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*  The presented growth and yield model consists of component equations for dominant height,
stem density, total basal area, and total stem volume.

*  The component equations were fitted simultaneously using seemingly unrelated regression.

*  The model is capable to forecast and compare outcomes of varying thinning regimes.

* The new component equations better represent the improved growing conditions for Scots
pine in Norway.

Management of Scots pine (Pinus sylvestris L.) in Norway requires a forest growth and yield
model suitable for describing stand dynamics of even-aged forests under contemporary climatic
conditions with and without the effects of silvicultural thinning. A system of equations forming
such a stand-level growth and yield model fitted to long-term experimental data is presented
here. The growth and yield model consists of component equations for (i) dominant height, (ii)
stem density (number of stems per hectare), (iii) total basal area, (iv) and total stem volume fitted
simultaneously using seemingly unrelated regression. The component equations for stem density,
basal area, and volume include a thinning modifier to forecast stand dynamics in thinned stands.
It was shown that thinning significantly increased basal area and volume growth while reducing
competition related mortality. No significant effect of thinning was found on dominant height.
Model examination by means of various fit statistics indicated no obvious bias and improvement
in prediction accuracy in comparison to existing models in general. An application of the devel-
oped stand-level model comparing different management scenarios exhibited plausible long-term
behavior and we propose this is therefore suitable for national deployment.
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1 Introduction

Management of even-aged forests is generally planned and practiced at the stand-level. This scale
of management relies upon stand-level planning tools such as site index curves and stand-level
growth and yield models to forecast forest conditions under different management scenarios and
to make informed decisions about the size and timing of silvicultural treatments. Scots pine (Pinus
sylvestris L.) is an important species throughout northern Europe and is most often managed in
even-aged stands. In Norway, Scots pine is the second most abundant conifer by volume and value,
accounting for approximately 30% of the volume of productive forests or 31% of total forests
(Breidenbach et al. 2021).

Yield tables for Scots pine in Norway were first developed over 50 years ago (Brantseg
1965, 1969) while corresponding site index curves were published a few years later (Tveite 1976).
These tables and curves are still the basis of forest management tools currently used by forest
practitioners and planners (Norskog 2015). The last development of a comprehensive growth and
yield model for Scots pine in Norway took place in 1980 when separately built and previously
published equations were merged and implemented directly as a decision support system in the
form of a computer program (Braastad 1980). There have been various updates or incarnations of
this decision support system since that time (Hobbelstad and Hofstad 1988; Hoen and Eid 1990;
Eid and Hobbelstad 2000), however these generally consider the same growth models at their
core. The main purpose of these decision support systems is to make models more accessible or to
connect multiple models, such as for economic forecasting (Eid and Hobbelstad 2000). However,
while easy-to-use decision support systems are often preferred for practical forest management,
periodically refreshing the models at their core is essential to ensure their continual relevance
for the current forest resource. Some stand-alone component models for stand -level growth and
yield models have been produced more recently, for example mortality (Eid and Oyen 2003) and
dominant height (Sharma et al 2011). However, these are limited by the fact that: i) they do not
include thinning, a major management requirement and ii) a stand-level growth and yield model
will be much more robust when components are developed simultaneously because this allows
interdependencies between variables to be considered (Weiskittel et al. 2011).

Irrespectively of how models are presented to the public, the data used to construct all of the
tools currently available to forest practitioners and planners to predict growth and yield in even-
aged Scots pine stands in Norway are out of date by up to 40-50 years. Moreover, it is widely
accepted that climatic conditions, and therefore growing conditions have dramatically changed
over the last 40 years across much of the planet (Hanssen-Bauer et al. 2017). In Scandinavia this
has generally resulted in increased growth rates (Sharma et al. 2012; Mékinen et al. 2021; Mensah
et al. 2021) and it is possible that the height to volume relationship, one of the fundamental den-
drometric principles of growth and yield of even-aged stands (Skovsgard and Vanclay 2008) might
have changed accordingly.

While the changed climate and the longer time period up to and including present day covered
by data provide sufficient reason by themselves to justify a revision to the forest management tools
used in Norway, a second consideration is that the current growth and yield tools aren’t necessarily
flexible enough to account for contemporary management, a full spectrum of thinning regimes in
particular. The thinning of forest stands only became a focus of forest research in Norway starting
in the late 1960s and early 1970s. As a result, a large number of long-term experimental trials
located across the entire country were established to study the effects of thinning on stand-level
growth and yield for the main tree species including Scots pine (Brastaad and Tveite 2001). Data
from these long-term trials are now available and offer the possibility to dynamically incorporate
thinning into growth and yield tools used for practical forest management (Allen et al. 2020).
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Given the now available comprehensive experimental data and their potential to overcome
shortcomings of currently applied forest management planning tools, the objectives of this study
thus were to 1) use the long-term trial data to develop a new stand-level model to forecast growth
and yield of thinned and unthinned even-aged Scots pine forests in Norway, ii) compare predictions
of the newly derived growth and yield model with predictions from previously published equations,
and iii) examine the long-term behavior of the new model by forecasting stand dynamics over
approximately 100 to 125 years, i.e. entire rotations.

2 Material and methods
2.1 Study area

The study area covers the main inland forest regions of Norway (Fig. 1). Climatic conditions
vary considerably in the study area with mean annual temperature ranging from approximately
—2 °C to about 6 °C and mean annual precipitation varying from slightly below 400 mm and up
to 1300 mm (1981-2010, Meteorological Institute of Norway). The current study excluded data
from the southwestern and western counties with their maritime climate (Fig. 1) as growing condi-
tions in oceanic western Norway are considered to be very different to the rest of the country. As
a result, separate forest management tools and guides have already been developed in the past for
that region (Bauger 1995; Qyen and Nes 1997).
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Fig. 1. Locations of Pinus sylvestris forest experimental sites used in this study.
Sites from western Norway were excluded from the analysis due to the dis-
tinctly different climate of that region.
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2.2 Data

Data used in this study were from long-term forest management trials maintained by the Norwegian
Institute of Bioeconomy Research (Andreassen et al. 2018). The majority of these silvicultural
experiments was established in the early 1970s as part of a larger thinning trial network (Braastad
and Tveite 2001). The original idea of establishing these trails was to examine the effects of thin-
ning from below (also low thinning, i.e. removal of suppressed and intermediate trees from the
lower end of the diameter distribution) with focus on thinning intensity and timing of thinning on
stand-level volume production in 31 to 40 year-old stands. Treatments included one to three thin-
nings from below with different combinations of target residual trees per hectare (TPH) of 2070,
1600, 1100, and 800 at stand dominant heights of 8, 12, 16, and 20 meters. However, deviations
from the original experimental design resulted in a diverse dataset covering a wide range of thin-
ning regimes varying in number of thinning interventions, time of thinning, and thinning intensity
(Table 1; Supplementary file S1, available at https://doi.org/10.14214/sf.10627). To extend the data
available for model building, two additional steps were taken that increased the number of sites and
the range of forest ages. First, data from thinned and unthinned non-fertilized plots that served as
controls for a number of fertilization experiments in Scots pine stands (Skrindo and Qkland 1998;
Frank and Stuanes 2003) were added to the database. The fertilization trials were established in
the 1970s and 1980s in 34 to 50 year-old stands. Second, to increase the number of data points in
older stands, we incorporated observations from additional long-term trials established in thinned
as well as unmanaged Scots pine stands prior to 1970 (Brantseg 1967, 1969). Most stands in this
category were between 25 and 40 years old when the trials were set up in the 1950s and 1960s and
then thinned from below multiple times with varying intensities. Irrespective of the original aim
of the trials (thinning or fertilization), the majority of the trials analyzed here were established in
naturally regenerated stands or in stands established by sowing, with about a quarter of the trials
located in planted forests.

The final dataset comprised a total of 1031 observations (growth intervals) from 170 per-
manent plots in 42 trials. The length of the studied growth intervals varied between 1 and 18 years
with an average of 6 years. Measurement records for all trees comprised species, vital status (live
or dead) and diameter at breast height (DBH). Total tree height (HT) was measured for a randomly
selected subsample of all live trees during every measurement campaign with about half of all

Table 1. Summary statistics of stand-level metrics for thinned and unthinned plots of the model development dataset
used in this study. Metrics were derived from even-aged Pinus sylvestris forests in Norway and comprise number of
growth intervals (N), total stand age (AGE), site index for Scots pine at base age 40 (Sl49), dominant height (HTpom),
number of trees per hectare (TPH), basal area (BA), total stem volume (VOL), age at thinning intervention (AGEtyn),
and basal area removed at thinning (BAggy). Values refer to measurements at the beginning of a growth interval and
Sl4p was derived using the dominant height model developed in this study.

Treatment N AGE Slyo HTpowm TPH BA VOL AGEthN BARrgm
(year) (m) (m) (#ha!) (m2ha!) (miha'l)  (year) (m%ha!)
Unthinned 250 Mean 51 11.2 13.9 2280 28 187
SD 15 2.5 3.6 1147 11.7 115
Min 22 5.1 6.8 900 8.7 40
Max 109 17.4 28.2 6080 56.5 620
Thinned 781 Mean 55 11.6 15.3 1380 24.8 184 44 4.7
SD 15 24 4.2 633 8 96 11 33
Min 16 6.1 6.1 280 5.5 20 16 0.1
Max 109 18.2 28.7 4730 53.1 667 77 24.4
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trees measured for total height on average across all plots. Some of the plots contained individual
trees of species other than Scots pine, namely Norway spruce (Picea abies (L.) H. Karst.) and
birch (Betula pendula Roth, B. pubescens Ehrh.). However, Scots pine accounted for at least 80%
of total plot basal area with an average of 99% across all plots, which is consistent with what are
considered “pure stands” in Norway.

2.3 Data preparation

Tree heights missing in the final database were imputed using species specific total tree height
equations similar to model RH6a in Tomé (1988) and a mixed -modeling approach similar to the
one described in Kuehne et al. (2016). Individual tree measurements for trees > 5 cm DBH were
then summarized for each plot to calculate stand-level metrics including dominant height (mean
height of the 100 thickest trees ha~!, HTpowm, m), stem density (TPH, number of trees ha™!), total
basal area (BA, m? ha™!), and total stem volume (VOL, m? ha™!) calculated using species specific
individual tree stem volume over bark functions after Braastad (1966), Brantseg (1967), and
Vestjordet (1967) (Table 1). We further calculated BA (BAggrore, BAarrer) and TPH before as
well as after each thinning intervention (TPHggrore, TPHArTER), respectively, and also quantified
dominant height (HTtypy) and stand age at the time of thinning (AGEryy) when plot records
indicated a thinning took place (Table 1). An overview of all stand-level variables used in this
work is provided in Table 2.

2.4 Data analysis

Following Allen et al. (2020) the Scots pine growth and yield model developed here was derived
as a system of partially mutually dependent equations consisting of individual component equa-
tions for the stand-level metrics HTpoym, TPH, BA, and VOL. Structure, interconnectivity of the
individual equations, and functionality of the system of equations are presented as a flow chart in
Allen et al. (2020).

Table 2. Abbreviations and definitions of the stand-level variables used in
this work. Subscripts of 1 or 2 denote values at the beginning and the end of
a measurement period, respectively.

Abbreviation Definition

AGE , Total stand age (years)

AGEThN Total stand age at the time of thinning (years)

BA;, Total stand basal area (m? ha™!)

BAAFTER Total stand basal area after thinning (m? ha™!)
BABEFORE Total stand basal area before thinning (m? ha™!)
BARrgm Total stand basal area removed in a thinning (m? ha™!)
HTpowm Dominant height (m)

HTrum Dominant height at the time of thinning (m)

QMD; » Quadratic mean diameter (cm)

Sl4o Site index (HTpowm at base stand age of 40 years, m)
TPH, » Stem density (number of trees ha™')

TPHAFTER Stem density after thinning (number of trees ha!)
TPHpEgrorE Stem density before thinning (number of trees ha™!)
VOL,, Total stem volume over bark (m? ha™!)
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Individual equations were first developed separately using non-linear least squares and the
‘nls’ function of the ‘stats’ package of the statistical computing software R (R Core Development
Team 2020). Development of component equations individually in this way allowed for the
evaluation of various equation structures and forms to find the best fitting final equation for each
examined stand-level metric. Model selection for each examined stand-level metric included the
comparison of equations that did or did not comprise a thinning response function (Weiskittel et
al. 2011). Also called thinning modifiers, thinning response functions are developed to alter pre-
dicted stand dynamics after thinning and thus to better forecast forest development in managed,
i.e. thinned stands. Mean error (ME), mean absolute error (MAE), and relative mean absolute error
(MAE%) were used to evaluate prediction accuracy of the various equations examined for each
studied stand-level metric with ME, MAE, and MAE% calculated as follows:

ME - M )
MAE = M )
n
ZLGyU IOOJ
MAE% = : (3)

n

where y; is the observed value, yi is the predicted value, and # is the number of observations.

Once each final equation for HTpowm, TPH, BA, and VOL was selected we used non-linear
seemingly unrelated regression (i.e. simultaneous regression) within the “systemfit” R package
(Henningsen and Hamann 2007) as a robust way to account for potential relationships among the
different parameters in the system of equations used to build the growth and yield model (Weiskittel
et al. 2011). Finally, we developed an equation to predict reduction in TPH in a thinning operation
as a function of reduction in BA. Such an equation allows to better quantify a thinning intervention
if it is initially defined only as either reduction in TPH or BA, respectively. Only observations
recorded immediately after a thinning intervention and thus containing the necessary information
were considered in this modeling step (n=258). The equation thus was not part of the simultaneous
regression analysis previously described.

The plausibility of the long term predictions of the stand-level model was assessed visually
by examining projections of TPH, BA, and VOL for three stands at a comparatively early stage
of development (i.e. they are relatively young in comparison to the expected rotation age). The
three stands were selected from the model development dataset, with the main criterion being to
illustrate a range of site productivities. The three selected stands therefore primarily varied in site
index (Sl of 5, 11, and 17), initial stem density (2006, 3490, and 2925 trees ha™!, respectively)
and age (45, 29, and 26 years, respectively). The long-term predictions were started with the initial
HTpowm, TPH, and BA records and included an unthinned management scenario and a light to mod-
erate thinning treatment where 25% of the basal area was removed (del Rio et al. 2017) at HTpom
of 8, 10, and 12 m for Sly 5, 11, 17, respectively. Pre- and post-thinning as well as unthinned
stand dynamics were then evaluated based on 5-year prediction intervals and the outcomes of the
respective previous prediction step.
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2.5 Model comparison

Performance of the new HTpoym, TPH, BA, and VOL equations developed here was compared
against existing models for each of the respective growth and yield component. VOL, BA, and TPH
dynamics were compared with the models of Gizachew and Brunner (2011), Brantseg (1969), and
Eid and OQyen (2003), respectively. In addition, predictions of the quadratic mean diameter (QMD,
cm) using the model of Blingsmo (1984) were compared to QMD at the end of a growth interval
calculated from BA and TPH predictions of the newly derived respective equations as follows:

OMD =100 [((BAx4)/ (TPH x)) (4)

Prediction accuracy was quantified using the previously defined ME, MAE, and MAE%,
the model development data set of 1031 plots, as well as an independent dataset (Suppl. file S2)
derived from the Norwegian national forest inventory (NFI, Breidenbach et al. 2020). The NFI
dataset comprised a total of 115 thinned (#=20) and unthinned (n=95) Scots pine dominated
(=80% of basal area) permanent plots with measurements made in 2014 and 2019 (5-year growth
interval). The thinning history of each plot was derived by examining plot measurements prior to
2014. We further compared height-age curves derived from the newly developed HTpom equation
to those predicted from the site index model of Tveite (1976 as cited in @yen and Nes 1997) and
the height-age model of Sharma et al. (2011). Since HTpom predictions of this study’s equation
were based on total age, the site index curves produced from the existing models were adjusted to
reflect total age instead of the (average) age at breast height (1.3 m) using the conversion equation
for Scots pine published in Braastad (1980).

3 Results
3.1 Model selection
3.1.1 Dominant height

Among the various equations examined (Socha et al. 2020) for HTpop several exhibited compa-
rable short-term prediction accuracy. Given its slightly better prediction performance for extended
growth intervals and higher stand ages, Eq. 7 in Diéguez-Aranda et al. (2005a) was selected which
uses a generalized algebraic difference approach (GADA, Cieszewski and Bailey 2000) formula-
tion of the log-logistic based height-age model:

Pu+Xo
1+ iy x Xo x AGE; P13

HTpoa — b

with Xy =
1— B2 x HTpoy x AGE; P13

©)

HTpom2 =

where a subscript of 1 or 2 for variables HTpoym and AGE refers to values at the beginning and at
the end of a growth interval, respectively, B;; are parameters to be estimated, and the variables are
as previously defined. According to Krumland and Eng (2005) and Nunes et al. (2011) GADA is the
most advanced method to derive flexible dynamic models and involves i) selecting a suitable base
equation (here log-logistic) that describes the HTpop over age curve, ii) identifying parameters in
the base equation to relate with site productivity iii) reformulating the base equation by replacing
the identified site-specific parameters as functions of a theoretical site productivity measure X, iv)
solving the reformulated base equation for X, and exchanging all of the general height and age
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terms in the solution with their initial values, and (v) substitute the site-specific parameters in the
reformulated base equation with the solution. Adding a thinning modifier to predict HTpom did
not improve prediction accuracy (data not shown).

3.1.2 Stem density

After evaluating the performance of various equations to predict inter-tree competition driven
change in TPH (stand-level mortality, Thapa and Burkhardt 2015), equation 20 in Diéguez-Aranda
etal. (2005b) was selected as the base model. Extending the base model by adding a thinning modi-
fier similar to equation 8 in Gyawali and Burkhardt (2015) further improved prediction accuracy
(data not shown). The final TPH equation was thus as follows:

1
23 Sa1
TPH, =(TPH1ﬁ2' +(ﬁ22 « BAarrer x( Slao J X(AGE2ﬂ24 — AGE /2 )D (6)

BApgrore 10000

where Sy is site index for Scots pine at base age 40 derived using Eq. 5 of this study and all other
variables, subscripts, and parameters are as previously defined.

3.1.3 Basal area
A modified version of the stand-level basal area growth model by Brooks (1992, equation 10 as

cited in Anastasov 2011) that included a thinning modifier was selected for this study after com-
paring various approaches (Barrio-Anta et al. 2006). The final equation had the following form:

AGE, Xln(BA1)+ﬂ31 x| 1— AGE, +
AGE; AGE,
ﬁ32 X(IH(HTDOMZ ( Jxln HTpown j"_

xIn TPH1 j (7)

B4y =exp| B3 X[ln(TPHz (

. X[(ln(TPHz) (TPHI ))]

AGE,
B BArgy | BApeFoRE 1 1
35 X X —
I AGEmmy AGE, AGE, ))|

where all variables, subscripts, and parameters are as previously defined.

3.1.4 Volume

After reviewing various approaches (Brooks and Bailey 1992) we followed the procedure presented
in Allen et al. (2020) to predict stand-level volume. Because the addition of a thinning modifier
improved prediction accuracy the equation used here was modified as follows:

GETHIN j

[ﬂ45x
G
VOL, =ﬂ41 xBA2ﬁ42 XHTbB431\/[2 Xexp( ﬂ44 ]X[ BArrER J AGE» (8)
BAgEFoRE

where all variables, subscripts, and parameters are as previously defined.
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3.1.5 Reduction in number of trees and basal area

To predict remaining TPH after a thinning intervention when reduction in BA is known only, we
used the model in Allen et al. (2020):

TPH AFTER _ exp( Bs1 + sy x BArrER j )
TPH BEFORE BABEF ORE

where all variables and parameters are as previously defined. To quantify post-thinning BA the
equation can be solved as follows:

| ( TPH 4F7ER j_
n Bs1
BAarrer _  \TPHpEFORE (10)

BApEroRE Bs2

3.2 Model fitting and evaluation

Parameter estimates and fit statistics for Eqs. 5-9 derived from applying seemingly unrelated
regression are given in Table 3. Estimated parameters for all equations were significant at the
0=0.05 level except parameter f5,,. Parameter S, relates to the thinning modifier in the TPH
Eq. 6 and therefore must be retained for model performance and practical application (Gyawali
and Burkhart 2015). No obvious bias was found when plotting residuals for each component
Egs. 5-8 (Fig. 2). However, VOL appeared to be underpredicted for thinned plots with a total stem
volume > 500 m3 ha~! (Fig. 2). Further residual analysis indicated no bias for HTpoyn, TPH, BA,
and VOL with component specific explanatory variables as well as with stand age, site productivity
(Slyp), elevation, or thinning intensity (results not shown). A slight overprediction in HTpoym was
found for plots of high latitudes, i.e. > 69° (Fig. 3).

Long-term predictions in TPH, BA, and VOL for selected plots of the model development
dataset with varying site productivity revealed higher mortality rates in stands with higher Sly
as well as in unthinned stands compared to previously thinned ones (Fig. 4). Modeling results

Table 3. Parameter estimates (standard errors) and model fit statistics including mean error (ME), mean absolute er-
ror (MAE), and relative MAE (MAE%) for the individual components (Egs. 5-9) of the stand-level growth and yield
model for thinned and unthinned, even-aged Pinus sylvestris forests in Norway. Seemingly unrelated regression was
used to derive parameter estimates.

HTpom2 TPH, BA; VOL, TPHArrerR/ TPHBEFORE
Pi 68.41819 —1.56856 1.46553 0.65394 -1.91239
(1.84110) (0.12049) (0.01025) (0.01095) (0.03209)
P —24.04110 0.00284 0.52449 0.96928 1.94414
(1.82025) (0.00489) (0.01996) (0.00330) (0.03759)
P 1.46991 4.14779 0.17701 0.91504
(0.01026) (0.25666) (0.00978) (0.00406)
Pia 4.87715 16.53755 -2.05278
(0.23971) (1.07667) (0.24101)
Pis -386.71670 -0.06848
(97.76230) (0.00646)
ME 0.01458 —0.11108 0.02192 0.13014 —0.00041
MAE 0.34876 46.25402 0.74455 3.92983 0.03386
MAE% 2.18346 2.74474 2.71853 1.97324 5.17959
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further showed that the effect of thinning on BA development and VOL growth varied with site
productivity and management. Light to moderate thinning in stands with a low site index (Sls=5)
did not result in a noticeable increase in basal area growth with basal area in the thinned scenario
remaining clearly below the unthinned scenario at a stand age of 125 years. In contrast, thinned
stands on better sites achieved similar or slightly higher maximum basal area as compared to
unthinned stands. Similar findings as for BA were also found for VOL (Fig. 4).

3.3 Model comparison

A comparison of dominant height-age curves produced from Eq. 5 and existing models revealed
differences in HTpoym development at higher ages, with the curves of Tveite (1976) and Sharma
etal. (2011) tending towards lower HTpop when compared to the curves from this study (Fig. 5).

Comparing predicted TPH, BA, QMD, and VOL derived from this study’s component
equations and the model development dataset with predictions of functions previously published
showed greater prediction accuracy for equations developed here for all examined components,
across all evaluated fit statistics, and irrespective whether plots were thinned or not (Table 4).
Relative improvement was greatest for VOL and least pronounced for QMD. In contrast, improved
prediction accuracy across all fit statistics was only found for VOL when evaluating the independent
NFI dataset (Table 4). In general, decrease in TPH (mortality) was under- and VOL growth was
overestimated by the existing models examined when compared to the newly developed equations.

40 40

30 — This study
— Sharma et al. 2011
- Tveite 1976

©
=)

Dominant height (m)
Dominant height (m)
)
S

o

25 50 75 100
Total age (year)

40 40

30

Dominant height (m)
Dominant height (m)

25 50 75 100 25 50 75 100
Total age (year) Total age (year)

Fig. 5. Comparison of site-index (base age 40 years) curves for even-aged stands of Pinus sylvestris in Norway derived
from Tveite (1976) and Sharma et al. (2011) and Eq. 5 of this study.
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Table 4. Prediction accuracy metrics including mean error (ME), mean absolute error (MAE), and relative MAE
(MAE%) for predicted number of stems per hectare (TPH), basal area (BA), quadratic mean diameter (QMD), and
total stem volume (VOL) as derived from this study’s component models as well as existing, previously published
models for even-aged Pinus sylvestris stands in Norway. Fit statistics are presented for observations from thinned and
unthinned permanent sample plots of this study’s model development dataset and an independent dataset from the
Norwegian National Forest Inventory (NFI).

Component Model Unthinned Thinned
ME MAE MAE% ME MAE MAE%

Model development dataset

TPH This study 5.6835 87.2168 3.9172 —1.8884 33.6900 2.3851
Eid & Qyen (2003) —106.9901 135.1629 6.2082  —26.4859  37.7290 2.6150
BA This study —0.0949 1.0599 3.5686 0.0639 0.8764 3.3289
Brantseg (1969) —1.4966 1.8999 5.7684 —0.5530 1.1390 4.1720
QMD This study (BA & TPH) 0.0108 0.2529 1.8431 0.1238 0.3215 2.0004
Blingsmo (1984) 0.2010 0.3145 2.1849 0.2684 0.3709 2.3439
VOL This study —1.4335 9.6842 4.9385 1.2319 9.8617 4.8670

Gizachew & Brunner (2011) -28.0282  28.3641 12.1442  -28.8161  29.0331 13.2350
Independent NFI dataset

TPH This study -14.7621  29.8658 3.1212 —3.8224 14.5595 2.1439
Eid & @yen (2003) —27.3764  27.8525 2.9961 -9.6650 10.1904 1.5891
BA This study -0.3519 0.8225 4.6591 0.5458 0.8415 4.1951
Brantseg (1969) —0.4961 0.9223 5.0509 0.3200 0.7340 3.9558
QMD This study (BA & TPH) —0.0582 0.4344 2.5864 0.3087 0.5349 2.5887
Blingsmo (1984) —0.0688 0.3225 1.9894 0.3396 0.5242 2.5556
VOL This study —11.3532  12.7894 10.4393 -3.5742 9.2175 5.6481

Gizachew & Brunner (2011) -16.3738  16.8886 13.5945  —8.2044 11.6250 8.4833

4 Discussion

The system of equations presented here is a comprehensive stand-level growth and yield model
for even-aged Scots pine forests in Norway. Compared to the previous major development of a
comparable growth model by Braastad (1980), our model was derived from data up to and including
present day, which alone justifies its creation. The model presented here provides further advantages
and improvements including i) a simultaneously parameterized set of equations derived from the
same single dataset comprising ii) an updated dominant height-stand age equation that can be used
to determine site index, iii) inherent growth trajectories that better reflect the improved growing
conditions for Scots pine in Norway, and iv) the capability to accurately predict stand dynamics
in unthinned as well as thinned stands.

In the model development dataset individual component equations of the presented growth
and yield model for even-aged Scots pine stands showed improvement in prediction accuracy
when compared to previously published models. In the independent validation dataset, the new
equations performed better across all evaluated fit statistics and irrespective whether plots were
thinned or not in the case of VOL only. We argue that VOL is the component a potential user is
most interested in and thus the most significant stand-level metric among the components equations
were derived for. When compared with a published model there was a slight drop in performance
for QMD, which could be explained in part by the different way QMD was calculated. Compared
to the dedicated model for QMD (Blingsmo 1984), which the current function was tested against,
QMD was here derived from equations for TPH and BA. Our equation was therefore not opti-
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mized directly for this stand-level metric. For TPH and BA, the new equation performed slightly
worse than the published model, however the magnitude of this difference was small and there
is uncertainty related with age as well as the thinning operations associated with the independent
validation dataset. Moreover, the new model includes a dynamic thinning functionality which has
a much larger benefit.

A major objective of this study was to dynamically incorporate thinning into the newly
developed model to more accurately predict growth and yield of unthinned as well as thinned forest
stands. Consequently, thinning modifiers were successfully incorporated into equations for TPH,
BA, and VOL. The underlying thinning response functions in the newly developed BA and VOL
equations are exponential in nature and therefore the predicted thinning effect never truly reaches
zero. However, after the appropriate period of time the effect becomes negligible because change in
BA or VOL for thinned plots converges toward that for unthinned plots (Hasenauer et al. 1997). The
exponential thinning response functions are more simplistic and less accurate compared to the ones
presented in for example Kuehne et al. (2016) which predict no response at the time of thinning, a
relatively rapid increase and often early maximum of the thinning effect shortly after the thinning
intervention followed by a more gradual lessening of the response over time after thinning until the
thinning effect eventually diminishes and becomes zero again (Snowdon 2002). However, models
with more complex thinning response functions did not converge during the model selection step
of this study when potential component equations were examined separately. Thinning modifiers
presented here still constitute an improvement compared to approaches where mere fixed values
are added to stand-level target metrics such as BA or VOL to adjust the growth of thinned stands as
compared to dynamics in unthinned ones (Elfving 2010). Moreover, performance and functionality
of the corresponding equations still improved when the thinning modifiers were incorporated. This
held also true for TPH despite that the thinning effect was not a dynamic response function but a
simple independent variable (BAarrer — BApErore ratio) and the estimate of the corresponding
parameter was found to be not significant (Gyawali and Burkhart 2015).

In contrast to equations for TPH, BA, and VOL, a thinning modifier did not improve
prediction accuracy in HTpowm. This is to be expected because, in general, the height growth of
canopy trees is considered relatively insensitive to thinning, which is one of the core philosophies
behind the ubiquitous use of site index as an indicator of the potential for site productivity. In this
regard, the insensitivity of tree height growth to thinning has been reported by others (del Rio
et al. 2017). Further, tree height growth of dominant and co-dominant individuals usually does
not vary much across a wide range of stand densities (Lanner 1985). However, a sudden and
particularly heavy reduction in stand density can cause immediate and short-term modifications
in within-tree photosynthate resource allocation patterns favoring crown expansion over leader
growth (Ginn et al. 1991). Consequently, some studies have found a small negative thinning effect
on HTpoym (Mékinen and Isomiki 2004), while others concluded that the effect was negligible
due to the observed small magnitude and the short-term duration (Gyawali and Burkhart 2015).
In contrast, thinning from below as practiced in the stands analyzed here usually creates a more
balanced, regular distribution of trees (Kuehne et al. 2018) lowering inter-tree competition which
in turn leads to lower mortality rates (Méakinen and Isoméki 2004). Furthermore, thinning primarily
results in increased individual tree growing space per tree, thus allowing residual trees to exploit
newly available resources. However, increased diameter increment and thus stand-level basal area
growth as found in this study have also been related to thinning triggered fertilization and selection
effects. According to Hynynen (1995), improved nutrient supply (fertilization) and the removal
of unhealthy, less vigorous trees (selection) are the principal reasons why thinned forests exhibit
increased growth rates when compared with unthinned stands with similar characteristics (age,
basal area, site productivity), respectively (Weiskittel et al. 2011).
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Similar to other studies relying on long-term forest management experimental trials (Allen et
al. 2020), observations from sites with lower site productivity were underrepresented in the data used
here, in our case this was especially true for older stands. This could be the reason why performance
of the developed HTponm component model was slightly less accurate for the most northerly plots
of the study area where lower site productivities prevail. Besides a slight overprediction in HTpom
we found no obvious bias for stands of high latitudes within the study area. All other component
models appeared to work accurately with no difference in prediction performance between plots
of varying latitudes. We thus argue that the newly derived system of equations is also suitable for
Scots pine stands in northern Norway. This is in agreement with other works that did not exclude
data from northern counties in Norway when developing models to predict stand-level attributes
of' even-aged Scots pine forests (Naesset and Tveite 1999; Eid and Qyen 2003; Sharma et al. 2011).

Component equations developed in this study were derived from mostly short- to mid-term
growth intervals with an average measurement cycle of 6 years. Therefore the presented growth
and yield model should preferably be used for similar short- and mid-term predictions of up to
approximately 10 years. However, evaluation of long-term behavior based on multiple, subsequent
applications of the developed system of equations appeared to be plausible. The development of
TPH, BA, and VOL showed logical dependencies on stand age, site productivity, stand density, and
management intervention with similar relationships recently reported for Norway spruce (Allen et
al. 2020). The development of BA over age, for example, followed a sigmoidal curve which after
reaching a maximum gradually but slightly decreased (Lembcke et al. 2000). Stand age and thus
the point in time of maximum BA appeared to decrease with site productivity while the magnitude
of the peak appeared to increase with stand density and site productivity as well as after light to
moderate thinnings for stands with higher site productivity. Similar dynamics as found for BA were
also derived for VOL and an increase in stand-level BA and VOL growth after thinning compared
to an unthinned control on better sites has been previously described for various species including
Scots pine (Skovsgaard 2009; Gizachew and Brunner 2011). Effects of thinning in Scots pine
forests on total stand productivity, however, are less clear (Mékinen and Isoméki 2004; Nilsson et
al. 2010; del Rio et al. 2017) and seemingly dependent on numerous factors including the choice
of metric to quantify stand-level productivity (Allen et al. 2021).

Finally, longer rotations are often necessary to produce Scots pine sawlog timber at sites
with low and medium site productivity. However, predictions derived from the newly developed
system of equations exceeding a stand age of 120 years need to be handled with caution because
observations from such old stands were missing in the underlying model development dataset. This
also holds true for stands thinned differently than the ones analyzed in this study were thinning
from below was the primary thinning method.

5 Conclusions

The presented stand-level model comprising newly developed component equations for dominant
height, number of trees, basal area, and stem volume is capable to predict growth and yield of
thinned and unthinned even-aged Scots pine forests growing in Norway. It thus can be used to
forecast and compare outcomes of varying management scenarios, different thinning regimes in
particular. The new equations better represent the improved growing conditions for Scots pine in
Norway as the underlying model development dataset included measurements recorded throughout
the last 40 years.
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Supplementary files

S1.pdf; Overview of thinning treatments by site index (Sly) class. Connected symbols represent
thinning series, i.e. plots (stands) thinned multiple times,

S2.pdf; Summary statistics of stand-level metrics for thinned and unthinned plots of the inde-
pendent National Forest Inventory (NFI) dataset used in this study including number of
growth intervals (N), total stand age (AGE), site index for Scots pine at base age 40 (Sly),
dominant height (HTpom), number of trees per hectare (TPH), basal area (BA), total stem
volume (VOL), age at thinning intervention (AGEryN), and basal area removed at thinning
(BARrgm). Values refer to measurements at the beginning of a growth interval and SI40 was
derived using the dominant height model developed in this study,

available at https://doi.org/10.14214/s£.10627.
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