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ARTICLE INFO ABSTRACT

Keywords: Great interests in silver birch (Betula pendula) forests have increased in an attempt to handle biodiversity and
Betula pendula Roth resilient forest management with more broad-leaved forests. However, up-to-date silver birch growth and yield
Site index . . models are still needed to predict the stand development in the future and support operational forest manage-
Chapr_nan'Rmhards funmon, ment and planning. The objectives of this study were to develop site index and stand characteristic models for
Seemingly unrelated regression . . . . o . . .
Nonlinear and linear mixed-effects models silver birch plantations. Data for modelling were from the thinning and spacing experiments and tree breeding
Thinning trials on silver birch plantations in southern and central Finland. The dominant height and site index (SI) models
Site type were fitted using the nonlinear mixed effect regression approach based on the Chapman-Richards function with
the genetic effect from improved seedlings. The modelling result indicated a logical growth performance over age
and higher dominant height with genetically improved seedlings. The stand characteristic models for unim-
proved seedlings were developed using multivariate mixed-effects modelling approach. The targeted, response
variables were the basal area-weighted mean height (HW, m), the basal area-weighted mean diameter (DW, cm)
and stand basal area (G, m? ha™?) of silver birch. Stand biological age (AGE, year), SI estimated based on the
model of the current study with the base age of 50 years, and the number of silver birch trees (N, trees ha™!) were
all commonly applied as highly significant predictor variables for all of HW, DW, and G models. In addition to
these predictors, thinning variables, comprised of the time since last thinning in year and the thinning intensity
based on G, were highly significant in the DW and G models with logical behavior. Recent thinning affected
negatively at first because trees in thinned stands were slimmer than those in unthinned stands that have grown
from the early stage at the same level of N with thinned stands. After 13 years since last thinning, the effect
turned positive indicating that the increments were expedited with thinning. Lastly, site type classified as either
former agricultural land or forest site was included in the DW and G models. Consequently, all the models
developed in this study were evaluated as practicable with easy-to-use predictors and desirable accuracy.

1. Introduction has been increasing in Nordic and Baltic countries with respect to
biodiversity and climate change (Hynynen et al., 2010; Dubois et al.,
An interest in silviculture of silver birch (Betula pendula) plantations 2020). In Finland, silver birch, the growing stock volume of which
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occupies 418 million m? (16.5%) out of the total, is the most important
deciduous tree species in commercial forests, which, however, are
heavily dominated by Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies) (Kulju et al., 2023). Therefore, comprehensive research has
been conducted addressing, e.g., tree breeding, seedling production,
regeneration, and management of silver birch stands. There is a great
potential for increasing silver birch role in forest management and so
there is a need for updated research results (Liziniewicz et al., 2022).

The prevailing Finnish growth and yield models for silver birch were
developed based on naturally regenerated stands or stands planted with
bare-root seedlings representing an unidentified seed source (Oikarinen,
1983; Gustavsen and Mielikdinen, 1984) or based on mixed stands
growing with conifers (Hynynen et al., 2002, 2014). These models set up
the basis for current thinning guidelines for silver birch (Oikarinen,
1983; Gustavsen and Mielikdinen, 1984; Rantala, 2011; TAPIO, 2023).
However, new silver birch stands in Finland are mostly established by
planting container seedling material grown from genetically improved
seed (Kulju et al., 2023). Thus, the existing models may be inaccurate
when predicting the growth and yield of such stands.

Therefore, more accurate and up-to-date models for planted silver
birch stands are required in practical forestry. Several studies have
shown that stand-level models can adequately predict the growth and
yield of managed, even-aged stands as an alternative to individual tree
models (Pienaar and Rheney, 1995; Harkonen et al., 2010; Scolforo
etal., 2019). Stand-level models describe age dependent development of
the selected stand characteristics. They can be flexibly used together
with diameter distribution models for converting stand-level informa-
tion into tree-level information and predicting the timber assortments
(Siipilehto, 2011; Lee et al., 2021b, 2023). For these reasons, the models
for describing the stand structure have been developed, such as basal
area-weighted mean height (HW), basal area-weighted mean diameter
(DW), and stand basal area (G) (Nasset, 2002; Siipilehto, 2011; Lee
et al., 2021b, 2023). Depending on the situation of target stands, the
number of trees (N) was modelled (Siipilehto, 2011) or not modelled but
instead used as a predictor variable (Lee et al., 2023). For accurate
predictions of stem volume and biomass by timber assortment, N, HW,
DW, and G are used as predictor variables in diameter distribution such
as recovery of the 2-parameter Weibull function or individual tree
height allometric equation, such as Naslund height curve (Siipilehto and
Mehtatalo, 2013; Lee et al., 2021b). In addition to age dependent
development of stand characteristics, the effect of stand management
has to be also taken into account. Silver birch is a light-demanding
species which benefits from quite heavy thinnings (Niemisto, 1997).

Site index (SI) is commonly used in growth and yield models to de-
pict site productivity for single-species, even-aged stands. Site index
models for silver birch have been developed in many countries in
northern Europe (Eriksson et al., 1997; Donis, 2022; Maleki et al., 2022;
Kiviste et al., 2022). In Finland, Oikarinen (1983) developed site index
models for planted silver birch stands. However, since 1980s the growth
rate of planted silver birch stands has noticeably improved due to tree
breeding, development of seedling production in nurseries, and regen-
eration practices as well as climate change (Haapanen, 2024; Henttonen
et al., 2024). Therefore, there is a need to develop more predictable
models in practice.

The objectives of this study were to develop the new stand-level
growth and yield models for silver birch plantations in southern and
central Finland. The specific aims were 1) to develop the models for
dominant height (H00) growth and site index, 2) to develop models for
the stand characteristics (HW, DW, and G), 3) to assess the reliability of
developed models, 4) and to examine the model performance by
comparing them with the results of other silver birch studies in northern
Europe.
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2. Materials and methods
2.1. Data

Modelling data were collected from silver birch plantations on
mineral soil sites located in southern and central Finland. The data
comprised of two kinds of field trials: thinning and spacing trials (Luke
1) and tree breeding trials (Luke 2) to take into account both the effects
of forest management and tree breeding in the analysis (Table 1).

2.1.1. Long-term thinning and spacing experiments

The first data source, the thinning and spacing experiments (Luke 1),
consisted of repeatedly measured data from 21 stands in southern and
central Finland (Niemisto, 1995a, 1995b, 1997) (Fig. 1). All the sites
were situated in mineral soil and site type varied from former agricul-
tural land to forest sites (MT or OMT) by plot. MT refers to fresh site
(Myrtillus forest type) and OMT to herb-rich site (Oxalis-Myrtillus forest
type) (Cajander, 1949; Tonteri et al., 1990). Soil types of the plots were
mold, silt, fine sand, sand, gravel, fine sand moraine, or sand moraine,
and it did not include clay soil type.

In the experimental stands, trees were planted in 1969-74 and the
plots were established in 1980—1990 when biological age (AGE) of the
stands was 11-32. At the last measurement the age was 39-53 years.
However, one clear deviant site was in Punkaharju with four plots
established 1976 at age of 27 years and last measurement at age of 69
years. All the experimental plots were planted silver birch stands, but
the seedlings were unimproved materials and unknown in terms of the
origin. Also, there were a few plots in which Norway spruce grew
naturally from the understory, which is commonly occurred in silver
birch stands of Finland. Thus, the plots were included in model devel-
opment of this study considering the practical aspect in forestry fields.
The plots of extremely rectangular spacing with row-to-row distance
more than 3 times plant-to-plant distance in rows in the spacing ex-
periments (cf., Niemisto, 1995a, 1995b) were excluded in this study.

The thinning experiments were firstly measured at the time of plot
establishment, and thereafter regularly. Without few small exceptions
the regular interval between consecutive measurements was 5 growing
seasons. Depending on experimental design of plots in each site, one to
three thinnings were carried out with various thinning intensity along
with unthinned plots (Niemisto, 1997). Certain plots were additionally
thinned once more nearly at age 40-45, also known as late heavy
thinning. Thus, including the thinning before or at the plot establish-
ment and late heavy thinning, the total number of thinning was up to
four at maximum. The applied thinning method was thinning from
below in the plots. As a result of thinning from below, thinning quotient,
a quotient dividing the mean diameter of removed trees by the mean
diameter of all trees before thinning, disclosed less than 1 in most plots.
Only in some cases after late heavy thinning, this quotient exceeded 1
because of low stem number with even spacing targeted.

Rectangular plots were established in each stand, with an average
plot size of 959 m? with buffer zones wider than 5 m. In the field data
collection, all trees on the plots were mapped with their x and y co-
ordinates and measured for diameter (mm) at breast height from two
perpendicular directions. The species, retention class (living and to be
retained, living and marked for removal in thinning, dead, or dis-
appeared), and any damage were recorded for each tree on the plot. The
height (dm) was measured from sample trees. The sample trees were
selected with the aim of selecting around 40 trees on each plot before
thinning treatments. Any trees with visible disease or damage were not
included as sample trees. The probability of a tree being selected was
proportional to its basal area at breast height, but the sample trees were
randomly located on a plot. The same sample trees were measured in all
measurements, and no new sample trees were added after thinning.

2.1.2. Tree breeding trials
The second data source, tree breeding trials (Luke 2), comprised of
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Table 1
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Characteristics and management of silver birch trials in southern and central Finland.

Variables Thinning and spacing experiments Tree breeding trials (Luke 2)
(Luke 1)
Thinning experiments Spacing experiments Unimproved materials Improved materials
Dataset structure
No. of stands 18 3 22 19
No. of plots 180 60 57 72
No. of measurements by stand 1-9 1-7 1-3 1-3
Observation period by plot 28.9+7.7 (5-42) 24.3+3.9 (5-28) 5.5+6.1 (0-18) 1.9+4.4 (0-18)
Intervals between measurement in 5+0.4 (4-8) 5+0.4 (4-10) 3+2.6 (0-7) 6+2.8 (2-11)
year
No. of observations 1494 411 143 95
Management
Density” at the first measurement 880-3072 485-4467 832-4444 818-4365
(trees ha™")
Year of establishment 1977-1995 1984-1992 1989-2005 1989-2005
Seed information unimproved unimproved unimproved improved
Plot size (m?) 490-1250 496-1710 300-4600 300-3310
No. of thinning 0-4 0-3 0-2 0-2

Thinning intensityl’ (%)

Time after last thinning (year)

Site characteristic

Latitude

Longitude

Elevation above sea level (m)

Temperature sums above 5 °C
(°C-days)

Lake index

Site type” with no. of stands

36.9+14.0 (1.8-66.3)
8.74+7.9 (0-39)

N 61°15-65°36'
E 24°7'-30°29
80-204
1070-1348

0.3-63.9
Former agricultural land (Field) 10
Forest site (OMT) 3

35.0+9.3 (18.2-60.5)
6.846.3 (0-25)

31.3+4.7 (24.5-39.5)
4.3+3.8 (0-12)

47.7+18.4 (23.7-75.1)
8.843.5 (0-12)

N 62°21-65°51' N 60°5-62°49 N 60°5-62°48

E 26°9-28°51 E 24°47'-30°37' E 24°47'-30°37'

70-105 40-150 40-150

1124-1296 1282-1460 1287-1409

0.7-21.7 0.8-44.5 2.9-44.5

Former agricultural land Former agricultural land Former agricultural land
(Field) 3 (Field) 15 (Field) 12

Forest site (MT) 5

Site index” (SI, m) 26.9+2.8 (18.6-32.9)

25.0+2.5 (19.9-30.4)

Forest site (OMT) 1
Forest site (MT) 6
30.9+2.8 (23.8-38.2)

Forest site (OMT) 1
Forest site (MT) 6
31.7+4.0 (23.0-41.9)

@ The density is not always defined as initial planting density.
Y Thinning intensity based on stand basal area.

¢ OMT is Oxalis-Myrtillus (a herb-rich heath forest) site type and MT is Myrtillus (a mesic heath forest) site type (Cajander, 1949).

4 Site index with a base age of 50 years.

20 sites planted on former agricultural land and forest site in southern
Finland (Fig. 1). The trials were established to determine genetic dif-
ferences in growth and quality of various test materials comprising
progenies of plus trees (classified as “improved”) and seedlots from
natural stands (classified as “unimproved”). A randomised complete
block design was utilized in the trials. The experimental units (plots) in
the trials of Luke 2 were smaller than those of Luke 1. We decided to pool
all the subplots which were smaller than 250 m?, so that it allowed us to
retain an adequate number of observations while keeping the stand and
tree characteristics sufficiently uniform.

The collection of field data in the Luke 2 trials was similar to those in
Luke 1 group, involving recording of DBH, tree height, and mortality.
Sometimes thinning history was not recorded sufficiently, but most of
the trials had been thinned 0-2 times before the data collection. When
thinning intensity based on basal area was not documented, we directly
determined by record for few observations and the number of thinned
trees was used to estimate the nearest former thinning intensity. Based
on the thinning quotient which was below 1, these trials appeared to
have been thinned from below.

2.1.3. Stand characteristics and additional variables for modelling

The calculated main stand variables for silver birch were N, HW, DW,
G, HOO, and SI. N was defined as the solely number of silver birch trees
and HOO as the mean height of 100 thickest trees per ha (Table 2). Stand
variables were calculated with KPL-software based on tree data (Hei-
nonen, 1994). The response variables (HW, DW, and G) and predictor
variables (AGE, N, and SI) were confined only to silver birch. Naturally
grown Norway spruce trees existed occasionally in understory layer only
in 21 plots from 5 sites (out of 369 plots in 62 sites total) with 66 trees
ha™! on average, representing 4.1% out of total stem number on
average. SI was assessed based on the site index model developed in this

study. The finally applied SI in the stand characteristic models was the
mean SI values from all measurement instances to compromise any
variations in each observation. For example, if a plot was measured 8
times with a 5-year interval from 20 to 55 years in AGE, the final SI was
calculated by averaging all of the eight SI values.

Thinning effects were described by thinning intensity and time
elapsed since last thinning. Thinning intensity based on proportion of
removed stand basal area (THIN) was computed for each thinning scaled
0-1. Time after last thinning in years (Talty) was calculated by obser-
vations. Due to the relative lack of the observations and rather constant
thinning effect when Talty > 25, a modified variable was also tested to
restrict a persistently intensified impact with a large Talty; Talty, .. o5
was considered to be the same value of Talty if Talty < 25 and be fixed to
25 if Talty > 25. To examine any additional climatic and/or edaphic
factors, the long-term average of the annual effective temperature sum
(in degree-days, threshold value +5 °C, GDD5) for the period
1981-2010 (Venalainen et al., 2005) was collected. Additionally, lake
and sea index (scaled 0-100) referring to the proportional coverage of
lakes or sea within a distance of 20 km radius were added (Ojansuu and
Henttonen, 1983).

2.2. Modelling approach and statistical analysis

Model developments were proceeded with two set of model fitting
stages: site index and stand characteristics. Additionally, genetic effects
were considered in modelling. Therefore, dominant height and site
index models were firstly developed considering genetic effects. After-
wards, stand characteristics models for HW, DW, and G of unimproved
seedlings were developed considering SI estimated based on the model
in the first stage (Appendices A, B, and C). Using only unimproved
materials in modelling the silver birch stand characteristics, the level of
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Fig. 1. Map of the experimental sites used for the models of silver birch
plantations in southern and central Finland. Luke 1: Thinning and spacing ex-
periments, Luke 2: Tree breeding trials.

Table 2

Forest Ecology and Management 563 (2024) 121998

genetic gain could be appropriately estimated and included in model
predictions in the future as done earlier by incorporating genetic gains of
Scots pine in the simulation software MOTTI (Haapanen et al., 2016).

2.2.1. Site index

To develop a site index model, a well-defined, conventional method
was applied through the relationship between stand age and dominant
height. Among many of growth functions used in the field of forest
biometrics, Chapman-Richards function was selected as a base equation
in this study (Richards, 1959). The function is known to be flexible with
three parameters reflecting the asymptote, growth rate, and shape or
inflection point of growth patterns (Goelz and Burk, 1992). Further-
more, the function has been widely studied in other countries and/or
other tree species, so it’s readily comparable to any other research using
the same function (Prévosto et al., 1999; Lee et al., 2021a; Lee and Choi,
2022; Huuskonen et al., 2023; Zeltins et al., 2024).

For dominant height the Chapman-Richards model as a function of
stand age was developed, and a genetic effect (GE) was tested as a cat-
egorical variable in all parameters (a, b and c¢) as well as all possible
combinations of them as follows in Eq. (1):

HOO = (a+2 x GE + 1y) (1 — e (01#<GBAGE) (€12XGERR) | o @
where HOO is the dominant height (m), a, b, ¢, and z are the model pa-
rameters, AGE is the biological stand age (year), GE is the categorical
variable for the genetic effect (1 if improved material, O otherwise), u;
and uy are random effects at experiments (or sites) level, and ¢ is the
random error term. In modelling, experiments (or sites) were considered
as random effects, so the nonlinear mixed-effect model was fitted via the
nlme function in the nlme package in R statistical software (R Core Team,
2019; Pinheiro et al., 2023) (Appendix C). Due to convergence problems
when applying a random effect on parameter b, random effects were
included in only parameters a and ¢ (cf. Lappi and Bailey, 1988; Hall and
Bailey, 2001; Huuskonen and Miina, 2007; Lee et al., 2021a).

Using the fitted dominant height model and the base age of 50 years,
site index guide curves were presented based on anamorphic site index
equations (Appendix B). The base age (or reference/index age) was
determined as 50 years after referencing the former studies about silver

Descriptive statistics of modelling dataset for silver birch plantations from southern and central Finland by first and last measurements.

Stand characteristics Thinning and

Tree breeding

spacing trials

experiments (Luke 2)

(Luke 1)

Thinning Spacing Unimproved Improved
experiments experiments materials materials

Time of measurements First Last First Last First Last First Last

Biological stand age 20+4 48+8 23+8 47+6 15+6 21+9 18+5 20+5
(AGE, year) (13-27) (24-69) (11-32) (32-52) (7-24) (12-35) (7-24) (12-35)

Stand density of silver =~ 1816.0+486.9 626.3 1699.0 850.6 2106.1 1808.4 1647.3 1617.8
birch (880-3072) +375.9 +966.1 +481.2 +1244.8 +1259.9 +691.7 +696.6
(N, trees ha 1) (171-2120) (485-4467) (240-3090) (832-4444) (448-4524) (818-4365) (439-4167)

Dominant height 13.3+3.2 26.5+3.4 12.4+3.6 26.0+2.1 12.9+4.5 15.8+5.4 14.9+4.0 16.0+3.7
(HO0, m) (5.3-21.4) (16.7-33.0) (5.8-19.5) (17.0-29.6) (5.3-19.7) (8.2-24.9) (5.6-21.5) (9.7-25.1)

Height, basal area- 12.1+3.1 25.4+3.4 11.2+3.3 24.5+2.1 11.9+4.4 13.8+6.7 13.6+4.3 14.3+4.8
weighted mean (4.7-19.0) (15.9-32.0) (5.1-18.0) (16.3-28.4) (4.7-19.1) (4.9-24.6) (5.5-19.8) (4.4-24.3)
(HW, m)

Diameter, basal area- 10.8+2.5 22.6+3.7 10.6+2.7 20.9+2.9 10.1+3.9 13.14+5.0 11.7+3.2 12.8+3.3
weighted mean (4.6-15.8) (13.7-31.8) (6.2-15.7) (12.6-26.7) (3.5-15.4) (6.9-22.8) (4.3-17.8) (8.2-23.3)
(DW, cm)

Stand basal area 13.7+4.6 20.6+6.4 11.945.5 23.8+6.2 12.2+6.1 15.3+4.3 14.846.2 16.84+5.2
(G, m?>ha™1) (2.6-22.7) (9.1-39.9) (2.0-24.7) (10.2-35.6) (3.5-24.2) (6.2-24.2) (5.5-29.8) (9.6-29.8)

Cumulative mortality - 641.9 - 500.8 - - - -
at last +495.0 +647.1
measurement” (50-2536) (38-2098)

(trees ha™!)

# The cumulative mortality was calculated only from the unthinned plots based on the difference of the number of remaining silver birch trees between the first and

last observation at which the measurement range is greater than 20 years.
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birch in northern Europe (Oikarinen, 1983; Gustavsen and Mielikainen,
1984; Donis, 2022; Maleki et al., 2022) and considering the silver birch
growth and recommended final felling age in practical forestry (Rantala,
2011).

2.2.2. Stand characteristics

In the modelling process of stand characteristics, the correlations
between the response variables, such as HW, DW, and G, can be taken
into account by using the multivariate modelling approach (Zellner,
1962). One option is to apply the seemingly unrelated regression (SUR)
in model fitting (e.g., Fang et al., 2001; Hall and Clutter, 2004; Siipi-
lehto, 2011; Lee et al., 2023). SUR leads to efficient estimation that
accounts for the between-model correlations (Goldstein, 1995). In
addition to this, a mixed-effect model is preferred to handle hierarchical
data such as repeated measurements (Laird and Ware, 1982). Thus, the
SUR approach with random effects can be considered as the most
adequate modelling technique, also known as multivariate mixed-effects
modelling (Mehtatalo and Lappi, 2020).

To fit the parameters for the stand characteristics, we applied
multivariate mixed-effects modelling techniques as HW, DW, and G
could be interactively affected by one another. The data were restruc-
tured in a longitudinal format to fit the models of HW, DW, and G
simultaneously with the SUR approach (Lee et al., 2023) (Appendix C).
For each response variable, a multiplicative model structure was
assumed (Eq. 2), so HW, DW, and G were transformed to logarithmic
scale to linearize the equation (Eq. 3) (Lee et al., 2023). Logarithmic
transformation in Eq. (3) adequately solved the scedasticity problem by
homogenizing the original heteroscedastic residual error (Eid, 2001;
Siipilehto, 2011).

Y=  boXbX..Xoe @)
InY = Inby + b;InX; + byInX; + -+ + b,InX,, + Ine 3

where Y is the response variable, by-b,, are the model parameters, X;-X,
are the predictor variables, and ¢ is the random error.

The major predictor variables were AGE, SI, and N. SI was the
arithmetic mean of all observations by plot between AGE of 12-60 years
to exclude extreme SI estimation from very young or too mature stands
after the recommended final felling age. SI did not vary much between
measurements, and the mean SI value provided more conservative or
stable estimation as a finally applied predictor variable. THIN, Talty,
and Taltymax2s were also examined to consider thinning effects on the
stand development. Additionally, climatic and edaphic variables such as
GDD5, lake and sea indices, site type, and soil type were tested.

In modelling stage, transformed variables, including reciprocal,
squared, square root, natural logarithmic, etc., were tested to find the
most significant and logical predictors. Also, a small constant k varying
from O to 10 was tested in the reciprocal form of AGE, 1/(AGE + k), to
solve the curvilinearity and figure out most suitable predictor variables.

Due to several observations from the same experiments, the random
between-experiment effects were included in the intercept of the models
for HW, DW, and G. The random effects and random errors had a mean
of 0 and constant variances and were assumed to be correlated across the
models. To take this into account, multivariate mixed-effects modelling
was carried out through the Ime function of the nlme package in R (R
Core Team, 2019; Lee et al., 2023).

2.3. Simulation and model validity

All the models developed in this study were confirmed with statis-
tical significance, goodness-of-fit statistics including AIC, BIC, and
—2 log-likelihood, and simulations. Overall metrics of residuals
(observed value — predicted value) were offered with root mean square
error (RMSE), mean absolute error (MAE), and mean absolute percent-
age error (MAPE) for both mixed and fixed effects predictions. RMSE%
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was calculated in percentage scale by dividing RMSE by the observed
mean of the stand characteristic in each model. The residuals not only
over the predicted values but also over the predictor variables were
examined to verify unbiased model performance. Supplementary figures
via the whiskers function of the Imfor package were provided by adding
vertical lines onto residual plots to show 95% confidence intervals for
individual observations in the classes of the variable on the x-axis
(Mehtatalo and Kansanen, 2022) (Appendix A).

Specifically, the dominant height model, which was applied to site
index guide curves, was checked with both prediction types from mixed
effects and fixed effects in residual plots. Thereafter, the general domi-
nant height growth patterns by genetic effect over stand age were
identified based on the developed model. The developed site index
models were compared with corresponding models among the countries
in northern Europe.

With regards to the stand characteristic models, the predictions in
arithmetic scales were analyzed together with original logarithmic scale.
The residual analyses and goodness-of-fit metrics for stand characteris-
tics were similarly examined as in the site index model. Additionally,
when the simulation was proceeded in the arithmetic scale, a half of the
total residual variance was added in logarithmic scale for back-
transformation to correct predictions and reduce unexpected un-
derestimates (Baskerville, 1972; Burkhart and Tomé, 2012; Lee et al.,
2023) (Appendix B).

Stand characteristics were simulated in a range of modelling data so
that the model behaviors were analyzed in the stand condition with
maximum and minimum values such as AGE, SI, and N. Furthermore,
the level of the maximum number of trees and, by extension, the
maximum basal area was checked during the simulation through the
previously developed models (Hynynen, 1993; Hynynen et al., 2002)
although any self-thinning model according to natural mortality was not
developed in the present study.

3. Results
3.1. Dominant height and site index

3.1.1. Model development and validation

Using the relationship between AGE and H0O, model parameters
were fitted based on the Chapman-Richards function, and the most
significant parameter for genetic effect was found in asymptote term
(parameter a in Eq. 1). All the estimated parameters including the ge-
netic effect were highly significant with the random effect of experi-
ments (or sites) (Table 3), and thus, the finally selected equation was as
below in Eq. (4).

HOO = (a0 + a1 x GE + ) (1 — e 2*A%) ™) ¢ )

where HOO is the dominant height (m), ay, aj, b, and c are the model
parameters, AGE is the biological stand age (year), GE is the categorical
variable (0 or 1) for the genetic effect, u; and uy are the random effects at
experiment level, and ¢ is the random error term.

The dominant height model was unbiased over predicted values and
stand age (Fig. 2). The model predicted dominant height accurately with
circa RMSE 1 m and MAPE 4% with mixed effects and 2.4 m and 11%,
respectively, with fixed effects. The genetic effect (GE) presented higher
height (Fig. 3a) and height growth (Fig. 3b) at certain age. The height
difference between improved and unimproved seedlings increased over
age and was 1.0 m at age 20, 1.6 m at age 40, and 2.0 m at age 60, for
example (Fig. 3a).

By comparing the dominant height curves and its periodic annual
increment of our model with the prediction of Oikarinen (1983), it
revealed a similar pattern at early age, but the line of the previous study
was low at later stage (Fig. 3). The dominant height growth from Gus-
tavsen and Mielikainen (1984) was generally lower than that from our
model indicating the difference between planted and naturally
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Table 3

Parameter estimates and fit statistics of dominant height growth model for silver
birch plantation in southern and central Finland using the nonlinear mixed-
effect modelling approach based on the Chapman-Richards function as pro-
vided in Eq. (4).

Class Parameter Estimate S.E.
Fixed effects ao 36.9164 0.8677
a 2.4096 0.4791
b 0.0320 0.0016
c 1.2239 0.0499
Random effects std(uy) 2.3366
corr(uy, uz) 0.442
std(uz) 0.2336
Random error std(e) 1.0040
Fit statistics AIC 5402.874
BIC 5446.843
-2logLik 5386.874
Mixed effects Fixed effects
Metrics of model accuracy RMSE 0.9859 2.3800
MAE 0.7634 1.8559
MAPE 0.0404 0.1076

Note: all fixed-effect parameters were highly significant (P < 0.0001). ao, a1, b,
and ¢ are fixed-effect parameters. u; and upare random-effect parameters at
experiment level. std refers to the standard deviation. corr refers to the corre-
lation. std(e) is the standard deviation of the residual in the model performance.
AIC is the Akaike information criterion. BIC is the Bayesian information crite-
rion. —2logLik is the —2 x log-likelihood value. RMSE is the root mean square
error. MAE is the mean absolute error. MAPE is the mean absolute percentage
error.

regenerated stands (Fig. 3). Note that the predicted values from Oikar-
inen (1983) and Gustavsen and Mielikainen (1984) can be varied
depending on the initial input value of age and dominant height as their
models were developed targeting for dominant height increment or its
percentage; the initial input values of dominant height and stand age in
the simulation of the previous models were set similar to the observa-
tions in our data.

3.1.2. Site index examination

Based on the results of dominant height modelling, site index guide
curves were provided using the algebraic difference equation approach
(Lee et al., 2015, 2021a). By setting AGE=AGE,, (or base age) in Eq. (4),
HOO implied SI, and the asymptote term was chosen to be substituted for
a type of anamorphic site index curve (Appendix B) (Lee et al., 2021a).
The two set-up equations with the estimated parameters can be rear-
ranged to either HOO for site index guide curves (Eq. 5) or SI for site
index estimation (Eq. 6) (Lee et al., 2015) as follows:

1 — ¢~00320AGE \ 12239
HOO = SI x (W) -
1 _ o-00320AGE, 1:2239
SI=HO00 (W) ©

where HOO is the dominant height (m); SIis the site index (m); AGE is the
stand biological age (year); and AGE, is the base age of 50 years.

Using Eq. (5), site index guide curves of this study were produced
with the base age of 50 years and checked comparing other previous
studies (Fig. 4, Appendix B). Using Eq. (6), site index values were esti-
mated as a predictor variable for each plot and used for the stand
characteristic models in the latter part of analysis. Through this
approach, one type of site index curves was formulated regardless of the
GE parameter, but at the same time, the site index of improved seedling
stands was estimated suitably with observations of the superior domi-
nant height from stand measurement in practice (Fig. 4a).

The calculated site indices of the plots were dispersed mainly in the
range of 18-33 m for unimproved seedlings. On the other hand, site
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indices of genetically improved seedlings were mostly 27, 30, or 33 m
and even higher especially when the stand age was relatively young,
near or less than 20 years (Fig. 4a). The site index curves of our study
were compared with the previous studies on silver birch stands in
northern Europe by setting up the same criteria with a base age of 50
years from biological stand age (Fig. 4). The site index curves in
Oikarinen (1983), which provided 2-meter interval site indices, pre-
sented a lower line for a low SI level (22 m) and a higher line for a high
SI level (28 or 30 m) until the base age compared to the present study,
and it underestimated in a high SI level (28 or 30 m) after the base age. It
seemed that the Oikarinen’s (1983) model did not retain a convergence
characteristic at young age and the asymptote was lower than the cur-
rent study.

The models from Gustavsen and Mielikdinen (1984), which were
developed based on natural silver birch stands, did not show a conver-
gence characteristic in site index curves at young age. Overall, the site
index curves of Gustavsen and Mielikainen (1984) were lower than the
present study. In the model of Eriksson et al. (1997) from Sweden, the
asymptote was lower and higher growth rate appeared from early age,
and thus, the curves at high SI level (27, 30, or 33 m) were higher than
our curves before base age of 50 years and lower than our curves after
base age. For example, an observation with HO0=22 m and AGE=30
years is corresponded to SI 30 m from our model and SI 27 m based on
Eriksson et al. (1997).

The models of Kiviste et al. (2022) in Estonia and Donis (2022) in
Latvia were relatively comparable to our study, especially for the highest
SI values. Specifically, their models showed less curvilinearity and it
may indicate a higher growth rate and/or higher asymptote. Therefore,
their models produced lower site index curves before base age of 50
years and higher site index curves after base age.

3.2. Stand characteristics

3.2.1. Multivariate model fitting

Multivariate mixed effects models for stand characteristics included
AGE, SI, and N as common predictor variables (Table 4). The logarithmic
forms of SI and N were used because of the assumed multiplicative
structure (see Eqgs. 2 and 3). The selected age-related variables, 1/
(AGE+6) for HW and 1/(AGE+1) for DW and G, showed the best fit for
the curvilinear relationship with age (Appendix A). The estimated pa-
rameters indicated that increasing N resulted in lower HW and DW and
higher G (Table 4). All stand characteristics were positively correlated
with SI.

Additional predictors regarding thinning information were found
statistically significant in the models of DW and G (Table 4). The applied
thinning variable was interaction between THIN and Talty. It was
formulated as THINx(/Talty,,..s—3.5); here, Talty was restricted to
have a maximum value of 25 (Taltypax2s). The formulated thinning
variable was capable to estimate the negative effect until 12 years of
Talty and the positive effect since 13 years of Talty (Table 4, Fig. 5).

In searching for other climatic or edaphic factors, the categorical
variable of former agricultural land (Agric) was found significant in the
DW and G models (P=0.0395 for DW and P=0.0211 for G). It was not
significant in the model for HW most probably because SI as a driving
variable included its effect indirectly. The positive parameter signs of
Agric in DW and G models stood for the superior/higher growth in a
former agricultural land to the growth in a forest site. Meanwhile, other
tested variables including temperature sum, soil type, and lake or sea
index were found statistically insignificant in all models. The random
experiment effect was associated to each intercept term. The estimated
correlation of the random effects particularly between DW and G pre-
sented a highly correlated error (r=0.974), thus making calibration
effective with best linear unbiased prediction (BLUP) if either one of the
modelled variables is known (Siipilehto, 2011).

The models were validated through the residual plots over the
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Fig. 2. Residual plots of dominant height development model via Eq. (4). The predicted values were calculated based on the fixed-effect or mixed-effect parameters

provided in Table 3.

predicted values and predictor variables (Fig. 5, Appendix A). By
comparing the contrast residual patterns from the models depending on
thinning variables, the necessity of thinning variables and its suitability
were obviously proved in Fig. 5. Moreover, the residual trend in the
models without thinning variables demonstrated well that the constant
of —3.5 (ca. 12 years in Talty class when squared) for Talty was adequate
considering the transition of bias before and after this Talty class. The
residuals did not show any obvious bias even after the logarithmic
predictions were transformed back to arithmetic scale (Appendix A).
Slight overestimation of HW could be seen when N was very low (Ap-
pendix A). In addition, a slight underestimation was found in the
arithmetic residuals of HW model over stand age in very young and old
age; still, it was the least biased prediction with the selected age-related
term among all trials. Because of an impact of the random site effect, the
residuals with mixed effects were dispersed narrowly compared to those
with fixed effects (Appendix A).

Stand characteristic models demonstrated well-controlled

predictions (Appendix B). In the residual analyses, log transformation
homogenized the original heteroscedastic residual variation. All the
residual plots using mywhiskers function can be checked from the sup-
plementary figures (Appendix A). Considering the range or dispersion of
stand characteristics in modelling data, all the metrics proved reason-
able accuracy even in fixed-effect predictions with arithmetic scale: for
example, RMSE of 1.03 m for HW, 1.12 cm for DW, 2.33 m?ha! for G,
and RMSE% of 5.5%, 6.7%, and 13.0%, respectively (Table 5).

3.2.2. Simulation and comparison

Several model simulations of unthinned stands were performed to
check model behaviors. Preassigned site index of 22, 26, and 30 m and
the number of trees of 400, 1000, 1600 trees ha~! were applied under
the case of forest sites (Fig. 6). The predicted stand development of HW,
DW, and G was mostly in the range of empirical modelling data. Among
the predictions, some range in old and dense stands was found to be at
the stand level undergoing self-thinning based on the previous model
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Fig. 3. Predicted dominant height curves (a) and periodic annual increment
(PAI) (b) from the present study and previous studies with the observations of
modelling data. The lines represent predicted values based on the models. The
symbols represent the modelling data in this study: improved seedlings (GE)
with black triangle (/\) and unimproved seedlings with gray circle (o). The
initial input values of dominant height and stand age were preset using the
similar values from the observations in our data: 5.0 m at 8 years by Oikarinen
(1983) from the bare root seedling plantations and 6.6 m at 15 years Gustavsen
and Mielikainen (1984) from the naturally regenerated stands as their model
can be varied on a basis of dominant height increment or its percentage.

(Hynynen et al., 2002) (Fig. 6).

The predicted HW was affected intensively by site index (SI) and
marginally by the number of trees (N). The HW model revealed a logical
behavior as the predicted HW at age 50 in various N was close but lower
than the given SI; for example, HW was 21.9-20.8 m in SI 22 and
30.6-29.1 m in SI 30 with N 400-1600 trees ha! (Fig. 6). While mod-
erate impacts of SI and N were shown in DW model, G model was most
obviously influenced by both SI and N and a certain prediction went far
over the range of empirical data (Fig. 6). In general, the simulations
demonstrated reasonable model performances in Fig. 6 except for the
extrapolated combinations of N, SI, and AGE (e.g., N>3000, SI=30 at
AGE >50).

In addition to the unthinned simulations, three stand conditions with
varying the number of thinnings and thinning intensities were chosen
from observations to verify the model performance on thinned stands as
examples (Fig. 7). In general, the simulated development processes of
stand characteristics proved logical model behavior and reasonable ac-
curacy. Also, our models produced a similar increase of HW and DW and
a decrease of G as a response of thinning compared with the observa-
tions. All the stand simulations of our data showed reasonable
compatibility with the observed stand developments as demonstrated in
Fig. 7.
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4. Discussion
4.1. Evaluation of the materials and modelling rationale

Our modelling data of silver birch plantations covered the greater
number of observations and longer measurement periods with more
sites and plots compared to previous silver birch modelling studies
(Oikarinen, 1983; Gustavsen and Mielikainen, 1984; Eriksson et al.,
1997). Our modelling data consisted of the plots in pure silver birch
stands with thinning from below or unthinning treatments (Niemisto,
1995a, 1995b). Some of the plots comprised natural Norway spruce
understory, which is common in planted silver birch stands in Finland.
Data of breeding test trials from southern Finland (Luke 2) were
included to enlarge geographical coverage and to take into account the
genetic gain in growth due to deployment of improved regeneration
material. Overall, the modelling data represented well planted silver
birch stands in southern and central Finland.

Genetic origin of seedlings was considered when developing the site
index model with the help of a categorical variable referring stands
established with improved regeneration material. In the modelling of
stand characteristics, data consisted of measurements from stands with
unimproved seedling origin only because of the lack of representative
measurement data from improved stands with varying thinning treat-
ments. The applied multivariate mixed effects models showed practi-
cally unbiased predictions without heteroscedasticity over any of
predictors (Appendices A, B, and C). Model simulations and comparisons
verified reasonable and adequate model performances in both site index
and stand characteristic models.

4.2. Assessment of dominant height and site index estimation

The dominant height model represented the observed development
well and 2.4 m higher asymptote for improved seedlings seemed real-
istic (Fig. 3, Table 3). Unlike Oikarinen (1983) and Gustavsen and
Mielikainen (1984), the prediction by our model was not based on in-
cremental growth, so that it is independent of initial input, e.g., pre-
ceding dominant height at a certain age. Regeneration method (natural
vs planting) in addition to improved materials can be assessed as the
main reasons why the predicted height by our model was generally
higher than the previous models (Oikarinen, 1983; Gustavsen and
Mielikainen, 1984).

The site index curves were produced using the algebraic difference
approach (ADA) regardless of breeding materials. Still, the application
of ADA with the fitted parameters can be considered reasonable; site
index curve itself was not affected by seed material, but it reflected site
quality because the dominant height differed by seed material. Site
indices of genetically improved seedlings were mostly 27, 30, or 33 m
and even higher especially when the stand age was relatively small near
or less than 20 years. The sample data of improved seedlings fitted for
the genetic effect parameter were mostly distributed at young age
compared to those of unimproved seedlings (Table 3, Figs. 3a and 4a).
Therefore, a caution on applying the model at old stand and interpreting
the prediction may be needed. In this perspective, subsequent mea-
surements can be additionally required to estimate a more stable SI by
including the observations of SI estimation near at final felling age or
base age.

The estimated site index curves were comparable between previous
studies and our study (Fig. 4). However, the models from Oikarinen
(1983) and Gustavsen and Mielikainen (1984) were not based on sig-
moid growth function unlike the models from our and other studies
(Eriksson et al., 1997; Donis, 2022; Kiviste et al., 2022), and thus, the
inherent characteristic may cause the different convergence pattern at
early stage (Fig. 4). The Swedish model by Eriksson et al. (1997) was not
based on the silver birch plantations and did not distinguish between
silver and downy birch. Moreover, the modelling data were not based on
the repeatedly-measured observations but based on 5-year age and
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Fig. 4. Site index (SI) guide curves developed in this study (a) and compared to the previous studies (b-f) using the base age of 50 years (SIsp). The SI curves of this
study (a) were presented along with observations: improved seedlings with black triangle (/\) and unimproved seedlings with gray circle (o). The comparative
studies were Oikarinen (1983) (b), Gustavsen and Mielikainen (1984) (c), Eriksson et al. (1997) (d), Kiviste et al. (2022) (e), and Donis (2022) (f). To compare with
the same criteria, the breast-height age was adjusted to biological stand age by applying 3 years, for example in Eriksson et al. (1997).

height series of each tree measured by stem analyzed data from tem-
porary sample plots (Eriksson et al., 1997). Meanwhile, the modelling
data by Kiviste et al. (2022) of Estonia and by Donis (2022) of Latvia
were basically from natural birch stands, and accordingly, silver and
downy birches were not distinguished. The plots were measured three to
four times, but the inventory design was more similar to the national
forest inventory and different from our study, which was measured
intensively with experimental design. The SI values from recently
developed models in Baltic countries, such as Kiviste et al. (2022) and
Donis (2022), were more similar to our study than the other previous
models (Fig. 4).

4.3. Interpretation of the explanatory variables and modelling structure in
predicting stand characteristics

We developed the reliable and accurate stand characteristic models
confirmed by fit statisticc and simulation comparisons with

observations. An effect of SI indicated the better growth with high site
quality as expected (Figs. 6 and 7). In case of the stand age, the recip-
rocal form was applied as 1/(AGE+1) or 1/(AGE+6) showing curvilin-
earity by increasing stand characteristics with age while leveling off at a
matured stage (Figs. 6 and 7). The effect of N was fitted using loga-
rithmic transformation because of multiplicative assumption. The effect
was positive in the G model as it is a function of N and squared tree dbh
in a stand (Lee et al., 2023).

Regarding carrying capacity of a stand, the effect of N on HW and
DW models was negative. Higher N implied smaller growing space and
thus lower dimensions on average. However, the effect of N on the HW
was minor compared with the effect on DW and G (Table 4, Fig. 6).
Niemisto (1995b) reported decreased dominant height growth for both
extremes, lowest and highest density. Therefore, slight overestimation of
HW could be seen when N was heavily low (Appendix A). According to
covariances by Siipilehto (2011), stand density affected negatively to all
dimensions; specifically, more to diameter than height and also more to
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Table 4
Parameter estimates and fit statistics of seemingly unrelated regression models for basal area-weighted mean height (HW, m), basal area-weighted mean diameter
(DW, c¢m), and stand basal area (G, m? ha™?!) in silver birch plantations based on Eq. (3).

In(HW) In(DW) In(G)
Estimate S.E. Estimate S.E. Estimate S.E.
Fixed effects Intercept 0.6100 0.0820 2.4888 0.0899 —4.2217 0.1873
In(SD) 1.0725 0.0239 0.7045 0.0257 1.4376 0.0536
1/(AGE+1) —16.3981 0.1297 —33.1204 0.2743
1/(AGE+6) —34.8503 0.1736
In(N) —0.0363 0.0024 —0.2221 0.0026 0.4901 0.0056
THIN x (m -3.5) 0.0710 0.0021 0.1290 0.0042
Agric 0.0505 0.0245 0.1123 0.0487
Random effects std(experiment) 0.0366 0.0709 0.1417
corr with DW -0.176
corr with G —0.247 0.974
Random error std(e) 0.0518 0.0516 0.1105
corr with DW 0.556
corr with G 0.619 0.934
Fit statistics AIC —19703.46
BIC —19516.52
—2logLik —19759.46

Note: all fixed-effect parameters were highly significant (P <0.0001) except for Agric (P=0.0395 in DW model and P=0.0211 in G model). SI is the site index (m) at the
base age of 50 years. N is the number of silver birch trees per hectare (trees ha™1). AGE is the biological stand age (year). Agric is the categorical variable; code 1 if the
site type is a former agricultural land or code O if it is a forest site. THIN is the proportion of thinning intensity based on stand basal area scaled 0-1. Talty is the time
after last thinning in years. Talty,,,.s is the time after last thinning restricted to have a maximum value of 25 (the same value as Talty if Talty < 25, a fixed value as 25 if
Talty > 25). corr refers to the correlation. std(e) is the standard deviation of the residual in model performance. AIC is the Akaike information criterion. BIC is the
Bayesian information criterion. —2logLik is the —2 x log-likelihood value.
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Fig. 5. Residual boxplots of the models for basal area-weighted mean diameter (DW, cm) and stand basal area per hectare (G, m? ha™ ') over the time after last
thinning in years (Talty) in an arithmetic scale with and without thinning variables. The predictor variables of the models in the left column are identical except for
the thinning variables; thinning variables are not included in the left column to demonstrate the trends of thinning effects. The predicted values were calculated based
on the fixed-effect parameters. Each category on x-axis indicates the range of Talty, e.g., 0_4 for the years between 0 and 4. n: the number of observations in each
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Table 5

Forest Ecology and Management 563 (2024) 121998

Metrics of model accuracy by mixed- and fixed-effects with root mean square error (RMSE), mean absolute error (MAE), and mean absolute percentage error (MAPE)
for basal area-weighted mean height (HW, m), basal area-weighted mean diameter (DW, cm), and stand basal area (G, m? ha™!) in silver birch plantations.

Logarithmic scale

Arithmetic scale

Model type

Effect RMSE MAE MAPE RMSE MAE MAPE
Mixed HW 0.0514 0.0377 0.0136 0.9418 0.6860 0.0379
DwW 0.0511 0.0380 0.0142 0.8551 0.6242 0.0383
G 0.1096 0.0803 0.0318 1.7525 1.2914 0.0822
Fixed HW 0.0564 0.0414 0.0150 1.0306 0.7574 0.0423
DW 0.0707 0.0530 0.0198 1.1237 0.8434 0.0525
G 0.1431 0.1089 0.0416 2.3306 1.7396 0.1069
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Fig. 6. Model simulations of unthinned stands under the selected site index (SI) and the number of trees per ha (N) in forest sites (Agric=0). HW: basal area-weighted
mean height (m). DW: basal area-weighted mean diameter (cm). G: stand basal area per hectare (m? ha™'). The red lines indicate the stand undergoing the phase of

self-thinning based on the previous model (Hynynen et al., 2002).

mean height than to dominant height. Siipilehto et al. (2014) showed
the effect of density on mean and dominant height for the early devel-
opment of Scots pine stands. Also, there are other studies that found
negative effect of stand density on tree height increment (Wykoff, 1986;
Huang and Titus, 1999; Sharma et al., 2002; Anton-Fernandez et al.,
2011). However, the effect of stand density on height growth is not
typically found and may be due to low density variation in the managed
stands (Hynynen et al., 2002, 2011).

The predictor variables related to thinning were expressed as the
multiplication between THIN and Taltymaxos in the DW and G models
(Table 4). Basically, the parameter signs of the predictors were negative
at first as it indicated the reasonable stand history. In this circumstance,
a thinned stand had suffered denser between-tree competition in the

11

past stand development process before thinning than an unthinned
stand. Hence, the DW and G in a thinned stand (or dense stand in the
past) possibly had remained smaller than those in an unthinned stand
(or less dense stand in the past) (Hokka et al., 1997; Hynynen et al.,
2002; Siipilehto, 2011; Repola et al., 2018; Lee et al., 2023). The term of
the thinning predictors in the DW and G models changed from negative
to positive as Taltymaxos increased (Table 4). In the meantime, as the
parameter implied a value of 0 nearly at 12 years after last thinning, it
reached to the level of an unthinned stand retaining the same density.
Later, the DW and G in a thinned stand were higher than in an unthinned
stand after 13 years since last thinning. It revealed a transition and
magnitude of thinning effect as time after last thinning elapsed more,
indicating a positive thinning effect in a stand development stage.
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Fig. 7. Comparison of model simulations with observations from the selected thinned plots (Luke 1 data source, experiments at Aanekoski, Pieksimaki and Uur-
ainen) with three, two or one thinnings and varying thinning intensities. HW: basal area-weighted mean height (m). DW: basal area-weighted mean diameter (cm). G:
stand basal area per hectare (m? ha™1). SI: site index (m) with a base age of 50 years.

Unlike the negative effect of recent thinning for stand characteristic
models, the thinning effects were plainly positive in the models for in-
dividual tree growth (Hokka et al., 1997; Hynynen et al., 2002; Siipi-
lehto, 2011; Repola et al., 2018; Lee et al., 2023).

Silver birch uses an increased growing space effectively. According
to Niemisto (1997), 5 years after thinning (remaining 50% or 65% of
basal area or volume), the level of volume growth was already 72% and
87% of untinned stands, respectively. In our study, 12 years after last
thinning, DW and G reached the level of unthinned stand of the same
density (Fig. 5). Thereafter, the thinning resulted in DW and G above
those of the unthinned stands. It could imply a changed stand circum-
stance regarding decomposition. For example, Makinen et al. (2006)
reported that, after tree death, the wood density was rapidly decreased
in silver birch compared to Scots pine and Norway spruce and the
remaining stem mass already reached a half compared to that of living
tree near at 10 years after death. Similar results about the decomposition
and decay rate of silver birch were reported (Palviainen et al., 2010;
Hynynen et al., 2014). Due to decomposition of logging residues, more
abundant soil nutrients originated from stumps and small stems of the
thinned birch trees (Palviainen et al. 2010). Finally, intensive thinnings
benefited birch more than light thinnings.

The categorical variable referring the effect of former agricultural
land (Agric) indicated higher growth of DW and G in former agricultural
land than in forest site. This was consistent to the previous studies that
reported a high growth potential of former agricultural land (Tullus
et al., 2012; Lutter et al., 2015; Lutter, 2017; Rytter and Lutter, 2020).
Climatic and hydrologic predictors at site level, such as temperature
sums, lake index and sea index, were not significant. Also, other than the
former agricultural site type dummy variable, specific soil types were
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not significant. Although those predictors (e.g., clay) were significant in
the previous studies in Finland (Siipilehto, 2011; Lee et al., 2023),
insignificance might be caused by a lack of observations in unfavorable
fine-textured soils. Nevertheless, in terms of RMSE%, the models for
silver birch showed slightly better accuracy for each of the stand char-
acteristics than corresponding models for hybrid aspen (Lee et al.,
2023).

4.4. Applicability of the final models in practical forestry

The developed site index model can be used in southern and central
Finland for planted silver birch stands on mineral soils. The comparisons
with previous studies demonstrated a possibility of applying our site
index model to neighboring countries, so it could extend to the region
with the caution about our materials. The site index model is evaluated
to be most suitable for the seedling that originated from unimproved
materials since 1970s and improved materials since 1990s. It is
considered to be generally applicable regardless of breeding identifier.
The range of applicability covers AGE from 15 to 60 years. The site index
of young stands (AGE < 15) should be carefully examined due to the
sensitivity of an estimated value. It should be more cautious when
interpreting SI of matured stands with the genetic effect (GE) because of
the lack of observations of older stands (AGE > 35).

For the stand characteristic models, spatial and temporal applica-
bility ranges are similar to the site index model. However, the stand
characteristic models were solely designed for silver birch plantations
established using unimproved seedlings. To solve this limitation,
correction factors or calibration models should be able to be developed
in future studies as carried out for the other species’ breeding traits
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(Haapanen et al., 2016). The models are considered the most applicable
to stands established with common levels of initial planting density in
practice: 1600-2000 trees ha~! (Rantala, 201 1; TAPIO, 2023). Stand
densities beyond this range were still included in our modelling data
(Tables 1 and 2). Only few observations with Norway spruce understory
were included in the modelling data without any noticeable effect on G.
Therefore, it is recommendable in such stands to use only stand char-
acteristics of silver birch as inputs in the models.

The development of unthinned stands undergoing self-thinning were
simulated with high initial densities (Fig. 6). Several simulations espe-
cially with high N resulted in stand basal areas above the level of the
existing self-thinning model by Hynynen (1993) (Figs. 6 and 7).
Therefore, our models may not result in reliable prediction when applied
beyond the observed stand densities of managed birch stands; such risk
can be avoided using silvicultural treatments with thinning in practice.
Our models included sufficient cases in terms of the number, timing, and
intensity of thinning (Table 1), and thus, general thinning practices
should be covered when a stand is thinned from below in the field.

Both former agricultural land and forest sites (OMT and MT) in
mineral soil are applicable to use the models of HW, DW, and G all.
However, predictions of stands growing on fine-textured soils should be
avoided because the modelling data did not cover the soil types and
because clay and silt soils are often too compact for silver birch to grow
(Hynynen et al., 2010). Temperature sums and lake index were not
significant as predictor variables in any of the stand characteristic
models due to relatively narrow variation of these measures in the
modelling data. Therefore, the current models can be applied without
consideration of these factors in the forestry field of southern and central
Finland, which are known to be suitable for the grow of silver birch.
Overall, the developed models are evaluated to provide accurate pre-
dictions with easily observed predictors in practice (Appendix B).

5. Conclusion

Site index and stand characteristic models were developed for silver
birch plantations in southern and central Finland to provide improved
predictions on growth and yield of silver birch for forest management
purposes. The dominant height and site index models were developed
using nonlinear mixed-effect modelling based on the Chapman-Richards
function. The effect of improved regeneration material of silver birch
was included in the dominant height model resulting in a higher
dominant height prediction. The predicted dominant height curves of
our materials implied a superior development characteristic than the old
materials of the earlier Finnish studies. The site index models of our
study demonstrated similarity with the latest models for silver birch in
northern Europe.

The models for stand characteristics were developed through the
seemingly unrelated regression approach with mixed effects using the
readily-accessible, driving variables: AGE, SI, and N. Thinning infor-
mation applied via thinning intensity (THIN) and a variable based on
time after last thinning in years with a maximum of 25 (Taltymnax2s) was
disclosed as highly significant predictors in the DW and G models. It
represented a logical stand development history with the predicted term
changing from negative to positive value, which revealed the thinning
effect with a transition and magnitude over Talty. The categorical var-
iable of former agricultural land was significant for DW and G showing a
higher level compared with forest sites. Unlike in the site index model,
the effect of genetic gain was not included in the stand characteristic
models due to lack of suitable modelling data from managed birch
stands. Overall, the simulation comparisons with the observations
confirmed the reliability and applicability of our models in predicting
the development of planted silver birch stands in production forests.
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