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�e Swedish University of Agricultural Sciences 
has developed free software for forest manage-
ment planning and analysis, with particular focus 
on multi-purpose forestry (the Heureka system), 
including management of heterogeneously struc-
tured stands. �e software package is divided into 
three main applications: an interactive stand sim-
ulator, an optimization tool for long-term forest 
planning at the landscape level, and a simulator for 
regional analyses. �e system includes empirical 
models for growth projections and the simulation 
of treatments, and also procedures for estimating 
recreation values, carbon sequestration, and habi-
tat suitability (W et al. 2011). At the core 
of the system are single-tree growth functions de-
veloped for management purposes by S 

(1986) and E (2004). At the stand level, the 
simulator StandWise can be used for projections of 
future forest stand development (Fig. 1).

�e Heureka system is commonly used by forest 
planners, consultants, and researchers; mainly at 
scales above the single-tree level. However, with its 
single-tree growth functions, the system provides 
a tool to compare future stand development if al-
ternative methods to clearfelling are applied, i.e. 
target diameter cutting. In Heureka StandWise, 
users can enter tree characteristics such as spe-
cies, diameters and site variables when running 
stand simulations. �ey can even specify whether 
or not the stand is even-aged (W 2007). If 
the stand is considered uneven-aged, functions for 
uneven-aged forest are used to estimate the growth 
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of single trees. However, the simulation results are 
more difficult to interpret than for typical even-
aged pine or spruce stands. 

Generally, models are simplifications of the real 
world and simulations include uncertainty. In addi-
tion, when applying forest growth models with alter-
native management scenarios for decision support, 
extrapolation can occur. �e extrapolation capability 
can be higher for general stand growth projections, 
while it can be more limited for single-tree depen-
dent projections or other long-term sustainability 
assessments. �e purpose of this paper is to explore 
stand and single-tree growth validations of selected 
models to assess the reliability of projections for het-
erogeneously structured stands over different time 
periods. Since both validation and documentation 
of growth in heterogeneously structured forests is 
very limited in Sweden, we also looked over models 
developed in surrounding countries. �e goal of the 
study was to estimate the length of time over which 
stand growth models were applicable when simulat-
ing future stand growth, harvest or target diameters 
in multi-layered forest types. �erefore, we address 
the following questions in the first part of the paper:

– what is a typical validation period for forest models 
parameterized for Scots pine and Norway spruce 
stands regardless of the stand structure and mixture?

– what types of forest and data have been selected for 
parameterization and validation?

– how accurate are the projections in general?

We did not try to identify the best modelling ap-
proach, but strived to explore the range of possible 
errors when applying the Standwise simulator in het-

erogeneous forest. We then estimated the range of 
errors for particular forest types, based on the few 
existing observations and model comparisons. It was 
hypothesized that (i) the prediction of stand basal 
area growth over 50 years involves errors larger than 
10% for single multi-layered stands. We also hypothe-
sized that (ii) future tree removals based on target di-
ameter cutting according to predicted diameters in 25 
years involve errors of 10% (in terms of removed tree 
number). To demonstrate how simulation outcomes 
can be interpreted, the single-tree growth functions 
for uneven-aged forest were used to predict the fu-
ture development of a multi-layered stand in south-
ern Sweden. 

One aim, here, is to share our experience of apply-
ing the Heureka system in forestry practice to assess 
target diameter cuttings. Future possible develop-
ments of the system or ways to complement it with 
alternative model approaches are also addressed. 
�e tentative validation results were presented and 
discussed at the annual meeting of the Ertragskunde 
section of the DVFFA (German Union of Forest Re-
search Organizations) 2013 in Rychnov nad Kněžnou, 
Czech Republic.

MATERIAL AND METHODS

Typical forest types with a multi-layered 

 stand structure in Sweden

Most Swedish forests are located in the bo-
real vegetation zone, as part of a transition to the 
temperate forests in southernmost Sweden (A 
et al. 1968; B, W 2000). Planting after 
clearfelling and natural regeneration by seed-trees 
are the dominant regeneration methods on pro-
ductive forest land (increment > 1 m3·ha–1). Only 
10–20% of the productive forest in northern Swe-
den and 1–2% in southern Sweden has been clas-
sified as “forest with continuous tree cover”, which 
has been described as forest with very rare stand-
replacing disturbance regimes (A et al. 
2007). L (2008) identified 0.6 million 
ha of spruce-dominated forest on mesic and fertile 
sites with stand structures classified as “not even-
aged” (according to the Swedish National Forest 
Inventory – NFI; R et al. 1987). Apart from 
various definitions used by previous authors, Table 1 
explains the term “uneven-aged” a bit more as it is 
used in this paper. In southern Sweden, D 
(2010) classified 0.9 of 5 million ha of forest as pine-
spruce mixtures, half of them older than 80 years and 
presumably containing a considerable proportion  

Fig. 1. User interface of StandWise (example with stand map, 

3D view, a table with selected stand characteristics, basal 

area development over time, and a list to select one stand or 

several sample plots to define the treatment unit)
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of mature pine with younger, naturally regener-
ated spruce trees. Two-layered birch-spruce mix-
tures were not considered in the category of multi-
layered stands because they are mostly even-aged 
and will develop a uniform stand layer (M 
1996). �e proportion of beech forest was too 
small to assess, both as pure stands and in mixtures 
(D 2010). �e proportion of oak in hemi-
boreal forest mixtures is higher than that of beech 
(D et al. 2012a), but spruce is a success-
ful competitor. Nevertheless, there is a certain po-
tential for oak to grow under pine shelter, but only 
0.4% of forests (equal to 20,000 ha) were estimated 
to be pine-oak mixtures in Götaland (D 
2010). �erefore, our main focus was on two forest 
types: pure, uneven-aged spruce stands and mature 
pine stands with advanced natural regeneration of 
spruce. Both forest types were considered by the 
authors to be suitable for continuous cover forest-
ry, in line with ecological theory and experiences in 
forestry practice.

Selection of concepts and models which might 

help to assess the future development of 

multi-layered spruce and pine-spruce forest in 

Sweden

�e forest data used to parameterize and validate 
silvicultural and ecological models and concepts 
from Sweden and the neighbouring countries were 
assessed and summarized. In addition, Swedish 
growth models designed for even-aged stands were 
examined, because they provide valuable informa-
tion under certain conditions (e.g. growth of old 
pine trees). Growth models from other countries 
for even-aged stands (i.e. H et al. 2002; 
A, T 2003) were not considered, 
because Swedish models for even-aged stands were 
found to be reliable (E 1985; S 1986; 
F et al. 2013). One exception was the single-

tree model of N et al. (2006) from Germany, 
because it has been used to estimate and compare 
the future development of even-aged stands after 
target diameter cutting and under different silvi-
cultural strategies (D 2006). During the lit-
erature search, the Austrian simulators MOSES 
and PROGNAUS, and a Belgian succession model 
(able to track different silvicultural pathways) also 
appeared to be relevant because they were param-
eterized and designed for heterogeneously struc-
tured forest containing the tree species we were 
interested in.

In addition, the ingrowth model by W 
(2004) that is currently in use was included, as well 
as the Finnish ingrowth model by P et al. 
(2009) for “uneven-sized” forest stands. Mortal-
ity models were not explored. �e models by E 
(1985) and S (1986) included mortality.

Model tests and evaluation

�e two terms parameterization and validation 
were used according to definitions given by K-
 et al. (2010). �ey are understood in terms 
of evaluating whether the output of a forest man-
agement model is useful for the intended objective. 
Validation tests whether the conclusions drawn on 
the basis of the model can be confirmed by inde-
pendent data (K et al. 2010). In our study, 
validation was limited to independent observations 
in forest stands or forest inventory plots, while 
model components (i.e. growth response to tem-
perature) were not considered.

Among the models parameterized under Swed-
ish conditions, projections of single-tree growth 
functions for a multi-layered forest were compared 
with 15 years of observations in a managed and an 
unmanaged uneven-aged spruce forest. Later, the 
functions were also applied to simulate the develop-
ment of a multi-layered pine-spruce forest. Based 

Table 1. Clarification of the terminology used in this study.

Heterogeneously structured forest Homogeneously structured forest

uneven-aged forest under  
quasi-equilibrium conditions

uneven-aged, multi-layered forest
Even-aged stands with a single  

stand height layer (i.e. N  
et al. 2010) and uniform shelter-
woods (i.e. Holgén et al. 2003)

Single-tree selection forest  
(i.e. L 1989)  

and pristine forest

i.e., stands managed by  
target diameter cutting (i.e.  

D et al. 2012b), irregular  
shelterwoods and group selection

we distinguish between uneven-aged stands under equilibrium conditions (= “uneven-aged”) and other types of uneven-aged, 

multi-layered stands (= “multi-layered”). Both types of stands are included in the classification “heterogeneously structured” 

forest, which is distinct from even-aged stands with a single tree layer
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on a literature review and model assessments, rea-
sonable time periods for simulating stand growth 
and structure were suggested. Possible and reason-
able ranges of errors were considered. We used the 
validation criteria for models intended for predic-
tive and decision-making processes according to 
K et al. (2010) to assess stand growth and 
single-tree growth predictions. �us the follow-
ing points were investigated or discussed: (1) the 
accuracy of predictions obtained from the model;  
(2) the quantitative correspondence between the 
behaviour of the model and the behaviour of the 
real forest; (3) the model usefulness; and (4) wheth-
er the accuracy of the model predictions is suffi-
cient for the intended use.

RESULTS

Overview of concepts and models applicable  

to multi-layered coniferous forest types

Nineteen concepts and growth models were 
found to be relevant for estimating the future de-
velopment of heterogeneously structured conifer-

ous forests in Sweden (Fig. 2). Nine concepts and 
models were developed outside the country, of 
which five were designed for temperate regions. 
Five Swedish models and one German model were 
developed for even-aged stands. Fig. 2 gives an 
overview of the models, with the maximum time 
horizons applied in projections, and time periods 
used for parameterization and validation. �e con-
ceptual approaches consider fairly long time hori-
zons, but are not parameterized by data. Instead, 
they are based on expertise (i.e. E, H-
 1999; L 2005). �e longest model 
projections cover several centuries and estimate 
tree species composition or forest types (Fig. 2). 
Most ecological concepts, matrix and process-
based models predicted an increase in spruce un-
der continuous cover or close-to-nature forestry 
(E, H 1999; B 2007; 
J, L 2012). Two models predict-
ed an increase in broadleaves: the first is a succes-
sion concept from Belgium; the second excluded, 
theoretically, any human influences in the future, 
and forecasted a replacement of spruce by beech, 
ash and oak in central south Sweden (H et 
al. 2012). Components of this plant-physiological 

1 10 100 1,000 years

Fig. 2. Concepts, models used to assess the future forest development of more heterogeneously structured stands in Sweden

grey horizontal bars indicate time periods used for model parameterization, dotted lines show time periods applied in the 

associated literature or recommended by authors, continuous lines indicate time periods used for model validation by growth 

observation in forests (see the text), *assumed natural development without human influence, **for even-aged stands, DAN 

– Denmark, BE – Belgium, NOR – Norway, GER – Germany, FIN – Finland, AT – Austria
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model were validated on a monthly base, but bio-
mass estimates were compared with data from the 
National Forest Inventory. When forest manage-
ment was incorporated into the model, a strong 
increase in spruce under continuous cover forestry 
was predicted (J, L 2012). �e 
matrix model from Norway for forecasting tree 
species gave similar predictions, but for longer time 
periods. Growth models applied in forest manage-
ment usually project basal area (BA), tree numbers, 
or tree volume by species. For even-aged forests, 
they often cover one rotation cycle, but exclude the 
initial stages (the first 10–20 years). Two models 
for even-aged stands were validated using indepen-
dent data from the first thinning to the end of the 
rotation (E 1985; S 1986). �e single-
tree model for even-aged stands by E (2004) 
was compared with 30 years of observations from 
long-term thinning experiments across Sweden 
(N et al. 2010; F et al. 2013). Typical 
validation periods of single-tree growth models are 
5–15 years (S, M 1997; S, 
H 2007; E 2009). Simulation periods 
longer than 30 or 40 years are not often recom-
mended for individual tree models (H, 
personal communication; N et al. 2006). How-
ever, the Finnish model by P et al. (2009) 
was used for simulations over 100 years. �e two 
Finnish matrix models for predicting the future 
stand structure in particular stands using transi-
tion probabilities between different tree size class-
es (K 1993; T et al. 2010) were 
also designed to cover the whole rotation period. 

Description of parameterization  

and validation data

Information on the parameterization and validation 
data for the selected models is summarized in Table 2. 
Most of the validations of growth models showed 
that stand BA projections usually differ 10–20% from 
observations in particular stands. But conceptual de-
sign and data can vary considerably between models. 
All stand- and single-tree models from the Nordic 
countries in Table 2 were parameterized with data 
from National Forest Inventories (NFI) with system-
atic forest samples. According to G (2005) such 
large-scale inventories cover a broader range of site 
conditions and stand structures than experimental 
plots. �e German model BWinPro was parameter-
ized with data from long-term experimental plots. 
�e number of multi-layered forest stands is rather 
limited with respect to the data used for parameter-

ization, both for the Nordic and the other models. 
One interesting exception is P (2009), who 
parameterized his model with data from experiments 
with “uneven-sized” trees and old NFI data originat-
ing from a time when multi-layered forest was more 
common. H (1994) and S and M-
 (1997) developed age-independent growth 
models suitable for mixed or uneven-aged stands in 
Austria. �e latter model over- and underestimated 
BA growth in mixed pine-spruce stands by approxi-
mately 15% during three consecutive 5-year periods. 
�e single-tree model by H (1994) includes 
tree crown parameters and competition indices to 
reflect silvicultural interventions. It gives reasonable 
results for future stand BA (0–15% differences over 
20 years in different forest districts covering several 
hundred hectares, as reported by T et al. 
2011) and can estimate mean DBH and its standard 
deviation in uneven-aged forests (H 
et al. 2005). Even so, a particular old pure spruce 
stand 100 km outside the parameterized geographi-
cal range with a shifted observation period had 20% 
higher diameter growth in five years than expected 
(H 1994). However, no general conclusions 
can be drawn from single observations. �e Finn-
ish stand simulator MOTTI (H et al. 2002) 
for even-aged stands overestimated growth in very 
old stands (H, personal communication). 
Meanwhile, the oldest thinning experiment in south 
Sweden (stand age 135 years) still has a current mean 
annual increment as estimated for the whole rotation 
period of 70 years (E, personal communication). 
Such results highlight the difficulties in predicting 
growth in mature forests.

�e data used for parameterization and calibration 
of the models for multi-layered forest do not allow us 
to distinguish between single-tree selection stands 
close to equilibrium conditions and heterogeneously 
structured stands originating from other types of se-
lective cutting (e.g. shelterwood, target diameter cut-
ting). In general, growth models designed for multi-
layered stands are no less validated than models for 
even-aged stands, but different types of forest struc-
ture and species composition can easily outnumber 
the validated types of multi-layered forest. 

Ingrowth

�e ingrowth is the weakest component in many 
growth models designed for multi-layered stands 
(H 2006; P 2009). W (2004) 
used information about new trees found on re-mea-
sured NFI plots, whilst P (2009) examined 
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262 experimental plots in Finland. �e two models 
reflect general trends in the occurrence of small trees 
during the first decades of growth. However, man-
agement should not rely on ingrowth predicted after 
several decades. Simulated ingrowth should be inter-
preted as representing an overall average for a certain 
forest type and managers should rely on the assess-
ment of regeneration conditions in the field rather 
than on the predicted number of new trees. A limited 
number of experimental plots can show, for instance, 
that the large variation in tree numbers in particu-
lar stands of spruce under single-tree selection can 
be close to zero or twice as much as expected (L-
 1989; L et al. 2002). Preliminary models 
to explain the large variation of small trees were de-
veloped by E et al. (2007) in Finland using 
mixed-effects models with components for spatial 
measures. Even specific process-based models might 
help to characterize variation better in the future.

Growth models parameterized  

under Swedish conditions 

Conventional Swedish growth functions. Two 
of the most widely applied and validated growth 
models in Sweden were developed by E (1985) 
and S (1986). �e first represents stand 
growth in 14,000 temporary NFI plots across all 
typical Swedish forest types measured between 
1973 and 1977. Initial state and growth were recon-
structed using increment cores from sample trees. 
To project future stand BA, the model requires 
species-specific initial stand BA, stem number and 
age at breast height, in combination with latitude, 
altitude, climate zone, site index, field vegetation 
type and soil moisture class as site variables (E 
1985). �e model was designed to provide esti-
mates of stand BA and volume in an even-aged, 
pure and mixed forest under different thinning re-
gimes (0–40% removals, thinning from above and 
below). �e validation using 363 permanent exper-
imental plots of pure pine and spruce stands with 
different thinnings revealed 13% overestimation of 
BA growth for pine (especially in old stands) and 
3% underestimation for spruce. �e measurement 
period was, on average, 50 years and no systematic 
trend over time was observed. �e model was vali-
dated with well managed research plots and differ-
ences of 7 to 33% in total growth after 40–70 years 
were found (E 1985). In addition, the extensive 
data set demonstrated up to 50% deviation from 
projected growth for single plots (plots with old 
and mixed forest; E 1985). 

At the same time, a stand growth model for 
mixed forest stands (A 1985) was devel-
oped which was parameterized on the basis of tree 
cores from temporary plots and validated with data 
from permanent plots. A (1985) reported 
only small differences from the average yield of 
pure pine and spruce stands and confirmed pro-
jections made by E (1985). S (1986), 
for his single-tree model, used the same data set 
as E (1985) but included single-tree informa-
tion. He selected a smaller number of plots for 
validation, but was, therefore, able to predict stand 
BA growth more precisely: the annual BA growth 
projections deviated by +11 to –26% for 44 years 
of observations in 18 permanent plots, residuals 
(obs/est) were –4.2 ± 11.8 %. �e parameterization 
data used by E (1985) and S (1986) 
also contained a considerable proportion of stands 
managed by selective fellings, the traditional har-
vesting method before clearfelling became domi-
nant in the 1950s (see P 2009, who used 
Finnish NFI data from 1951–1955 to parameterize 
his model for an uneven-sized forest; see also E-
, T 1996). 

Two decades later, new single-tree and stand growth 
functions were developed by E (2004) on the 
basis of ca. 18,500 permanent NFI plots laid out in the 
period 1983–1987 and re-measured in 1988–1992. 
Like E (1985) and S (1986), the NFI 
data represented both even-aged and more heteroge-
neously structured forest. Since 1983, plots have been 
classified as even-aged and uneven-aged (where the 
latter was defined by > 20% of volume not allocated 
to the dominant age class; class width 20 years; 27% 
of plots were classified as uneven-aged according to 
the definition used in the inventory). However, plots 
of both classes were used together to parameterize a 
single function per species to estimate single-tree BA 
growth (Table 3). In Heureka, the single-tree growth 
function is controlled by a stand-wise BA growth 
function which was derived from the same data set 
(E 2005). Since forest growth was higher than 
usual during the observation period, the measured 
increment was corrected specifically to tree species 
and to regional year ring indices based on tree core 
samples from the NFI plots (E 2004). Impor-
tant variables used in these single-tree BA growth 
functions were tree diameter and tree age, especially 
for spruce, pine and birch. For pine and spruce, the 
site index and temperature sum were also important 
(E 2004). Site index was calculated based on 
site factors (H, L 1977).

Both the new and S’s (1986) functions 
were implemented in the Heureka package and can 
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be selected separately for simulations. Recently, 
these functions have been validated with data from 
1711 permanent NFI plots covering 5-year periods 
during the interval 1999–2007 and with 277 perma-
nent plots in a thinning experiment followed for an 
average of 30 years (F et al. 2013) and com-
pared with functions by Ekö (1985). For the NFI 
data, BA increment could be projected satisfacto-
rily by all models (except the general underestima-
tion at very high BA levels). Single-tree projections 
had a tendency towards overestimation, especially 
for unthinned stands. In general, basal area growth 
was 5% overestimated for the test data set; the re-
sidual variation had a magnitude of 0.22 for even-
aged and 0.23 for multi-layered plots. �e growth of 
small trees was overestimated more than the growth 
of large trees. Within the thinning from above treat-
ment, the smallest spruce trees grew ca. 0.6 mm less 
per year than estimated. Large spruce tree growth 
was overestimated by ca 0.3 mm per year on average 
(Fig. 3). �e large variation seen in Fig. 3 at the end 
of the observation period was caused by a lower tree 
number. Projections for pine were more accurate, 
overestimating diameter growth of the largest trees 
by less than 0.1 mm per year.

Swedish growth functions designed specifically 

for uneven-aged stands. Tree age was an impor-
tant independent variable in the growth functions 
of E (2004) described above. Additional 
functions have been developed to estimate the age 
at breast height for single trees, separately for even- 
and uneven-aged forests (E 2003). �e 
functions were based on sampled cores from trees 
in NFI plots. For multi-layered forest, 9,262  trees 
were used to derive two single-tree age func-
tions (R2 = 0.66): One function used the basal area 
weighted mean age as an independent variable, the 
other one did not use this parameter. 

�erefore, two different types of growth func-
tions for multi-layered forests exist. While the first 
function is the same as that used for even-aged 
stands (but uses a different age function parame-

terized by tree cores from uneven-aged forests), the 
second growth function is stand age-independent 
and designed for uneven-aged forests only.

�e basal area growth functions were parameter-
ized with ca 50,000 trees in multi-layered NFI plots 
(Table 3). While the functions predict mean BA 
growth very well (error of predicted basal area = 
1 cm2, which is much less than 1 mm of diameter 
in five years), the variation in tree growth is not 
fully reflected (i.e. spruce, 26 cm2 standard devia-
tion of predicted basal area increment compared to 
an observed value of 42 cm2, Table 4). Both natural 
variation and measurement errors can be assumed 
to cause the large variation.

Tests on data from long-term yield plots indicat-
ed that the growth functions did not work well over 
time when used without stand age as a variable. For 
this data, for instance, it was necessary to include 
mean stand age. A residual analysis indicated that 
the mean age should be reduced by 10% in multi-
layered stands to predict growth. In this case, no 
systematic deviation was found between plots clas-
sified as even-aged and “uneven-aged”.

Estimated and observed increment in uneven-

aged stands. �e growth functions for multi-lay-
ered forest using mean stand age were tested with 
15 years of observations from an uneven-aged spruce 
stand in Central Sweden (E 2009) managed 
by single-tree selection (L et al. 2007).  
�e initial diameter distribution was characterized by 
a large number of small trees (on average 500 trees·ha–1 

Table 3. Number of trees used for the parameterization of 

single-tree growth functions by E (2004)

Tree species In even-aged plots In uneven-aged plots

Pine 64,929 14,870

Spruce 80 060 24,650

Birch 19,568 9,451

Beech 1,157 332

Oak 1,436 686

Table 4. Mean, standard deviation and extreme values of observed 5-year basal area increment (cm2) of trees in multi-

layered plots, and the increment predicted using an estimated mean stand age (E 2004)

Tree species BA increment N Mean SD Min Max

Pine 

observed 14,870 44.1 43.1 –133.4 460.5

predicted 14,870 43.5 26.9 1.5 301.8

residuals 14,870 0.6 33.6 –270.3 280.0

Spruce

observed 24,650 37.9 42.4 –249.4 836.3

predicted 24,650 36.9 25.8 1.1 266.3

residuals 24,650 1.0 32.1 –330.6 734.6
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with 5–10 cm DBH), a pronounced exponential de-
crease in tree numbers, and about 50 cm DBH maxi-
mum. �e model underestimated basal area growth 
by 12.5% after harvest of the largest trees (E-
 2009). In the control treatment with no thin-
ning, growth was underestimated by 4%. For small 
trees with 5–10 cm DBH, the observed values were 
20–50% higher than expected (E 2009). An-
other test was undertaken involving 14 yield plots 
in pristine forest reserves followed over 16 years. 
�e reserves were described by L (1998). �e 
test showed that increment was underestimated by 
5% on average, while 2/3 of the variation in single-
tree growth could be explained by the model (E- 
 2006). However, these two tests in uneven-
aged forest do not allow us to draw a final conclu-
sion. For instance, a preliminary comparison with 
the most recent 20-year observation period indi-
cated greater underestimates in the selection forest 
stand (E, personal communication).

More unreliable than stand growth projection was 
the estimation of future tree diameters. Observations 
were much more variable than projected by the mod-
el, ranging from 50 to 200% of the projected single-
tree diameters after 15 years (Fig. 4). In addition, un-
derestimation can occur, as mentioned earlier (Fig. 3).

A third test was carried out to compare estimates 
of Swedish growth functions with each other in a 
multi-layered forest in southwest Sweden managed 
by target diameter cutting. �e stand was located on 
a mesic site, with ground vegetation dominated by 
Vaccinium myrtillus and a podzolic soil developed 
over sandy moraine. Tree diameters were measured 
before cutting in systematically distributed plots cov-
ering 1.5 ha. No tree coordinates were recorded. �e 
stand was characterized by a 95-year-old Scots pine 
overstorey and naturally regenerated Norway spruce 
trees in all height classes (Figs 5 and 6). In addition 
to spruce, a considerable number of Sessile oaks were 
present in the lower stand layers. D et al. 
(2012b) provided a detailed description of the stand, 
harvest method and simulation approach.

In the first step, stand BA growth without manage-
ment was projected using different functions. Using 
a mean stand age of 70 years (based on the recorded 
age of pine trees and estimates from counting spruce 
whorls) as an additional independent variable gave 
similar results to those achieved using the function 
without stand age. Using stand ages of 60 and 80 
years resulted in a range of BA values from 52.5 to  

Fig. 3. Residuals between the observed and estimated 

diameter growth of single spruce and pine trees treated 

by thinning from above in long-term experiments across 

Sweden (residuals were analysed in four relative tree size 

classes with 25% of trees in each class, referring to the 

diameter at the start of the simulation)

Fig. 4. Single-tree basal area increment in one plot of the 

pristine forest after 15 years [triangle – spruce, square – 

pine, circle – birch, lines indicate the relationship between 

diameter and increment calculated using the tree species-

dependent growth function with basal area weighted mean 

stand age as an additional parameter, which was calculated 

from single-tree ages estimated by age functions from 

uneven-aged forests (E 2006)]
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54.4 m2ha–1 (Fig. 7). �e difference is equal to 10% of 
the projected growth.

In the second step, the single-tree growth functions 
by E (2004) were applied, both with and with-
out mean stand age, to estimate future BA and diam-
eter distributions. �e simulation indicated BA levels 
between 20 and 35 m2ha–1 for managed forest (Fig. 8). 
Expecting 10% BA growth deviation, an error of 1 m2ha–1  
within the next 15  years is possible. Assuming 20% 
growth deviation, an error of 2.5 m2ha–1 would occur. 
In 25 years, at the time of the next cutting, BA could 
deviate even more since uncertainty increases with 
every simulation step. At the time of the third cutting, 
BA growth may differ by 3–8 m2·ha–1, which would be 
equal to 9–25% of BA before harvest.

�e projected diameter distribution in 25 years (Fig. 9) 
had fewer trees than today in many DBH classes. �e 
relative proportion of pine trees will decrease and 
oak trees can be expected to grow more slowly than 
spruce trees. Fig. 3 indicates that the growth of large 
trees can be overestimated. Assuming an annual over-

estimate of 0.3 mm diameter growth for the largest 
trees, the trees would be 0.75 cm thinner than expect-
ed after 25 years. �is would result in 5-10 treesha–1 
fewer than the predicted harvest of 120 treesha–1 in 
the simulation example (Fig. 9). In addition, projected 
diameter distributions cannot be expected to reflect 
the large natural variation in actual single-tree growth 
(as demonstrated by the two documented examples 
in this section) and ingrowth. �is larger variation 
in single-tree growth than predicted causes errors 
which are very difficult to assess. If a similar varia-
tion in single-tree growth occurred in the simulation 
example as that observed in the pristine forest, a tree 
with 20 cm DBH could grow to any DBH between 25 
and 40 cm, compared to 30 cm as projected. In the 
best case, the error would lead to an underestimate 
of harvestable trees which could counterbalance their 
overestimated number caused by diameter growth 
overestimation. On the other hand, fairly large errors 
are possible when one or two target diameter harvests 
are simulated.

Fig. 5. Part of the example stand
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Fig. 7. Comparison of the basal area projections of differ-

ent growth models for the multi-layered pine-spruce-oak 

stand without management as described by D  

et al. (2012b) 

Fig. 6. Diameter distribution and tree species distribution 

of the example stand after the initial target diameter cut-

ting (target diameter of pine: 40 cm, spruce: 36 cm in the 

highest quality class, otherwise 26 cm)

Fig. 8. Projected basal area development without manage-

ment (dashed line) and after target diameter cutting (straight 

line) according to the model by E (2004) for a multi-

layered forest without stand age incorporated as a variable
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DISCUSSION

Conclusions from the very few tests carried out in 
this study can be only tentative. Over all the models, 
the validation for multi-layered stands was limited 
(also due to the variety of possible forest types). At the 
stand level, 10–20% growth deviation from predicted 
values was not unusual. In single study plots, the ob-
served deviation could be close to 0 or even amount 
to 50% of estimated growth. While whole stand mod-
els are more robust (V 1994), simple growth 
estimates for a single tree are hampered by the large 
natural variation in individual tree growth. �erefore, 
growth estimates for a particular tree size class may 
involve large errors. On the other hand, single-tree 
models have a better ability to represent complex for-
est structures and selective cuttings in the long run 
(W et al. 2011). 

In general, if simulation periods are longer than val-
idation periods, the reliability is expected to decrease 
due to inherited errors from previous simulation 
steps and uncertainties associated with extrapola-
tion. Larger errors can occur with an increasing het-
erogeneity of forest structure in the long run. Fig. 10 
demonstrates how H et al. (2002) interpreted 
their growth model at different spatial scales along the 
time line and a gradient of different forest structures.

Originally, we hypothesized that (i) the prediction of 
stand basal area growth in multi-layered stands over 
a period of 50 years involves errors larger than 10% 
for single stands. �is hypothesis was not disproven 
by our tentative results. Using E's (2004) sin-
gle-tree model, we found a 12.5% underestimate of 
growth for a single stand just after 15 years. Valida-
tions of other models suggested similar deviations, 
around 10–20%. �is finding is not directly compara-
ble to the tested model, but was a pattern repeatedly 

found in the forest models assessed. More validation 
of the tested model is required here. 

We also hypothesized that (ii) future tree removals 
based on target diameter cutting according to pre-
dicted diameters in 25 years involve errors of 10%. 
�is hypothesis could not be tested satisfactorily us-
ing the few comparisons available from multi-layered 
forest. It seems unlikely that the slight overestimation 
of the average growth of large trees can be the main 
reason for imprecise projections. In our preliminary 
conclusion, the large variation in single-tree growth 
is the greatest uncertainty associated with predicting 
future tree harvest. Testing the model with even-aged 
stands suggested similar problems (Fig. 3). When 
predicting the future stand structure, part of the un-
known variation in single-tree growth can be hidden 
by using wider diameter classes (i.e. only four classes 
in total; see also L et al. 2009). To overcome 
the modelling problem with increasing differences be-
tween observed and estimated diameter distribution 
ranges, a successive, small adjustment in the diameter 
class width in proportion to the unexplained growth 
variation might help. However, more comparisons 
with single-tree observations in multi-layered for-
ests are necessary to assess the deviation better (see 
A et al. 2009, 2012 i.e.). Additional sources 
of error can occur in association with the mortality 
and the ingrowth model used in Heureka (F 
and S 2001; W 2004). Ingrowth does not 
substantially affect total growth during the first two 
decades in a simulation, but it is crucial when assess-
ing the sustainable yield in the long run.

If mentioned at all, maximum simulation peri-
ods of 30–40 years were recommended for different 
single-tree simulators. Two studies suggested a pos-
sibility that quality forecast can be improved when 
stand- and single-tree-models are combined (Y 
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Fig. 10. Schematic representation of the applicability of 

models used in forest management planning according 
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Fig. 9. Projected diameter distribution after the second cut-

ting in 25 years according to the model by E (2004) 

for a multi-layered forest without stand age incorporated 

as a variable
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et al. 2008; E 2010). �e single-tree model 
by E (2004) provided reasonable results for 
the 50-year simulation period considered. However, 
growth after the release of suppressed trees is inad-
equately reflected by the model. Eventually, particu-
lar trees could continue to grow as before cutting or 
respond according to their biological age. Eventually, 
the local experiences of the manager might provide 
a better picture of the development of those trees so 
far. If sustainability analyses of different silvicultural 
systems over time horizons longer than 50 years using 
the Heureka system are required, errors larger than 
20% have to be considered. In that case, conceptual 
models might have a similar precision. Nevertheless, 
Heureka is used to forecast wood production, to plan 
forest operations, and to simulate silvicultural man-
agement alternatives. �e use of such software is re-
quired for many reasons and seems to be inevitable 
(W et al. 2011). �erefore, expected errors 
and the range of possible errors for single stands 
should be highlighted when running the simulations.

Outlook. To improve predictions of future stand 
development, both databases and models should be 
improved. First, the existing data from observations 
of experimental plots should be used for wider valida-
tion. Results from spruce single-tree selection stands 
over several decades in central and northern Sweden 
(L 1989) are particularly valuable. Other 
data collected over 1–2 decades are available for shel-
terwood experiments across Sweden (e.g. H et 
al. 2003) and the “NaturKultur” trial with intensive 
removal of mature trees (H 2004). Secondly, 
cross-validations with other models could be used to 
evaluate and improve predictions. In particular, com-
binations of different modelling approaches seem to 
be beneficial in the long run (see for example M-
 et al. 2003; P et al. 2008; Y et al. 2008). 
In the Heureka system, stand growth and single-tree 
growth models are already combined, with the stand 
growth function controlling total growth of single 
trees. To reflect the growth of small or large trees 
better, spatial tree distribution or competition indi-
ces for single trees could be incorporated. �e trees 
in uneven-aged stands released after thinning from 
above responded more slowly than trees in even-aged 
stands, but seem to reach a higher permanent growth 
level. �ey continued to grow like younger trees and 
this rejuvenation effect should also be included in the 
model. �e Heureka system would even allow the im-
plementation of such additional sub-models. 

In general, growth projections for multi-layered 
stands should be independent of stand age to ensure 
that simulated growth rates are not forced to slow 
down over time. One problem with stand age is that 

it seldom increases by 5 years in a 5-year period. Old 
trees die and young trees grow into the tree layer. 
From that point, age is not an ideal variable for growth 
predictions. On the other hand, validation tests of the 
Swedish growth functions for multi-layered forests 
indicated that mean age should be included in order 
to stabilize the function (E 2010). At present, 
the age shift in uneven-aged stands is modelled in 
Heureka, but the models could certainly be improved. 
Considering the validation paucity, both types of 
growth model should be tested further in single-tree 
selection stands.

Management planning in Swedish forestry has 
a tradition of using stand- and single-tree models 
as applied in Heureka. While the development of 
Heureka strives for generalized models that can 
capture all forest types, every single model men-
tioned here has particular strengths, drawbacks, 
time horizons and resolution. To ensure applica-
tion in forest practice and to avoid severe bias, a 
model needs to be tested against observed growth 
in forests on a representative base.
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