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Highlights
• The basal area development of genetically improved birch in Sweden was modeled using a 

generalized algebraic difference approach.
• The best model fit, both graphically and statistically was delivered by the Korf base model.
• The analysis of realized gain trial showed a stability of relative differences in basal area 

between tested genotypes.

Abstract
Investing in planting genetically improved silver birch (Betula pendula Roth) in Swedish planta-
tions requires understanding how birch stands will develop over their entire rotation. Previous 
studies have indicated relatively low production of birch compared to Norway spruce (Picea abies 
(L.) Karst.) and Scots pine (Pinus sylvestris L.). This could result from using unrepresentative basic 
data, collected from unimproved, naturally-regenerated birch (Betula spp.) growing on inventory 
plots often located in coniferous stands. The objective of this study was to develop a basal area 
development function of improved silver birch and evaluate production over a full rotation period. 
We used data from 52 experiments including planted silver birch of different genetic breeding 
levels in southern and central Sweden. The experimental plots were established on fertile forest 
sites and on former agricultural lands, and were managed with different numbers of thinnings and 
basal area removal regimes. The model best describing total stand basal area development was 
a dynamic equation derived from the Korf base model. The analysis of the realized gain trial for 
birch showed a good stability of the early calculated relative differences in basal area between 
tested genotypes over time. Thus, the relative difference in basal area might be with cautious 
used as representation of the realized genetic gain. On average forest sites in southern Sweden, 
improved and planted silver birch could produce between 6–10.5 m3 ha–1 year–1, while on fertile 
agriculture land the average productivity might be higher, especially with material coming from the 
improvement program. The performed analysis provided a first step toward predicting the effects of 
genetic improvement on total volume production and profitability of silver birch. However, more 
experiments are needed to set up the relative differences between different improved material.
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stand basal area starting function
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1 Introduction

Climate change is predicted to harm productivity of Norway spruce (Picea abies L. Karst) which 
has been the most commonly planted species in southern Scandinavia during the last century 
due to its economic potential (Kellomäki et al. 2008; Linnakoski et al. 2017). This potential is 
threatened by drought stress due to more frequent summer heat waves, which is likely to cause 
bark beetle outbreaks (Netherer et al. 2014). In addition, milder winters without frozen soil may 
increase the risk of windstorm damage and increase timber loss caused by root rot (Heterobasidion 
spp.). Consequently, broadleaved tree species, which may be more resistant to climate change, 
could be a valuable complement for the forest industry. Silver birch (Betula pendula Roth) is an 
obvious alternative to Norway spruce and Scots pine (Pinus sylvestris L.) since it is the third most 
abundant tree species in Swedish forests after these two conifers. Ecologically, silver birch has 
the broadest natural range of all European broadleaved species with extremely high phenotypic 
plasticity (Dubois et al. 2020). In addition, silver birch, like other deciduous tree species, whether 
in pure stands or mixed with other deciduous tree species, is less susceptible to wildfire damage 
than conifers (Pääkkönen et al. 1998; Ascoli and Bovio 2010; Terrier et al. 2013).

In the Nordic countries, birch (Betula spp.) is among the most productive of all commercially 
important native broadleaved species (Hynynen et al. 2010). The proportion of birch in the total 
standing volume of Swedish forests has continuously increased in recent decades due to the imple-
mentation of different environmental policies and certification schemes. Currently, birch makes up 
about 12.9% of the total volume in Sweden (Nilsson et al. 2021). Silver birch, the most abundant 
birch species in Sweden, often regenerates spontaneously and is retained in small proportions in 
forest stands dominated by Norway spruce or Scots pine. Naturally regenerated birch is of rather 
poor growth and quality as its management is often sub-optimal. For this reason, birch-wood is 
mainly used for pulp or fuel-wood in Sweden (Stener and Hedenberg 2003; Kilpeläinen et al. 2011), 
while only a very small proportion of birch wood is used as timber. Naturally regenerated birch is 
not usually managed for production of high-quality timber but to preserve the species throughout 
coniferous stands’ rotation. Active management of birch could improve growth and timber quality, 
resulting in higher sawtimber production. This would economically offset its lower productivity 
compared to Norway spruce (Stener et al. 2017). The high-quality timber could also create a base 
for an industry for high-quality birch products as veneer industry in many countries of the Baltic 
Sea region, e.g. Finland (Viherä-Aarnio and Velling 2017), Latvia (Gailis et al. 2020) and Lithu-
ania (Araminienė and Varnagirytė-Kabašinskienė 2014).

Using genetically improved birch is one way to increase growth and stem quality. Both traits 
have been significantly improved by the Swedish long-term breeding program (Stener and Jansson 
2005) which started in the late 1980s (Rosvall 2011). The predicted genetic gain from the currently 
available seed-orchards is between 15% and 18% with significant improvement of the stem qual-
ity. However, interest in planting birch remains low. The annual production of birch seedlings in 
Sweden is marginal (ca. 1.3 million), compared to 400 million seedlings of Norway spruce and 
Scots pine combined (Skogsstyrelsen Statistical Database 2021). The low interest is mainly due to 
higher establishment costs and less production compared to Norway spruce. High establishment 
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costs are mainly due to browsing pressure from large herbivores, especially moose (Alces alces L.) 
(Bergqvist et al. 2014). Studies using Swedish National Forest Inventory (NFI) data have shown 
that volume production capacity of naturally regenerated birch can be 40–60% lower compared 
to planted Norway spruce (Ekö et al. 2008). An estimation of productivity of planted birch stands 
have not been done in Sweden. The observation in the scattered birch experiments suggest that 
differences in relation to Norway spruce might be much lower than indicated by Ekö et al. (2008).

Better estimation of the productivity in the planted silver birch stands with improved material 
is essential for developing appropriate recommendation for the forest owners and for designing 
optimal management strategies (Bergquist et al. 2005). Better recognition of the production capacity 
might increase an interest in birch planting. The quantitative demonstration of the effect of breeding 
activities is also of great importance. Such quantification might be done by an implementation of 
the genetic gain from breeding programs into growth and yield models. The proposed alternatives 
that have been tested over the world are calculation of genetic gain multipliers, adjustment of 
site index (SI), and calibration of the model parameters (Weiskittel et al. 2011; Deng et al. 2020). 
These implementation efforts are strongly dependent on the availability of the proper experimental 
data that has been very rare in most of the breeding programs due to high costs of establishment, 
especially for species of low commercial interest such as birch (Sun et al 2004; Weiskittel et al. 
2011). In addition, new generations of improved material are likely to be available before results 
from the experiments are available (Burkhart and Thome 2012; Egbäck et al. 2017; Deng et al. 
2020). Consequently, by the time the tested genetic material reaches maturity, it might already be 
vanishing from commercial use (Haapanen et al. 2016).

However, other tools such as forest growth models can be used to show the effects of the 
breeding program, and to make long-term growth forecasts using a wide range of underlying experi-
mental data. In this study, we analyzed the data from 52 available trials of silver birch in southern 
and central Sweden. The data set contained data from genetic trials from different phases of the 
breeding program as well as experiments established with a primary purpose of assessing growth 
and production with unknown genetic origin but with the high probability of being improved. The 
goal of the study was to develop a basal area development function for planted silver birch from 
this diverse material. The new function will be the first function for planted birch in Sweden. The 
currently available function has been fitted with data from the national forest inventory plots which 
often contain naturally regenerated and unmanaged birch and may underestimate volume produc-
tion in the planted stands (Fahlvik et al. 2014; Elfving 2011). The secondary goal of the study was 
to present the stability of the genetic gain over time for silver birch. The hypothesis was that the 
gain calculated for volume and basal area later in rotation is at least of the same magnitude as early 
calculated gains in the selection age for height, diameter, basal area, and volume.

2 Material and methods

2.1 Data

The material for this study originated from 52 experiments with silver birch planted in southern 
and central Sweden between 1990 and 2010 on forest sites and former agricultural land (Table 1, 
Fig. 1). The average planting density was ca. 2500 trees ha–1. The experiments were established 
using different statistical designs (single- and multi-tree plots), as they were established for dif-
ferent purposes, including studies of genetics, production and thinning. The calculations in this 
study were done on an experimental-plot level. The plot size ranged from 0.04 ha to 0.1 ha. Data 
from the plots established both on forest sites and former agricultural land was used as input for 
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Table 1. Mean, minimum (Min), maximum (Max) and standard deviation (SD) for variables describing 
the 52 thinned and unthinned periods from the silver birch experiments used in this study. Variables: BA 
is basal area; H0 is the dominant height; SI is site index – the mean height of the 100 thickest trees per 
hectare at 50 years. 

Variable Unthinned (n = 301) Thinned (n = 380)
Mean Min Max S.D. Mean Min Max S.D.

t (years) 21 7 63 11 22 11 59 9
N (trees ha–1) 1506 302 2850 718 987 342 2160 387
BA (m2 ha–1) 12.8 1.0 56.3 8.7 15.4 4.4 50.5 6.4
H0 (m) 14.7 5.0 24.5 4.6 15.5 8.3 23.5 3.2
SI (m) 24.5 11.7 31.6 3.6 23.9 12.9 29.7 4.0

Fig. 1. Location of the silver birch study sites in Sweden.
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construction of the models (Fig. 2). In total, there were 228 experimental plots. Each experiment 
was re-measured 2 to 7 times at 3–12 year intervals.

Stem diameter at breast height was registered for all trees at all measuring occasions. Height 
was recorded for the sample trees but not for all measurement occasions. Because of lack of data 
on heights, stand basal area was chosen as a dependent variable in the model as volume could not 
have been calculated for the intervals without height measurements.

The estimations of basal area and volume per hectare were based on the single tree measure-
ments. A single tree height was estimated for the trees with measured diameter. The height estimation 

Fig. 2. Stand basal area growth data used for modelling basal area development of planted silver birch in Sweden. 
Experiments on former agriculture land are shown with solid (red) lines and on forest sites with dashed (black) lines.
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was based on the height-diameter functions developed by Näslund (1936) with the power of three 
that resulted in the smallest residuals for the measured sample trees. The parameters of the Näslund 
(1936) function were calculated separately for plot or experiment depending on the number of 
sample trees available. The height of single tree with measured diameter have been consecutively 
estimated with the calculated parameters of the Näslund (1936) function. The volume of single 
tree was calculated with the functions developed by Brandel (1990).

Site index at the reference age of 50 years (Johansson et al. 2013) was calculated from age at 
breast height and top height (100 thickest trees ha–1) for each experimental plot if heights of sample 
trees were measured. Top height was calculated out of the previously estimated heights. In general, 
the thinnings aimed to reduce the stem density by removing low-quality stems or competing trees 
but without a common pattern among the selected experiments. All the stands considered in this 
study have been thinned at least once as this is a common practice in birch plantation supporting 
the optimal stand growth. The thinning intensity ranged between 7% to 56% of basal area with 
the mean of 23%. Thinnings were done in the age between 11 to 26 years. The number of thinning 
were often three or less during the observation time, however, there was a variation both between 
experiments and between plots within experiments. Thus, it was assumed, that such thinnings 
resulted in negligible mortality. In addition, almost no mortality has been observed in the genetic 
field trials planted with an initial density of 2500 trees ha–1 at the time of diameter measurement 
between age of 7 and 12 years.

2.2 Overall approach

In this study we constructed a set of models to forecast the stand development of planted silver 
birch. We first developed a function to predict starting values (SV) of stand basal area in 7- to 
12-year-old stands. This is the age when tree diameters are usually measured for the first time. 
Second, we developed a basal area development function using generalized algebraic difference 
approach (GADA). The best basal area development function was selected by statistically and 
graphically evaluating their goodness-of-fit. The starting values produced by the SV function 
were used to simulate basal area development over the full rotation with the selected basal area 
development function.

Lastly, we constructed a model to calculate stand form height (a ratio between total volume 
and basal area production) to estimate total volume production.

2.3 Stand basal area starting function (SV)

We developed a function to estimate the initial stand basal area at the starting age (between 7 and 
12 years). At that age birch stands are usually well established and are approaching their first thin-
ning. The linear model for prediction of initial basal area included independent variables of age 
(years), stand density (square root-transformed number of trees ha–1) and site index in meters at 
the reference age of 50 years (Johansson et al. 2013). The dependent variable was logarithmically 
transformed such that the model error terms were normally distributed and to reduce heterosce-
dasticity of the error variance. The starting values of the estimated basal area were then used as 
input for further basal area development.

2.4 Basal area projection function (BAP)

Three different well known growth functions were tested and selected for evaluation during the 
process of stand basal area function development. Among the candidate functions were: Korf 
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(BA1 and BA2) (Korf 1939), Hossfeld (BA3 and BA4) (Cieszewski and Zasada 2002 as cited in 
Cieszewski et al. 2007 and McDill and Amateis 1992 as cited in Anta et al. 2006), and Bertalanffy-
Richards (BA5 and BA6) (von Bertalanffy 1949 as cited in Liziniewicz et al. 2016) (Table 2). The 
tested functions included recently developed dynamic equations with two site-specific parameters 
and frequently used dynamic equations with only one site-specific parameter (Castedo-Dorado et al. 
2007). As all the plots were thinned at least once, the functions were fitted to all the growth intervals.

The fitting procedure followed the dummy variable method proposed by Cieszewski and 
Bailey (2000) which models site index and stand development with the algebraic difference 
approach (ADA) and generalized algebraic difference approach (GADA). The fitting procedure 
was programmed in R version 3.6.1 using the nls procedure (R core Team 2019).

2.5 Volume function (VF)

A function incorporating stand height was developed to estimate volume (m3 ha–1) from basal area 
(m2 ha–1) values (Eq. 1). This allowed making the basal area development model more useful, as 
volume is the fundamental unit used in forestry practice. To develop this function, we used data 
from experimental plots, where total volume production per hectare was estimated. The ratio 
between total volume production per hectare and total basal area production per hectare (response 
variables) was modelled as a linear function against top height (average height of 100 thickest 
trees per ha–1) and age (explanatory variables X1 and X2):

Vol
BA

a a XX� 1 2 21 1� � � , ( )

where Vol is volume per hectare (m3 ha–1); BA is basal area per hectare (m2 ha–1), a1 is the intercept, 
a1 is the coefficient for independent variable X1, a2 is the coefficient for independent variable X2, 
and ε is a random error term N (0, σ2). In the simulation, we transformed basal area into volume 
by multiplying the right side of the equation by basal area.

2.6	Model	fitting	and	model	evaluation

The quality of the fitted BAP, SV and VF functions was evaluated both graphically and numeri-
cally. For the models, standardized residuals were visually assessed to detect any remaining pat-
tern with respect to the explanatory variables. The numerical analysis consisted of calculation of 
goodness-of-fit statistics: the root mean squared error (RMSE), which gives the accuracy of the 
estimates in the same units as the dependent variable, and the coefficient of determination (e.g. 
pseudo-R2 when applied in non-linear regression), which is the proportion of the total variance of 
the dependent variable explained by the model.

Validation of the models was carried out using an independent dataset from experiments 
in Finland. The dataset originated from thinning experiments established on twelve different 
experimental sites in southern and central Finland with observation periods of 16–48 years. Dif-
ferent thinning practices were applied to plots within the experiments. Measurements of the thin-
ning experiments were similar to the Swedish data used for the construction of the models. Stem 
diameter was measured at breast height for all trees within the experimental plots. Total basal area 
production per hectare including harvested trees and mortality was calculated for individual plots. 
Models were validated by both statistical and graphical inspection of basal area development in 
the thinning experiments compared to the projected basal area development from the best BA 
development function. The following numerical statistics were calculated:
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Root mean square (RMSE):

Mean absolute error (MAE):

Modelling efficiency coefficient:

where Yi is a trait value, Yi  is a mean value of the trait,     is an estimate of the trait and i is an 
indication of the measurement.

With the developed functions a simulation of the results for four sites at site indices B22, 
B25, B28 and B32 defined as a top height in meters in the age of 50 years were done. The stock-
ing of the simulated stands were 2200 stems per hectare in the initial age of 10 years. The initial 
basal area was calculated using the SV model. Subsequently, the BAP function was used to project 
stand development followed by a transformation of basal area into volume using VF function. 
Three thinnings were applied to each stand and thinning time differed depending on SI and were 
applied earlier for higher site index. In each thinning 30% of basal area was removed. The basal 
area predictions were done until the Land Expectation Value (LEV) reached the maximum:
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NPV R
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( )

where NPV is net present value (Eq. 2), Rt is net cash inflow-outflow during a single period t, n is 
the number of time periods, i is the discount rate and u is rotation age. The LEV as well as other 
monetary values were first calculated in SEK, and converted to EUR by using an exchange rate 
0.096 (European Central Bank 2020).

The cost of establishment was set to 1440 EUR ha–1. All volume produced was treated as 
pulpwood with a price of 33.6 EUR m–3. Harvesting costs (in EUR m–3) of thinning operations and 
final felling were estimated based on average costs of these activities in southern Sweden between 
2005–2015 (Nilsson et al. 2016).

2.7 Realized gain

The experiment S21S9331222 in Jordkull in southern Sweden (59°34´N, 14°15´E) is the only one 
Swedish birch experiment where clones of 10 genotypes were planted plot wise i.e. a single plot 
contains just one genotype. The experiment might be considered as a realized gain trial. Such type 
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of trials is also rare for other tree species. It was planted in 1993 with cloned plants with known 
genetic background. However, planted genotypes in the trial have not been intended for a deploy-
ment to the operational forestry.

In this study, the experiment was used to investigate if between genotype variation in different 
stand properties is stable over time. The relative differences between genotypes were calculated 
for height, diameter and stand basal area at the age of 9 years and were presented in relation to 
the relative differences in total basal area production, total volume production and site index in 
the last measurement occasion i.e., 26 years. The worst performing genotype has been used as a 
reference for testing the realized gain of the other genotypes, resulting in an approach of the gain 
over unimproved material.

3 Results

3.1 Basal area starting function and the volume function

The initialization function consisting of age (years), stand density (square root-transformed number 
of trees ha–1) and site index as independent variables explained 64% of the total variance of basal 
area with an RMSE of 0.38 m2 ha–1 (Table 3). Model residuals were normally distributed with some 
detectable trends especially for for the lower predicted values of basal area and site index (Sup-
plementary file S1, available at https://doi.org/10.14214/sf.10512). Despite of a range of applied 
transformation, the heteroscedasticity could not be removed.

The linear model predicting stand form height i.e., ratio between total volume and basal 
area production, explained 94% of the total variance with an RMSE of 0.49 m (Table 4). Residual 
analysis revealed no trends over the dependent or independent variables (top height and age) 
(Suppl. file S2).

Table 3. Parameter estimates of initial conditions in the stand values of silver 
birch. SE is standard error, t-values and p-values demonstrate the statistical perfor-
mance of the parameters. The model is based on a dependent variable of logarith-
mically transformed basal area for stands between 7 and 12 years old and several 
independent variables: age (years), quadratic square root-transformed number of 
trees (N ha–1) and site index (SI) at 50 years (Johansson et al. 2013). 

Estimate SE t-value p-value

Intercept –7.3193 0.8710 –8.40 3.19e–14

Age (years) 0.2138 0.0151 14.11 2e–16

(N ha–1) 0.0643 0.0188 3.42 0.000814
Site index (m) 0.1555 0.0152 10.23 < 2e–16

https://doi.org/10.14214/sf.10512
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3.2 Basal area development function

The two- and three-parameter models derived from the Korf´s base function performed similarly 
between 0 and 40 years (Fig. 3). These functions also explained the greatest share of the total vari-
ation (>97%) and resulted in the lowest root mean square error (RMSE, Table 4). The function 
with three parameters derived from the Bertalanffy-Richards base model was similar in terms of 
quality of fit (Table 5). However, this model explained a slightly lower share of variation and had 
a greater RMSE, whereas the two-parameter function derived from the same base model function 
performed similarly to the three-parameter function up to a basal area of 40 m2 ha–1. The three-
parameter function derived from Hossfeld´s base model performed poorly when the basal area 
exceeded 30 m2 ha–1. The Korf function performed the best both statistically and visually, so it was 
selected for further analysis. The trajectory of the modeled curves of the Korf models encompassed 
the actual growth pattern of the observed values (Fig. 3). Out of the two final functions (BA1 and 

Fig. 3. Basal area development curves of silver birch reaching basal areas of 15, 25, 35 and 45 m2 ha–1 at 40 years for 
the two-parameter models (BA1, BA3, BA5 – solid lines) and the three parameter models (BA2, BA4, BA6 – dashed 
lines).
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Table 4. Parameter estimates for the model converting basal area into 
volume for silver birch. The dependent variable is a ratio between total 
volume production and total basal area production. Independent vari-
ables are top height (m) and age (years). SE is standard error, t-values 
and p-values demonstrate the statistical performance of the parameters.

Estimate SE t-value p-value

Intercept –0.4044 0.063 –6.45 <0.05
Top height (m) 0.4286 0.006 75.2 <0.05
Age (years) 0.0085 0.002 3.65 <0.05

Table 5. Parameter estimates, standard errors (SE), and goodness-of-fit measurements (P = level of statistical signifi-
cance, RMSE = root mean square error, R2 = coefficient of determination) for the dynamic equations for basal area 
development of silver birch considered in this study.

Base model Parameter Estimate SE P RMSE R2

Korf (BA1) b1b2 91.3397 
0.7054

6.2864  
0.0296

<0.0001 
<0.0001

1.569 0.9724

Korf (BA2) b1b2b3 506.8 
–1900 
0.5985

325.0 
1472 
0.302

0.119 
0.127 

<0.0001

1.568 0.9726

Hossfeld (BA3) b1b2 57.1328 
1.7511

2.1663 
0.04

<0.0001 
<0.0001

1.754 0.9656

Hossfeld (BA4) b1b2b3 59.1606
–552.77 
–1.7460

3.4204  
851.43 
0.03987

<0.0001 
0.516 

<0.0001

1.755 0.9656

Bertalanffy-Richards (BA5) b1b2 50.7827 
1.9404

1.5410 
0.0615

<0.0001 
<0.0001

1.7522 0.9351

Bertalanffy-Richards (BA6) b1b2b3 0.0458 
–10.2369 
47.6122

0.0022 
2.1422 
8.2858

<0.0001 
<0.0001 
<0.0001

1.663 0.9691

BA2), the two-parameter function with one site-specific parameter (BA1) was selected because 
of its more parsimonious nature compared to BA2 and slightly better goodness-of-fit statistics 
(Table 5). Furthermore, residual analysis showed the residuals were evenly distributed around 
zero, with homogeneous variance and no detectable trends.

3.3 Model validation

The BA1 function was validated against data from thinning experiments in Finland. The root 
mean squared error was 1.42 m2 ha–1 while mean absolute error was 0.22 m2 ha–1. The modelling 
efficiency was ca 93%. A visual inspection showed good visual conformity between the model 
and Finnish thinning experiments. The modeled curves were well matched to the measured pattern 
of basal area development (Fig. 4). However, even though the model showed good performance 
visually and in terms of fit statistics, residual analysis revealed that there was slight tendency for a 
bias (Suppl. file S3). The t-test comparing observed and predicted basal area values did not reveal 
a significant bias (p = 0.3645). Even though the majority (75%) of residuals fell within ±2 m2 ha–1 

of the measured basal area, the residual values appeared to increase with the predicted total basal 
area, indicating increasing over-prediction of basal area over longer timescales.
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Fig. 4. Basal area development of silver birch in 12 thinning experiments in Finland (gray lines) 
and basal area development according to the Korf function (BA1; black lines).

Table 6. Results of the simulation for silver birch stands established with planting mate-
rial with site indices of 22 m, 25 m and 28 m at 50 years. Initial stand density is 2200 
trees ha–1 at 10 years. Three thinnings (including one non-commercial cleaning and two 
commercial thinnings) with removal of 30% of basal area were applied in each stand. 
Land expectation value (LEV) based on a 2.5% discount rate was applied. 

Site index Mean annual  
increment

Land expectation  
value

Rotation  
length

Harvested volume
Thinning Final felling

(m) (m3 ha–1 year) (EUR ha–1) (years) (m3 ha–1) (m3 ha–1)

22 6.0 479.6 60 93 269
25 7.9 1511.7 51 66 337
28 10.5 3103.2 45 80 394
32 12.8 5500.8 31 108 287

3.4 Models’ application

The application of the models into four stands with different site indices (SI) with stocking of 2200 
trees ha–1 in 10 years showed an increase of mean annual increment (MAI) and a decrease of the 
optimal rotation age with increasing SI (Table 6). The rotation age at the best site was 31 years 
with the MAI of 12.8 m3 ha–1 year–1.
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3.5	Quantification	of	relative	differences	in	genotypes	performance

The Genotype indicated as the German2 was the worst performing and it has been used as a refer-
ence. The relative differences in the age of 9-years-old between the worst genotype and average were 
22 % and 16% for height and diameter, respectively. The relative basal area differences decreased 
slightly from age of 9 years to the age of 26 years (Table 7, Fig. 5). The difference between basal 
area for both ages was in a range of 20% and the difference was increasing with an increase of an 
initial gain at age of 9 years. One exception was the genotype from Holland which with age lost 
all the gain in basal area it has at the age of 9 years i.e. 45%. The simple correlation between age 
9 years and age 26 years for differences in basal area was 0.77 and for basal area at age 9 years 
and volume at age 26 years the correlation coefficient was 0.72.

Table 7. Relative differences between silver birch genotype German 2 and other silver birch genotypes for height 
(H), diameter (D), top height (TH), site index (SI), basal area (G) and volume (V). The number indicate an age 
when the trait was measured.

Origin H_9 D_9 G_9 V_9 TH_9 SI_26 G26 V_26

E-län (Sweden) 120% 108% 124% 140% 117% 107% 113% 132%
Ekebo 1 (Sweden) 125% 118% 153% 180% 126% 110% 155% 183%
Finland 1 115% 110% 128% 140% 112% 105% 125% 137%
Finland 2 133% 115% 144% 179% 127% 111% 136% 162%
Holland 130% 117% 148% 179% 118% 108% 103% 110%
Latvia 127% 121% 157% 186% 128% 112% 146% 175%
Mixed 108% 107% 89% 95% 115% 107% 100% 117%
T-län 131% 125% 170% 206% 136% 115% 188% 252%
German 1 111% 121% 132% 137% 113% 106% 123% 136%
German 2 100% 100% 100% 100% 100% 100% 100% 100%

Average (1:9) 122% 116% 138% 160% 121% 109% 132% 156%

Fig. 5. Relationship between relative difference in basal area of silver birch between genotype German 2 and other 
genotypes in the age of 9 years (solid line) and 26 years (dashed line). Correlation between relative difference in age 9 
years and 27 years was 0.77 (German 2 was excluded).
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4 Discussion

4.1	Model	fit	and	validation

In this study, the two-parameter Korf function with one site-specific parameter was selected for 
modelling silver birch basal area development. The function includes age, stocking level and SI, 
and was selected for its parsimony and good performance over the observed growth trajectories 
obtained from 52 field trials. SI in the SV model was used to account for the genetic gain. The 
selected function showed good predictive ability and represented the experimental data accurately 
over the potential 40 year rotation age for planted silver birch in southern Sweden. In addition, the 
function provided reliable estimates even beyond the presented time span, up to 60 years.

Validation of the selected model using an independent dataset from Finnish thinning experi-
ments showed that the model accurately forecasts the observed growth in basal area. However, 
certain shortcomings were observed, particularly an increasing over-prediction of the basal area 
over longer timescales, which indicates that the model needs to be used with caution when applied 
for longer periods. Moreover, our model provides useful estimates of total stand basal area develop-
ment. However, forecasting tree mortality is impractible as the mortality function was not included 
in the models constructed in this study.

4.2 Planted stand productivity

The production of planted silver birch stands is clearly higher than values previously calculated 
using data from NFI plots (Ekö et al. 2008). The estimates of this study show that the stands 
planted with the available silver birch planting material (at the time of planting) on average-fertility 
forest sites in southern Sweden resulted in MAI’s of 6–12.8 m3 ha–1 year–1. With a new improved 
material, there is a potential for further increases stand productivity in the future as the most 
improved material that is currently available has not been used for establishment of the analyzed 
plots. According to Dahlberg et al. (2006), the MAI of silver birch on fertile sites in Sweden is ca. 
10 m3 ha–1 year–1 for rotations between 30 and 60 years. Similar productivity was suggested based 
on current annual increment (CAI) observation for stands on agriculture land in southern Sweden 
where CAI was estimated in temporary sample plots (Sonesson et al 1994). Our analysis of the 
realized gain trial planted on fertile site with improved genetic material showed that production 
can reach up to 14 m3 ha–1 year–1. The productivity predicted by the basal area development model 
for fertile site of SI 32 meters in 31 years were 12.8 m3 ha–1 year–1. This indicates that silver birch 
production can approach levels achieved with planted Norway spruce if genetically improved birch 
is planted. However, since there is also an ongoing breeding program for Norway spruce with 
similar objectives, it is unlikely that the difference in production between the two tree species will 
be fully eliminated in the near future (Egbäck et al. 2017). In order to compare Norway spruce, 
silver birch and other species, there is a need for more controlled experiments testing genetically 
superior material of different species.

4.3 Current genetic gains and a future of silver birch breeding in Sweden

The current genetic gains for a specific deployment material of silver birch are estimated based 
on the parameters calculated for other tree species i.e., age to age correlations between selection 
e.g., diameter and height and objective traits e.g., volume production over rotation. This is done 
due to the lack of experiments for Silver birch, while there are many existing experiments for 
Norway spruce and Scots pine. Hence, the realized genetic gain might be larger than predicted. 
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For instance, the Finnish silver birch breeding program showed a genetic volume gain of up to 
30% over the full rotation period for the same type of tested plus trees (Hagquist and Hahl 1998; 
Pöykko 2018). The analysis in this study done in the single realized gain trial showed the differ-
ences in basal area production in 26 years between worst and average among randomly selected 
and propagated clones reached 32% and was stable over time except a genotype from Holland. 
In this case, the difference is most likely related to a long north-transfer distance of this material.

The calculated difference cannot directly be perceived as a genetic gain in relation to unim-
proved material but gives a good indication that early measured differences between genotypes 
might be a reliable estimation of genetic superiority. The stability of the differences over time are 
in line with the studies for Norway spruce in Sweden where early measured differences between 
unimproved and improved seed lots persisted up to first thinning (Liziniewicz et al. 2018). The 
greater relative differences in volume per hectare productivity also indicate that selection of cer-
tain genetic material affect height development. Thus, adjustment of both basal area and height is 
needed to incorporate appropriately genetic gain to growth and yield models.

4.4 Limitations of this study

The design behind available experimental data is the main limitation of this study. The genetic 
experiments mainly used a single-tree plot design, where a mixture of genotypes from several 
families are randomly planted over the experimental area. Plots containing just one deployment 
material would be preferrable but were not available.

Moreover, experiments had different levels of genetic improvement, including 1) older thin-
ning experiments established in stands of unknown genetic background, 2) stands planted for pro-
duction studies using material of different provenances, 3) genetic trials of the basic selection of plus 
trees, 4) genetic trials with well performing selected material, and 5) provenance trials and produc-
tion trials using deployment material (i.e., plants originating from available seed orchards). Thus, 
the genetic variation was substantial and not controlled in this study as the approach assumed that the 
newly developed curves will represent a mean of all birch stands established with improved material.

Another limitation of the constructed model is that the starting values are affected by initial 
stand density and this has little to do with fertility or tree performance. Therefore, the models are 
only valid within the relatively limited range of initial stocking represented in our data (1800–2200 
trees ha–1).

5 Conclusions

The main objective of this study was to construct a stand basal area development model for planted 
silver birch in southern and central Sweden based on available data. These development functions 
have proven reliable, with an ability to accurately predict basal area development of silver birch 
stands over a range of site fertilities in southern and central Sweden. Validation of the basal area 
development functions using an independent dataset from thinning experiments in Finland showed 
good fit; however, it must be noted that when applied outside of its geographical scope, the model 
should be used with caution. The analysis of realized gain trial showed that planting improved 
silver birch material will increase stand productivity, and consequently shorten stand rotations 
and improve stand profitability considerably, particularly on fertile sites. Further studies includ-
ing wood quality traits and financial analyses would be required to demonstrate how genetically 
improved birch can become a viable complement to Norway spruce and Scots pine in Sweden. 
A series of realized gain trials to confirm genetic gain of the deployment material and calibration 
of the models would be valuable for future analysis of production and economy in planted birch.
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