT) — = +21.9 -(SIS>+ 95.( SIS ) (B.1)

The variable SPRUCE is an indicator where a value of 1 means a spruce dominated stand or otherwise a pine stand (0).
See Figs. A1 and A2
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Fig. A2. Observed basal area increment (BAI) levels of pine and spruce in the period 1983 — 2020 in different regions.
Appendix C:
Comparison of cored sample trees from the periods 1983-2002 and 2003-2020 in the National forest inventory

The Swedish National Forest Inventory (NFI) is carried out as an annual countrywide sampling of both permanent and temporary circle plots
(Fridman et al., 2014). The plots are located in systematically dispersed tracts with the sampling density roughly proportional to the productivity,
which means higher density in the south than in the north. Permanent and temporary plots are located in separate tracts. The distribution net for
temporary tracts changes between years.

The permanent plots have a radius of 10 m, were established in the period 1983-1987, and comprised about 16,000 plots on productive forestland.
They are normally re-measured at an interval of 5 years with slightly more than 3000 per year. Single trees are identified by polar coordinates. All trees
with dbh > 10 cm are calipered and heights are measured on representative sample trees. No bore cores are taken from those trees.

The temporary plots have a radius of 7 m. All trees with dbh > 4 cm are calipered and sample trees are randomly selected in proportion to tree basal
area. Bore cores are taken from those sample trees and tree age is determined by counting the tree rings. The widths of up to 60 last rings are also
measured. In the period 1983-2002, the sample trees were selected without accounting for their spatial distribution and, in the period 2003-2020,
with 1-3 trees per plot, depending on plot basal area. This difference in the system for sample tree selection causes differences in which plots are
represented, and how many trees can be selected per plot. In studies of trends for the forests’ development over time, this change of the system for
sample tree selection can cause some difficulties and the aim of this comparison of the datasets 8302 and 0320 is to facilitate interpretations in trend
studies. The comparison is restricted to undivided plots on productive forestland with a basal area weighted mean height above 7 m. Only plots with
sample trees of conifers are represented. The estimation of mean height is based on height measurements of trees judged to represent basal area
weighted mean diameter trees within a radius of 20 m from the plot centre. Also, stand age and stand basal area are judged for this larger area. For
estimation of the stand basal area, the measurements on the net plot are complemented with relascope measurements from two points outside the net
plot.

The 8302 data consists of 83,496 trees on 43,351 plots while the 0320 data consist of 58,807 trees on 25,287 plots (Tables C1 and C2). The average
number of measured trees per plot was 1.93 and 2.33 in the two periods and the number of included plots per year was 2168 and 1405, respectively. In
all examined mean parameters, the values were higher in the 8302 data than in the 0320 data. The basal area was, on average, 22.8 m%/ha in the
period 1983-2002 and 22.5 m?/ha in the period 2003-2020. The corresponding values for mean height were 16.8 and 16.5 m. Those figures indicate
decreased growth in the observed period, probably due to the decreased mean age, from 81 to 77 years. In addition, a slightly more southern location
of the 8302 plots can explain the differences in basal areas and mean heights (Tsum was, on average, 1129 and 1090, respectively). On the other hand,
a recent thinning was assigned to a larger part of the 8302 plots than for the 0320 plots (23 and 16%). Site indices were 22.8 and 22.1 m. This
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Table C1
Plot data for the periods 1983-2002 (8302) and 2003-2020 (0320).

Dataset 8302 0320

Total number of plots 43,351 25,287

% with assigned treatments 51.7 47.9

% thinned 5-15 years before 22.9 16.4

% spruce sites 54.4 47.1

SIS, m 22.81 22.13

Temperature sum, degree days 1129 1090

Basal area, m?/ha 22.77 22,51

Mean height (basal area weighted), m 16.76 16.47

Mean age (total age) 81.3 77.0

Table C2
Tree data, distribution on tree classes. Total number of trees 8302 = 83496, 0320 = 58807.
Tree class/ data set 8302 0320 8302 0320 8302 0320 8302 0320
% of trees Mean dbh, mm Mean height, dm Mean age

Free growing 0.3 0.1 278 276 164 170 75 83
Dominant 49.3 56.5 286 253 193 178 77 68
Co-dominant 325 26.2 209 185 160 147 66 60
Dominated 11.4 11.0 146 137 122 116 63 59
Suppressed 3.6 3.7 104 99 85 85 57 54
Undergrowth 1.4 1.6 73 78 63 67 35 35
Standard 1.6 0.8 348 351 177 179 131 127

difference is both affected by the more southern location of the 8302 plots and by a shift in the classification of sites according to the most suitable tree
species. The proportion of the plots that were classified as spruce sites was 54% in the 8302 data and 47% in the 0320 data.

The sample trees in the 8302 data were larger than the sample trees in the 0320 data (dbh 23.6 and 21.5 cm). There was also a larger difference in
the distribution of trees in the classes of dominant and co-dominant trees. The background of this difference is hard to interpret. A difference between
the datasets is also the proportion of sample trees (cores) without counted age at breast height. It was 15% in the 8302 data and 7.5% in the 0320 data.

References

Andersson, C., Alpfjord Wylde, H., Engardt, M., 2018. Long-term sulfur and nitrogen
deposition in Sweden: 1983-2013 reanalysis. http://urn.kb.se/resolve?urn=urn:nbn:
se:smhi:diva-5002.

Assmann, E., 1970. The principles of forest yield study. Pergamon Press, Oxford, New
York, p. 506.

Belyazid, S., Giuliana, Z., 2019. Water limitation can negate the effect of higher
temperatures on forest carbon sequestration. Eur J Forest Res 138, 287-297. https://
doi.org/10.1007/5s10342-019-01168-4.

Bevilacqua, E., Puttock, D., Blake, T.J., Burgess, D., 2005. Long-term differential stem
growth responses in mature eastern white pine following release from competition.
Can. J. For. Res. 35, 511-520. https://doi.org/10.1139/x04-198.

Biondi, F., 1999. Comparing Tree-Ring Chronologies and Repeated Timber Inventories as
Forest Monitoring Tools. Ecol. Appl. 9, 216-227. https://doi.org/10.1890/1051-
0761(1999)009[0216:CTRCAR]2.0.CO;2.

Biondi, F., Qeadan, F., 2008. A Theory-Driven Approach to Tree-Ring Standardization:
Defining the Biological Trend from Expected Basal Area Increment. trre 64, 81-96.
https://doi.org/10.3959/2008-6.1.

Bontemps, J.-D., Svensmark, H., 2022. Diffuse sunlight and cosmic rays: Missing pieces
of the forest growth change attribution puzzle? Sci. Total Environ. 806, 150469
https://doi.org/10.1016/j.scitotenv.2021.150469.

Elfving, B., 2010. Function for time to reach breast height. SLU, PM for Heureka,
appendix 7, 1p.

Elfving, B., Tegnhammar, L., 1996. Trends of tree growth in Swedish forests 1953-1992:
An analysis based on sample trees from the National Forest Inventory. Scand. J.
Forest Res. 11, 26-37. https://doi.org/10.1080/02827589609382909.

Eklund, B., 1952. Further studies relating to thinning experiments in spruce pole thicket.
Reports from the Forest Research Institute of Sweden 41 (10), 66.

Eklund, B., 1949. The Swedish Forest Research Institute’s machines for measuring
annual rings. Their origin, construction and application. Rep. For. Res. Inst. Swed. 38
(5), 1-77.

Eriksson, H., 1970. On measuring errors in tree height determination with different
altimeters. Royal College of Forestry. Department of Forest Yield Research. Research
notes 19, 42 pp.

Etzold, S., Ferretti, M., Reinds, G.J., Solberg, S., Gessler, A., Waldner, P., Schaub, M.,
Simpson, D., Benham, S., Hansen, K., Ingerslev, M., Jonard, M., Karlsson, P.E.,
Lindroos, A.-J., Marchetto, A., Manninger, M., Meesenburg, H., Merilg, P., Nojd, P.,
Rautio, P., Sanders, T.G.M., Seidling, W., Skudnik, M., Thimonier, A.,

Verstraeten, A., Vesterdal, L., Vejpustkova, M., de Vries, W., 2020. Nitrogen
deposition is the most important environmental driver of growth of pure, even-aged
and managed European forests. For. Ecol. Manage. 458, 117762 https://doi.org/
10.1016/j.foreco.2019.117762.

15

Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L., Hartmann, H., Beck, P.
S.A., Camps-Valls, G., Chirici, G., Mauri, A., Cescatti, A., 2021. Emergent
vulnerability to climate-driven disturbances in European forests. Nat Commun 12,
1081. https://doi.org/10.1038/s41467-021-21399-7.

Fridman, J., Wulff, S., Dahlgren, J., 2019. Resultat fran Nyckelord: kontrolltaxering av
Riksskogstaxeringens datainsamling 2012-2016. Umea: Sveriges
lantbruksuniversitet. (Arbetsrapport/Sveriges lantbruksuniversitet, Institutionen for
skoglig resurshushéllning, 500). [In Swedish with English summary]. Retrieved from
https://pub.epsilon.slu.se/.

Fridman, J., Holm, S., Nilsson, M., Nilsson, P., Ringvall, A.H., Stahl, G., 2014. Adapting
National Forest Inventories to changing requirements - the case of the Swedish
National Forest Inventory at the turn of the 20th century. Silva. Fenn. 48, 1095.
https://doi.org/10.14214/sf.1095.

Girardin, M.P., Guo, X.J., De Jong, R., Kinnard, C., Bernier, P., Raulier, F., 2014. Unusual
forest growth decline in boreal North America covaries with the retreat of Arctic sea
ice. Glob. Change Biol. 20, 851-866. https://doi.org/10.1111/gcb.12400.

Givnish, T.J., Wong, S.C., Stuart-Williams, H., Holloway-Phillips, M., Farquhar, G.D.,
2014. Determinants of maximum tree height in Eucalyptus species along a rainfall
gradient in Victoria, Australia. Ecology 95, 2991-3007. https://doi.org/10.1890/14-
0240.1.

Grafstrom, A., Zhao, X., Nylander, M., Petersson, H., 2017. A new sampling strategy for
forest inventories applied to the temporary clusters of the Swedish national forest
inventory. Can. J. For. Res. 47, 1161-1167. https://doi.org/10.1139/cjfr-2017-
0095.

Hagglund, B., Lundmark, J.E., 1977. Site index estimation by means of site properties.
Scots pine and Norway spruce in Sweden, Studia Forestalia Suecica, p. 38.

Henttonen, H.M., Nojd, P., Makinen, H., 2017. Environment-induced growth changes in
the Finnish forests during 1971-2010-An analysis based on National Forest
Inventory. For. Ecol. Manage. 386, 22-36. https://doi.org/10.1016/j.
foreco.2016.11.044.

Hogberg, P., Ceder, L., Astrup, R., Binkley, D., Dalsgaard, L., Egnell, G., Filipchuk, A.,
Genet, H., Ilintsev, A., Kurz, W., 2021. Sustainable boreal forest management
challenges and opportunities for climate change mitigation. IBFRA. Report 11, 60
pp. ISBN 978-91-986297-3-6.

Hoogesteger, J., Karlsson, P.S., 1992. Effects of Defoliation on Radial Stem Growth and
Photosynthesis in the Mountain Birch (Betula pubescens ssp. tortuosa). Funct. Ecol.
6, 317-323. https://doi.org/10.2307/2389523.

Hornbeck, J.W., Smith, R.B., Federer, C.A., 1988. Growth trends in 10 species of trees in
New England, 1950-1980. Can. J. For. Res. 18, 1337-1340. https://doi.org/
10.1139/x88-206.

IPCC., 2014. Summary for policymakers. In O. Edenhofer, Y. Pichs Madruga, Y. Sokona,
E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B.
Kriemann, J. Savolainen, S. Schlémer, C. von Stechow, T. Zwickel, J. C. Minx (Eds.),
Climate change 2014: Mitigation of climate change. Contribution of working group III to


http://refhub.elsevier.com/S0378-1127(22)00599-0/h0010
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0010
https://doi.org/10.1007/s10342-019-01168-4
https://doi.org/10.1007/s10342-019-01168-4
https://doi.org/10.1139/x04-198
https://doi.org/10.1890/1051-0761(1999)009[0216:CTRCAR]2.0.CO;2
https://doi.org/10.1890/1051-0761(1999)009[0216:CTRCAR]2.0.CO;2
https://doi.org/10.3959/2008-6.1
https://doi.org/10.1016/j.scitotenv.2021.150469
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0040
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0040
https://doi.org/10.1080/02827589609382909
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0050
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0050
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0055
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0055
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0055
https://doi.org/10.1016/j.foreco.2019.117762
https://doi.org/10.1016/j.foreco.2019.117762
https://doi.org/10.1038/s41467-021-21399-7
https://doi.org/10.14214/sf.1095
https://doi.org/10.1111/gcb.12400
https://doi.org/10.1890/14-0240.1
https://doi.org/10.1890/14-0240.1
https://doi.org/10.1139/cjfr-2017-0095
https://doi.org/10.1139/cjfr-2017-0095
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0100
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0100
https://doi.org/10.1016/j.foreco.2016.11.044
https://doi.org/10.1016/j.foreco.2016.11.044
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0110
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0110
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0110
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0110
https://doi.org/10.2307/2389523
https://doi.org/10.1139/x88-206
https://doi.org/10.1139/x88-206

A. Appiah Mensah et al.

the fifth assessment report of the intergovernmental panel on climate change (pp. 8-12).
Cambridge and New York, NY: Cambridge University Press.

Jonsson, B., 1995. Thinning response functions for single trees of pinus sylvestris L. and
picea abies (L.) karst. Scand. J. For. Res. 10, 353-369. https://doi.org/10.1080/
02827589509382902.

Kahle, H.-P., Spiecker, H., Unseld, R., Pérez-Martinez, P.-J., Prietzel, J., Mellert, K.-H.,
Straussberger, R., Rehfuess, K.-E., 2008. 4.2 Temporal trends and spatial patterns of
height growth changes in relation to changes in air temperature and precipitation,
and in relation to levels of foliar nitrogen and nitrogen deposition. Causes and
Consequences of Forest Growth Trends in Europe: Results of the Recognition Project
21, 127.

Kauppi, P.E., Posch, M., Pirinen, P., 2014. Large Impacts of Climatic Warming on Growth
of Boreal Forests since 1960. PLoS ONE 9. https://doi.org/10.1371/journal.
pone.0111340.

Keenan, T.F., Hollinger, D.Y., Bohrer, G., Dragoni, D., Munger, J.W., Schmid, H.P.,
Richardson, A.D., 2013. Increase in forest water-use efficiency as atmospheric
carbon dioxide concentrations rise. Nature 499, 324-327. https://doi.org/10.1038/
naturel2291.

LeBlanc, D.C., 1990. Relationships between breast-height and whole-stem growth indices
for red spruce on Whiteface Mountain, New York. Can. J. For. Res. 20, 1399-1407.
https://doi.org/10.1139/x90-185.

Lebourgeois, F., Bréda, N., Ulrich, E., Granier, A., 2005. Climate-tree-growth
relationships of European beech (Fagus sylvatica L.) in the French Permanent Plot
Network (RENECOFOR). Trees 19, 385-401. https://doi.org/10.1007/s00468-004-
0397-9.

Matérn, B., 1961. On the precision of estimates of diameter growth from increment
borings. IUFRO, 13t Congress 1961/25/8 — 9/2. 8 pp.

Makinen, H., Nojd, P., Kahle, H.-P., Neumann, U., Tveite, B., Mielikdinen, K., Rohle, H.,
Spiecker, H., 2002. Radial growth variation of Norway spruce (Picea abies (L.)
Karst.) across latitudinal and altitudinal gradients in central and northern Europe.
For. Ecol. Manage. 171, 243-259. https://doi.org/10.1016/50378-1127(01)00786-
1.

Makinen, H., Vanninen, P., 1999. Effect of sample selection on the environmental signal
derived from tree-ring series. For. Ecol. Manage. 113, 83-89. https://doi.org/
10.1016/50378-1127(98)00416-2.

Mensah, A.A., Holmstrom, E., Petersson, H., Nystrom, K., Mason, E.G., Nilsson, U., 2021.
The millennium shift: Investigating the relationship between environment and
growth trends of Norway spruce and Scots pine in northern Europe. For. Ecol.
Manage. 481, 118727 https://doi.org/10.1016/j.foreco.2020.118727.

Mercado, L.M., Bellouin, N., Sitch, S., Boucher, O., Huntingford, C., Wild, M., Cox, P.M.,
2009. Impact of changes in diffuse radiation on the global land carbon sink. Nature
458, 1014-1017. https://doi.org/10.1038/nature07949.

Mund, M., Kutsch, W.L., Wirth, C., Kahl, T., Knohl, A., Skomarkova, M.V., Schulze, E.-D.,
2010. The influence of climate and fructification on the inter-annual variability of
stem growth and net primary productivity in an old-growth, mixed beech forest. Tree
Physiol. 30, 689-704. https://doi.org/10.1093/treephys/tpq027.

Naslund, M., 1947. Funktioner och tabeller for kubering av stiende trad: Tall, gran och
bjork i sodra Sverige samt i hela landet. [Empirical formulae and tables for
determining the volume of standing trees: Scots pine, Norway spruce and Birch in
southern Sweden and in the whole country]. Medd. Statens Skogsforskningsinst. 36
(3), 81 pp. In Swedish with English summary.

16

Forest Ecology and Management 527 (2023) 120605

Nilsson, P., 2021. Skogsdata (Official Forest Statistics of Sweden): aktuella uppgifter om
de svenska skogarna frén Riksskogstaxeringen. Tema: Den d6da veden. Institutionen
for skoglig resurshushallning, Umeé. Swedish University of Agricultural Sciences. (In
Swedish with English summary).

Ols, C., Gschwantner, T., Schadauer, K., Bontemps, J.-D., 2021. Unexpected Negative
Effect of Available Water Capacity Detected on Recent Conifer Forest Growth Trends
Across Wide Environmental Gradients. Ecosystems. https://doi.org/10.1007/
510021-021-00663-3.

Pilli, R., Fiorese, G., Grassi, G., 2015. EU mitigation potential of harvested wood
products. Carbon Balance Manage. 10, 6. https://doi.org/10.1186/s13021-015-
0016-7.

R Core Team., 2020. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Retrieved from https://www.
R-project.org/.

Rohner, B., Waldner, P., Lischke, H., Ferretti, M., Thurig, E., 2018. Predicting individual-
tree growth of central European tree species as a function of site, stand,
management, nutrient, and climate effects. Eur. J. For. Res. 137, 29-44. https://doi.
org/10.1007/510342-017-1087-7.

Schweingruber, F.H., 1988. Tree rings: basics and applications of dendrochronology.
Springer Science & Business Media, Reidel, Dordreecht, The Netherlands.

Sharma, R.P., Brunner, A., Eid, T., 2012. Site index prediction from site and climate
variables for Norway spruce and Scots pine in Norway. Scand. J. Forest Res. 27,
619-636. https://doi.org/10.1080/02827581.2012.685749.

Silva, L.C.R., Anand, M., Leithead, M.D., 2010. Recent Widespread Tree Growth Decline
Despite Increasing Atmospheric CO2. PLoS ONE 5, e11543.

SMHI., 2018. Data. http://www.smhi.se/klimatdata.

Socha, J., Solberg, S., Tyminska-Czabariska, L., Tompalski, P., Vallet, P., 2021. Height
growth rate of Scots pine in Central Europe increased by 29% between 1900 and
2000 due to changes in site productivity. For. Ecol. Manage. 490, 119102 https://
doi.org/10.1016/j.foreco.2021.119102.

Soderberg, U., 1992. Funktioner for skogsindelning. H6jd, formhdjd och barktjocklek for
enskilda trad. SLU, Rapporter — Skog. Inst. For skogstaxering, Rapport 52.

Stern, R.L., Schaberg, P.G., Rayback, S.A., Murakami, P.F., Hansen, C.F., Hawley, G.J.,
2021. Eastern white pine and eastern hemlock growth: possible tradeoffs in response
of canopy trees to climate. Can. J. For. Res. 51, 1926-1938. https://doi.org/
10.1139/cjfr-2020-0512.

Svensson, S.A., 1988. Estimation of annual stem volume increment. A method to be
applied to sample trees of Scots pine and Norway spruce on temporary plots in the
Swedish National Forest Inventory. Rapport - Sveriges Lantbruksuniversitet,
Institutionen for Skogstaxering (Sweden).

Swedish Forest Agency., 2022. Skogsvardslagstiftningen-géllande regler [Forestry
legislation-applicable rules]. Skogsstyrelsen. 98 pp. Retrieved from https://www.
skogsstyrelsen.se/globalassets/lag-och-tillsyn/skogsvardslagen/
skogsvardslagstiftningen-2022.pdf.

Tomppo, E., Gschwantner, T., Lawrence, M., McRoberts, R.E. (Eds.), 2010a. National
Forest Inventories. Springer Netherlands, Dordrecht. https://doi.org/10.1007/978-
90-481-3233-1.

Urban, O., Janous, D., Acosta, M., Czerny, R., Markovd, 1., Navratil, M., Pavelka, M.,
Pokorny, R., Sprtov4, M., Zhang, R., Spunda, V., Grace, J., Marek, M.V., 2007.
Ecophysiological controls over the net ecosystem exchange of mountain spruce
stand. Comparison of the response in direct vs. diffuse solar radiation. Glob. Change
Biol. 13, 157-168. https://doi.org/10.1111/j.1365-2486.2006.01265.x.


https://doi.org/10.1080/02827589509382902
https://doi.org/10.1080/02827589509382902
https://doi.org/10.1371/journal.pone.0111340
https://doi.org/10.1371/journal.pone.0111340
https://doi.org/10.1038/nature12291
https://doi.org/10.1038/nature12291
https://doi.org/10.1139/x90-185
https://doi.org/10.1007/s00468-004-0397-9
https://doi.org/10.1007/s00468-004-0397-9
https://doi.org/10.1016/S0378-1127(01)00786-1
https://doi.org/10.1016/S0378-1127(01)00786-1
https://doi.org/10.1016/S0378-1127(98)00416-2
https://doi.org/10.1016/S0378-1127(98)00416-2
https://doi.org/10.1016/j.foreco.2020.118727
https://doi.org/10.1038/nature07949
https://doi.org/10.1093/treephys/tpq027
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0190
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0190
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0190
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0190
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0190
https://doi.org/10.1007/s10021-021-00663-3
https://doi.org/10.1007/s10021-021-00663-3
https://doi.org/10.1186/s13021-015-0016-7
https://doi.org/10.1186/s13021-015-0016-7
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0210
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0210
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0210
https://doi.org/10.1007/s10342-017-1087-7
https://doi.org/10.1007/s10342-017-1087-7
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0220
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0220
https://doi.org/10.1080/02827581.2012.685749
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0230
http://refhub.elsevier.com/S0378-1127(22)00599-0/h0230
https://doi.org/10.1016/j.foreco.2021.119102
https://doi.org/10.1016/j.foreco.2021.119102
https://doi.org/10.1139/cjfr-2020-0512
https://doi.org/10.1139/cjfr-2020-0512
https://doi.org/10.1111/j.1365-2486.2006.01265.x

	Taller and slenderer trees in Swedish forests according to data from the National Forest Inventory
	1 Introduction
	2 Material and methods
	2.1 Swedish NFI: design, sample trees, stand and site variables
	2.2 Basal area growth and mean height estimation
	2.3 Statistical analysis of mean height development and basal area growth trends

	3 Results
	3.1 Trend for mean height development at the tree level
	3.2 Trend for mean height development at the stand level
	3.3 Trend for annual basal area growth at the tree level

	4 Discussion
	4.1 Data and models
	4.2 Interpretation of the trends

	5 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Acknowledgements
	Appendix B: Function for the estimation of time to reach breast height based on Elfving (2010)
	Function for the estimation of time to reach breast height based on Elfving (2010)

	Appendix C: Function for the estimation of time to reach breast height based on Elfving (2010)
	Comparison of cored sample trees from the periods 1983–2002 and 2003–2020 in the National forest inventory

	References


