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A B S T R A C T   

Information on forest site productivity is a key component to assess the carbon sequestration potential of boreal 
forests. While site index (SI) is commonly used to indicate forest site productivity, expressions of SI in the form of 
yield capacity (potential maximum mean annual volume increment) is desirable since volume yield is central to 
the economic and ecological analyses of a given species and site. This paper assessed the functional relationship 
between SI and yield capacity on the basis of yield plot data from long-term experiments measured over several 
decades for Norway spruce (Picea abies), Scots pine (Pinus sylvestris), Lodgepole pine (Pinus contorta) and Larch 
(Larix decidua and Larix sibirica) in Sweden. Component models of total basal area and volume yield were also 
developed. SI was determined by existing height development functions using top height and age, whereas 
functions for stand-level (m2 ha− 1) basal area development were constructed based on age, SI and initial stand 
density using difference equations and nonlinear mixed-effects models. The relation between volume yield (m3 

ha− 1) and top height was adjusted with total basal area production through nonlinear mixed-effects models. 
Species-specific parametric regression models were used to construct functional relationships between SI and 
yield capacity. The root mean square errors of the species-specific models ranged from 2 to 6% and 10–18% of 
the average values for the basal area and volume equations, respectively. For the yield capacity functions, the 
explained variations (R2) were within 80–96%. We compared our yield capacity functions to earlier functions of 
the species and significant differences were observed in both lower and higher SI classes, especially, for Scots 
pine and Norway spruce. The new functions give better prediction of yield capacity in current growing condi-
tions; hence, they could later be used for comparing tree species’ production under similar site and management 
regimes in Sweden.   

1. Introduction 

The rate of forest growth is an important component of the boreal 
forest carbon stocks’ balance. Recent reports have shown forest man-
agement- and environment- induced growth increase, for example, in 
the boreal forests of northern Europe (e.g. Sharma et al., 2012; Kauppi 
et al., 2014; Henttonen et al., 2017; Appiah Mensah et al., 2021; 
Mäkinen et al., 2021). Thus, the boreal forest is a critical component of 
the global carbon cycle and its health (growth and productivity) is of 
primary concern (Gauthier et al., 2015). Valid data and new expressions 
for forest site productivity in growth models are needed for unbiased 
assessments of management and environmental impacts on the growth 
and carbon fluxes of boreal forests in the short- and long-term horizons 

(Boisvenue and Running, 2006; Skovsgaard and Vanclay, 2008; Fontes 
et al., 2010; Bontemps and Bouriaud, 2014). 

Information on site productivity is also needed by foresters in many 
ways, for example, to plan silvicultural treatments across the rotation 
period, to forecast forest growth and to quantify wood biomass pro-
duction potential from local-to-regional and- national scales (Pretzsch 
et al., 2008). Site productivity may also be important when to assess 
biodiversity and other ecosystem services in relation to forest manage-
ment (e.g. Felton et al., 2017, 2019). In Sweden, the site productivity is 
also the legislative boundary of the Forestry Act, and only forestlands 
where the average annual potential wood production exceeds 1 m3 ha− 1 

yr− 1 are considered as productive forest land. On poorer sites, no harvest 
is allowed and Swedish national statistics are reported differently based 
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on this boundary (Nilsson, 2020). 
Forest site productivity is generally defined as the potential of a site 

to produce wood biomass or tree volume (Skovsgaard and Vanclay, 
2008). It is assessed by several methods that can be broadly grouped into 
two: geocentric and phytocentric. The geocentric methods are mostly 
based on site indicators of climate, topography and soil, whereas the 
phytocentric methods are vegetation related, made up of tree- or plant- 
based indicators (Hägglund, 1981; Skovsgaard and Vanclay, 2008). The 
two methods have been widely applied in studies on forest site pro-
ductivity assessment for several tree species across biomes (e.g. 
Hägglund and Lundmark, 1977; Szwaluk and Strong, 2003; Mason et al., 
2017; Bueis et al., 2019; Eckhart et al., 2019; Liu et al., 2021). 

Site index (SI), defined as the height attained at a reference age is the 
most commonly used indicator of forest site productivity. In Sweden, SI 
is generally estimated in three ways: (1) by height development curves, 
(2) by site factors (combination of climate, soil, field and bottom 
vegetation) and (3) by intercept method. Method 1 is used for matured 
stands (above 20 years), while method 3 is applied mainly in young 
stands (below 20 years). Method 2 can be applied on all forestlands and 
is used by the National Forest Inventory to estimate SI (Hägglund and 
Lundmark, 1977; Elfving and Kiviste, 1997; Nilsson, 2020). For even- 
aged monoculture stands, SI based on height development curves 
(height-age relations) of the dominant trees is often desirable when 
estimating the potential of the growing site. This is because height 
growth is strongly related to volume production, and the height growth 
of the largest trees is relatively independent of stand density and thin-
ning from below treatments (Eichhorn, 1902; Skovsgaard and Vanclay, 
2008; Burkhart and Tomé, 2012). However, expressing SI in terms of the 
potential average volume yield produced over the stand rotation is 
desired since timber volume is a key parameter in economic and 
ecological analyses of forest resources. Hence, for even-aged forest 
stands, the relation between SI and maximum mean annual volume 

increment (hereafter, referred to as yield capacity) can directly be used 
to describe the potential amount of wood volume that can be obtained 
per year on a site for a given species (Hägglund, 1981; Hägglund and 
Lundmark, 1982; Elfving and Nyström, 1996) and for further classifi-
cation of forest lands as productive and unproductive units. 

Nevertheless, the relation between SI and yield capacity is not always 
straightforward, especially when the methods used rely on the general 
Eichhorn’s law (Eichhorn, 1902). The law stipulates that stands have the 
same total volume yield when they reach the same dominant height, 
independent of age and SI (Eichhorn, 1902). However, under compa-
rable management regimes, the total volume yield over the rotation has 
been shown to vary within the same SI for several species including 
Norway spruce (Picea abies) by Assmann (1955), Scots pine (Pinus syl-
vestris) by Schmidt (1973) and loblolly pine (Pinus taeda) by Hasenauer 
et al. (1994). Therefore, for a given species and management regime, 
significant site-dependent variations may occur in the yield levels (total 
volume production at a given height), suggesting that stands of different 
yield levels may have different trajectories for height-volume relations 
across the rotation period (Assmann, 1970; Hasenauer et al., 1994; 
Skovsgaard, 1997). Including variables that capture the variations in 
yield levels can therefore improve estimates of yield capacity and 
enhance meaningful comparisons across species, sites and regions 
(Skovsgaard and Vanclay, 2008; Ekö et al., 2008). Differences in yield 
levels are attributable to many factors such as climate, soil, seed prov-
enance, silviculture, stand density, basal area production and form 
factors (Skovsgaard and Vanclay, 2008). Basal area production as a 
measure of potential density has been found to explain larger variations 
in the volume yield levels and thus, provide satisfactory outcomes of site 
productivity assessment (Assmann, 1966; Sterba, 1987; Ung and Ouel-
let, 1991; Hasenauer et al., 1994; Sterba and Monserud, 1995; Hall et al., 
2019; Allen et al., 2020). 

The maturation of long-term yield experiments (LTEs) of tree species 

Fig. 1. Stepwise estimation of yield capacity in this study. The elongated circles denote the models applied at each step.  

A.A. Mensah et al.                                                                                                                                                                                                                              



Forest Ecology and Management 512 (2022) 120162

3

where height development, carrying capacity (described by total basal 
area production) and total stem volume produced over time could be 
easily and reliably estimated provides a unique insight into the evalu-
ation of yield capacity by using SI (Pretzsch et al., 2019). In Sweden, 
LTEs were established throughout the country in the 20th century to 
provide quantitative results for forest management planning (e.g. Elfv-
ing, 2010a; Nilsson et al., 2010). Now, tree growth data in the LTEs have 

accumulated and this paper presents an investigation of site productivity 
for the major tree species under Swedish conditions. 

The general objective of the study was to improve the estimates of 
yield capacities for major forest tree species in Sweden. The specific 
objectives were two fold; (i) to develop functional relationships between 
yield capacity and SI predicted by height curves using data from LTEs, 
and (ii) to compare the estimated yield capacities with those predicted 
by earlier functions from Hägglund and Lundmark (1982) for forest tree 
species in Sweden. 

The study was limited to the tree species where we had measured 
data series from unthinned and thinned (from below) stands and with 
measurements of total volume production including mortality, harvest 
removals and standing volume, which resulted in four species being 
selected: Norway spruce (Picea abies), Scots pine (Pinus sylvestris), 
Lodgepole pine (Pinus contorta) and Larch (Larix decidua – European 
Larch and Larix sibirica – Siberian Larch). Together, these species 
contribute more than 80% to the total growing stock volume on forest 
lands in Sweden (Nilsson, 2020). 

2. Material and methods 

The study approach was generally centred on the principles of forest 
yield production (Fig. 1). The stepwise approach was carried out in five 
main steps: based on height development (1) and corresponding basal 
area development (2), total volume production was estimated (3). Yield 
capacity was then derived from volume yield and age (4), and functional 
relationships between yield capacity and site index were established (5). 
The constructed yield capacity functions in the present study were 
compared to earlier functions and the observed differences were dis-
cussed in relation to methodological approaches and changes in envi-
ronmental conditions. The five modelling steps are expanded in the 
following sub-sections. 

2.1. Data 

The data material comprised LTEs from 330 locations in Sweden 
(Scots pine = 169, Norway spruce = 86, Lodgepole pine = 34, Larch =
41). All selected LTEs were originally experiments in block designs 
where the total production (yield) was recorded, including mortality, 
harvest removals and standing volume. The sites covered a wide range of 
fertility, latitudinal and altitudinal gradients in Sweden (Fig. 2; Table 1). 
For each site, only the control and thinned-from-below plots with 

Fig. 2. Locations of LTE sites for the different tree species in Sweden.  

Table 1 
Summary of stand and site data for included plots.  

Tree 
species  

Age 
(years) 

Top 
height 
(m) 

Basal 
area 
(m2 

ha− 1) 

Volume 
(m3 ha− 1) 

Stand 
density 
(trees 
ha− 1) 

Site 
index 
(m) 

Thinning 
ratio 

Measurement 
year 

Latitude 
(◦N) 

Altitude 
(m a.s.l) 

No. 
LTEs 
(plots) 

N 

Scots pine min 10 2 0.7 0.7 300 13 0 First: 1927 56 0    
mean 46 14 29 207 2116 24 0.09 – – 207 169 4498  
max 119 31 105 1169 15,867 32 0.95 Latest: 2018 67 560 (981)   

Norway 
spruce 

min 12 2 0.8 0.2 433 16 0 First: 1928 55 3    

mean 42 16 35 327 2615 29 0.04 – – 136 86 2022  
max 133 37 140 1608 13,106 36 0.95 Latest: 2018 66 610 (427)   

Lodgepole 
pine 

min 15 4 4 2 333 16 0 First: 1953 56 0    

mean 33 14 29 211 2028 22 0.03 – – 291 34 742  
max 83 26 72 700 9062 30 0.95 Latest: 2019 69 480 (273)   

Larch spp. min 6 3 0.1 0.9 355 24 0 First: 1949 55 20    
mean 32 19 36 311 1923 36 0.23 – – 160 41 462  
max 104 35 94 1043 11,687 42 0.95 Latest: 2019 64 435 (108)  

min: minimum; max: maximum; thinning form describes unthinned plots (0) and thinned from below plots (1)≤; N is the total number of measurements. 

A.A. Mensah et al.                                                                                                                                                                                                                              



Forest Ecology and Management 512 (2022) 120162

4

thinning grade (percent removed basal area) < 35% and thinning ratio 
< 0.95 were used for the yield analyses. Thinning ratio is expressed by 
the quotient between the basal area mean diameters of removed and 
remaining trees. Fertilised plots were excluded from the dataset. The 
studied plots were fully stocked even-aged stands where more than 70% 
of the total basal area consisted of the main tree species. For most sites, 
plot measurements had been conducted between 1920 and 2019, with 
irregular measurement intervals. The remeasurement interval was on 
average 8 years and the frequency of remeasurements on a plot ranged 
from 2 to 14 times. Permanent square or rectangular sample plots with 
net sizes of approximately 0.1 ha were used to collect the tree infor-
mation. Total age, tree species and damages were recorded in addition to 
perpendicularly calipered tree diameters at breast height (1.3 m from 
the ground). Trees were numbered at first measurement to ensure that 
remeasurements in subsequent years could be linked to the same indi-
vidual trees. 

Among the trees recorded on the plot, a sub-sample was taken for 
total height measurement using the Tiréns device before 1970, Suunto 
hypsometer 1970–1995 and the Haglöf Vertex hypsometer afterwards. 

Sample trees were followed over time for total height, except for cases of 
damages by storm, snow, diseases, etc., in which they were replaced by 
equally good candidates. The observations of height-diameter pairs were 
used to estimate coefficients of the height-diameter equation (Eq. (1)) 
presented by Näslund (1947), where coefficients were estimated for 
each plot and measurement occasion, and all calipered trees without 
heights were assigned predicted heights. Based on the predicted heights, 
the thickest trees on every plot were selected as the top (dominant) 
height trees. Top height was defined as the arithmetic mean height of the 
100 thickest (by diameter) trees ha− 1. The initial stand densities (trees 
ha− 1) during installation of the plots as well as site information were 
recorded. Other variables such as basal area and stem volume were 
computed for every calipered tree and aggregated to the plot level in per 
hectare units. The tree volume was estimated for living, thinned and 
dead trees using the species-specific volume functions by Brandel 
(1990). Summary of the plot and site variables are given in Table 1. 

H =
DBHγ

(α + β × DBH)
γ + 1.3 (1) 

Fig. 3. Observed height development (black lines) in relation to site index curves (blue lines). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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where, H is the tree height (m), DBH is the calipered tree diameter at 
breast height (cm), α, β are parameters to be estimated and γ was 3 for 
Norway spruce and 2 for other tree species (to minimize the sum of 
squared residuals). 

2.2. Site index estimation from height development curves 

The SI functions operationally used today in Sweden were used to 
estimate SI from the observed top heights on each plot and thereafter, 
averaged to provide the SI for each site (experiment location). More 
information concerning the form and parameter estimates of the SI 
functions can be found in Elfving and Kiviste (1997), Elfving (2009) and 
Liziniewicz et al. (2016). SI was defined as the mean top height at the 
tree species-specific reference age (100 years: H100, for Norway spruce, 
Scots pine and Larch; and 50 years: H50, for Lodgepole pine). Pre-
liminary assessment showed that the SI curves adequately described the 
patterns in the observed top height development for all species (Fig. 3). 
With a given plot SI, we derived the expected mean top heights at ages 
corresponding to the observed measurement years, assuming the growth 
function passes through current height and age. The expected top 

heights were used to simulate the expected plot-level total volume 
productions (see Fig. 1 and Section 2.4). 

2.3. Functions for total basal area development 

Basal area is often used to describe stands’ potential density (car-
rying capacity) and due to its strong relationship with stem volume and 
woody biomass production, it is of central significance to modelling 
forest stand development (Burkhart and Tomé, 2012). To determine the 
carrying capacity of forest stands, projections of basal area growth 
require repeated observations from plots covering gradients in stand and 
environmental conditions (Gadow and Hui, 1999). 

Studies from long-term spacing trials shown the significant influence 
of initial spacing on stand productivity (Pettersson, 1992; Samuelson 
et al., 2010), and as such the basal area growth increases asymptotically 
with age and the asymptote is largely dependent on site quality and 
initial stand density (Pienaar and Shiver, 1986; Elfving, 2010a; Hall 
et al., 2019). Hence, the following growth functions (Table 2) were used 
to examine the development of total basal area production (including 
surviving, removed and dead trees) for the different tree species. Model 
one (F01) is identical to Pienaar et al. (1990), F02 is based on Hossfeld 
(Peschel, 1938), F03 is based on Levakovic (Levakovic, 1935), F04 is 
based on Bertalanffy-Richards (von Bertalanffy, 1938; Richards, 1959) 
and F05 is derived from Schumacher’s growth function (Schumacher, 
1939). 

Under a model-based framework, the yield function relates the 
response variable (total basal area, m2 ha− 1) to a set of independent 
variables and was expressed generally as 

yi = f (Xi;B)+ εi (2.1)  

where i indexes the population units; yi is the observation of the 
response variable on the ith unit; Xi is a vector of predictor variables 
comprising total age (years), site index (m) and initial stand density 
(trees ha− 1); B is a vector of parameters to be estimated from the sample 
data; f(Xi;B) expresses the nonlinear relationship between predictor 
variables and the parameters; and εi is a normally distributed random 
residual term 

[
εi ∼ N

(
0, σ2) ] to account for the unexplained variation 

in the observed values of yi. Given repeated plot measurements, differ-
ence equations are more suitable for modelling the dynamics of yield 
within an observed growth period and as such, produce robust base-age 
invariant results compared to static base-age equations (Cieszewski and 
Bailey, 2000). Therefore, Eq. (2.1) was expressed in an algebraic dif-
ference form (Eq. (2.2)) where the basal area at time two (G2) was 
modelled from the basal area at time one (G1), total age at times one (A1)

and two (A2), site index (SI) and initial stand density (N1). 

G2 = f (G1,A1,A2,N1, SI,αs)+ εi (2.2)  

where N1 was transformed as: N1 =

̅̅̅̅̅̅̅̅̅̅
10000

N

√

and the αs are model 
parameters. 

The tested functions (F01-F05) have polymorphic asymptotes and 
their difference forms are presented in Table 2. We used all measure-
ments within the observed growth period to model the basal area 
growth. The growth period was defined as the time interval between 
consecutive measurements. The sample data for model fitting were hi-
erarchical in structure, i.e., several plots nested within a site. The plots 
had many revisions, which suggest observations within a plot might 
exhibit temporal dependencies. Similarly, the distance between sample 
plots within each site is small (about 20–500 m apart) and this may 
induce a spatial autocorrelation among observations from a site. The 
lack of independency among observations may violate standard 
regression analysis through biased model parameter estimates and 
subsequently, lead to erroneous inferences. Hence, the tested basal area 
growth equations were expressed as nonlinear mixed-effects time series 
models to account for both plot and site random variances (Gregoire and 

Table 2 
Tested total basal area development functions.  

No. Equation 

F01 

Gijk = exp

[

ln(Gijl)+μ+α0

(
1

Aijk
−

1
Aijl

)

+μ+α1(N1)+μ+α2(SI)
]

+ εijk  

F02 Gijk =
1

[(
1

Gijl

)(
Aijl

Aijk

)α0+μ
+μ+c0

(

1−
(

Aijl

Aijk

)a0+μ)

+μ+α1(N1)+μ+α2(SI)
]+ εijk  

F03 Gijk =

⎡

⎢
⎣

⎛

⎝
(
Gijl
)μ+c0

(
Aijl

Aijk

)2

+μ+α0

(

1−
(

Aijl

Aijk

)2
)⎞

⎠

1
c0+μ

+μ+α1(N1)+μ+α2(SI)

⎤

⎥
⎦+ εijk  

F04 
Gijk =

⎡

⎣Gijl

(
1− expμ− α0(Aijk)

1− expμ− α0(Aijl)

)μ+c0+μ+α1(N1)+μ+α2(SI)
⎤

⎦+ εijk  

F05 Gijk =

⎡

⎢
⎣exp

(

ln(Gijl)

(
Aijl

Aijk

)μ+α0++μ+α1 (N1 )

+μ+α2(SI)+μ+c0

(

1−

(
Aijl

Aijk

)μ+α0+μ+α1 (N1)
))

⎤

⎥
⎦+ εijk  

Table 3 
Summary of fit-statistics for the tested basal area functions. Relative RMSEs and 
MDs are given in parenthesis. The selected model for each species is highlighted 
in bold.    

Scots pine Norway spruce Lodgepole pine Larch 

F01 RMSE (%) 1.09 (3.39) 0.97 (2.14) 1.31 (3.35) 3.40 (7.04)  
MD (%) − 0.15 (− 0.47) − 0.10 (− 0.22) − 0.12 (− 0.33) − 0.65 (1.36)  

F02 RMSE (%) 2.68 (8.32) 2.73 (6.04) 1.57 (4.23) 6.37 (13.2)  
MD (%) − 0.06 (− 0.19) − 1.33 (− 2.95) − 0.60 (1.61) − 5.25 (10.87)  

F03 RMSE (%) 3.42 (10.63) 1.90 (4.21) 3.10 (8.34) 10.56 (18.31)  
MD (%) 1.66 (5.15) 0.14 (0.31) 2.37 (6.38) − 8.33 (− 24.75)  

F04 RMSE (%) 2.53 (7.86) 1.82 (4.03) 1.22 (3.29) 2.79 (5.78)  
MD (%) 0.26 (0.82) − 0.09 (− 0.20) − 0.01 (− 0.03) − 0.29 (− 0.59)  

F05 RMSE (%) 3.29 (10.22) 1.96 (4.32) 1.94 (5.21) 3.68 (7.58)  
MD (%) 0.04 (0.12) − 0.11 (− 0.55) 1.00 (2.69) 0.05 (0.11)  
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Schabenberger, 1996; Mehtätalo and Lappi, 2020). 
In Table 2, Gijk is the plot basal area (at the end of the growth period) 

at age Aijk (k th observations at plot/series j and site i), Gijl is the plot 
basal area (at the beginning of the growth period) at age Aijl at the same 
plot/series and site (l th observations at plot/series j and site i and l ∕= k), 
the μ denotes between group variances of the two level groups denoted 
as plot-level (μp) and site-level (μs) random effects, which are indepen-

dent and normally distributed 
[
μp N(0,D*)andμs N(0,D*)

]
with between 

group variance–covariance matrix (D*) identical for all plots and sites. 
Gijl was considered as a fixed-effect parameter and was locally estimated 
for each plot and site. The within group variance specified by the indi-
vidual random model errors (εijk) is normally distributed [εijk N

(
0, σ2)]

and independent among observations and μp and μs. The random-effects 
parameters were added sequentially to the fixed-effects parameters until 
convergence was achieved. The model parameters were estimated by 
approximations of the likelihood function of the Lindstrom-Bates algo-
rithm implemented in the “nlme” package of R statistical environment 
(Pinheiro et al., 2020; R Core Team, 2020). 

Due to unequal variances (heteroscedasticity) arising from mea-
surements at differing stand ages and sites, the within-group random 
error variance [V

(
εijk
)
] associated with every predicted plot-level basal 

area (Ĝijk) were modelled by nonlinear power models (Eqs. (3.1) and 
(3.2)) with either two parameters (scale and shape, denoted as ω2 and δ1 

respectively) or three parameters (ω2 and δ1 plus a constant,δ0). Nega-
tive (δ1 < 0), or positive (δ1 > 0) values of δ1, suggests the error vari-
ance may be decreasing or increasing linearly with Ĝijk (Mehtätalo and 
Lappi, 2020). Given that our basal area measurements were unevenly 
spaced over time and only one single pair of basal area-age measurement 
were used for basal area projection, the first order autoregressive [AR 
(1)] error structure (Eq. (3.3)) was chosen to account for the within-plot 
serial correlation. 

V
(
εijk
)
= ω2

⃒
⃒Ĝijk

⃒
⃒

2δ1 (3.1)  

V
(
εijk
)
= ω2( δ0 +

⃒
⃒Ĝijk

⃒
⃒δ1 )2 (3.2)  

ρz = cor
(
εijk + εijk+z

)
(3.3)  

where ρ the correlation between successive observations is a parameter 
to be estimated and z is a time lag in terms of measurement intervals 
between successive observations in the same plot. The accuracy of the 
tested basal area models were compared using the following estimators 

(Eqs. (4.1)–(4.4)): root mean square error 
(

RMSE, m2 ha− 1
)

, relative 

root mean square error (RMSErel,%); mean deviation 
(

MD, m2 ha− 1
)

; 

and relative mean deviation (MDrel,%). 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(ŷi − yi)

2

n

√
√
√
√
√

(4.1)  

RMSErel = 100x
RMSE

y
(4.2)  

MD =
1
n

∑n

i=1
(ŷi − yi) (4.3)  

MDrel = 100x
MD

y
(4.4)  

where ŷi, yi and yi are the predicted, measured and mean values of total 
basal area, respectively and n is the number of observations used for 
model calibration. Models with good statistical precision and low pre-
diction error were considered for further analysis of volume yield. The 
quality of the final basal area projection model was studied graphically 

Table 4 
Parameter estimates of species-specific basal area (m2 ha− 1) functions. Values in parenthesis are estimated standard errors.    

Scots pine Norway spruce Lodgepole pine Larch 

Class Parameter Estimates 

Fixed effects α̂0 − 52.8873 (1.5744) − 55.1743 (4.2183) 0.0507 (0.0027) 0.0287 (0.0151)  
α̂1 0.0064 (0.0023) 0.0273 (0.0066) 1.0931 (0.2019) 0.7837 (0.2485)  
α̂2 − 0.0007 (0.0003) − 0.0012 (0.0006) − 0.1089 (0.0281) 0.5909 (0.4267)  
ĉ0   2.6904 (0.1896) 0.0887 (0.0302)  

Plot-level random effects 
(μp) v̂ar(α̂0) 61.856 22.242  1.37 × 10− 18  

v̂ar(α̂1) 5.89 × 10− 6 4.39 × 10− 5    

v̂ar(α̂2) 1.84 × 10− 19 4.11 × 10− 7 0.0028   
ĉov(α̂0, α̂1) 0.0164 − 0.0291    
ĉov(α̂0, α̂2) 0 0.0029    
ĉov(α̂1, α̂2) 0 − 4.23 × 10− 6    

Site-level random effects 
(μs) v̂ar(α̂0) 285.958 1068.321  3.77 × 10− 5  

v̂ar(α̂1) 9.817 × 10− 6 0.0013    
v̂ar(α̂2) 6.371 × 10− 6 1.31 × 10− 5 0.1254   
ĉov(α̂0, α̂1) 0.0269 0.2797    
ĉov(α̂0, α̂2) 0.0281 0.0936    
ĉov(α̂1, α̂2) 7.77 × 10− 6 5.33 × 10− 6    

Residual Variance 
V
(
εijk
)

ω̂2 4.6439 2.7276 837.5821 5.75x105  

δ̂1 − 0.1747 − 0.0979 − 1.4996 − 1.5454  

δ̂0   0.0382 1.14 × 10− 10 

Autocorrelation ρ̂ 0.042 0.215 0.146 0.294 
n  3447 984 237 78  

A.A. Mensah et al.                                                                                                                                                                                                                              



Forest Ecology and Management 512 (2022) 120162

7

by (1) the distribution of model residuals over plot-level basal area 
predictions (Ĝijk), stand age and SI; and (2) the trajectories of the Ĝijk 

curves on the profiles of observed Gijk for different SI, assuming the 
growth function passes through current basal area (Gijl) at initial mea-

surement age (Aijl). Using the fixed-part of the selected model, the ex-
pected total basal area productions at ages corresponding to the 
observed measurement years for each plot were derived. These pre-
dictions of basal area were used as predictors to simulate the expected 
plot-level total volume yield. 

Fig. 4. Standardized (Pearson) residuals versus predicted basal area (Ĝijk, m2 ha− 1), age and site index (m). Site index is expressed as height at 100 years (H100) for 
Scots pine, Norway spruce and Larch, and at 50 years (H50) for Lodgepole pine. The red dots are calculated residual means, and horizontal dashed lines denote the 
expected mean residual ([E(ε) = 0]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2.4. Modelling the variations in total volume-top height relationship 

To show potential differences in total volume yield (including vol-
umes of removed and dead trees) between sites, the observed volume 

yield (V) was expressed as an allometric function of mean top height (H). 
However, the volume-height relationship (Eq. (5)) was adjusted with 
information from total basal area production (G), assuming a constant 
form factor as 

Fig. 5. Left panel: mean predicted basal area over age according to site index; Right panel: Basal area-mean top height relationships. Observed data are shown as 
solid grey lines. 
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V = α0 × Hα1 × Gα2 + ε (5)  

where ε is randomly distributed errors with a zero mean [E (ε) = 0] and 
with an unknown constant variance [Var(ε) = σ2], and α s are param-
eters to be estimated. 

Variables (H) and (G) were derived from the height and basal area 
development functions (see Sections 2.2 and 2.3). Due to the hierar-
chical structure of the data, Eq. (5) was expressed as a nonlinear mixed- 
effects time series model to account for both plot and site random var-
iances as: 

Vijk = γi + cij + α0 × Hijk
α1+γi+cij × Gijk

α2+γi+cij + εijk (5.1)  

where Vijk is the total volume for plot j of site i in year k, γi and cij are the 
random effects of for site i and for plot j of site i, respectively. Both γi and 
cij are independent of εijk and are normally distributed with mean zero 
and variances σ2

s and σ2
p, respectively [i.e.,γi N(0, σ2

s) and cij N(0,σ2
p)]. 

The random-effects parameters were added sequentially to the fixed- 
effects parameters until convergence was achieved. The volume-height 
relationship typically exhibits a curvilinear form with heteroscedastic 

variance of the individual model errors (εijk) (Haworth and Vincent, 
1982; McRoberts and Westfall, 2016). Therefore, the mean of the 
response variable was modelled with a nonlinear power variance func-
tion with three parameters as: 

V
(
εijk
)
= ω2( δ0 +

⃒
⃒V̂ijk

⃒
⃒δ1 )2 (5.2) 

The temporal and spatial dependencies among the observations were 
also modelled using a first order autoregressive covariance structure 
(see estimator 3.3). The use of predicted values of top height and basal 
area as explanatory variables in the volume models (Eqs. (5) and (5.1)) 
has the tendency of propagation of error which could inflate the vari-
ances of the estimated model parameters (McRoberts and Westfall, 
2016). To check this, non-parametric bootstrap resampling (with 
replacement) was used to examine the uncertainty associated with the 
estimated model parameters (Eq. (5.1)). We drew 1000 bootstrapped 
samples from a population made up of the original sample data. For each 
bootstrapped replicate, the model parameters were determined and the 
means of each parameter for the 1000 samples were estimated. The 
sampling distribution of the estimated model parameters were 

Fig. 6. Accuracy (relative RMSE, %) of species-specific volume yield equations with or without basal area as a covariate to top height (Eq. (5)). Note the different 
scales on the y-axis. 
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visualized graphically using histograms, and the confidence interval (the 
lower and upper limits of the bootstrapped statistic using the percentile 
method and 95% confidence level) was considered as an approximate 
variance in the estimated model parameters. The quality of the volume 
yield model was assessed graphically by the distribution of residuals 
over plot-level total volume predictions (V̂ ijk), total age and SI, and 
numerically by using the accuracy estimators in Eqs. (4.1)–(4.4) (by 
changing the response variable from basal area to volume). The accu-
racy of Eq. (5.1) was also compared with alternative models where basal 
area was excluded as a covariate of top height. 

2.5. Relationship between yield capacity and site index 

To compute the plot-level mean annual total volume increments 
(MAI) at each measurement occasion, the predicted volume yields were 
divided by their corresponding total ages. On each plot and site, the MAI 
at the time of culmination (or late culmination) was considered as the 
maximum MAI (MAImax), and the plot-level MAImax values were aver-
aged to estimate the site-level MAImax. The MAImax was then used as a 
proxy for yield capacity because it is related to the potential volume 
yield attainable on a specific site (Elfving and Nyström, 1996). To 
determine the functional relationship between SI (H100 or H50) and 
MAImax, two models with MAImax as the response variable and SI as a 
predictor were fitted and compared. Model one (Eq. (6.1)) is an expo-
nential function fitted in R statistical environment through the gener-
alised nonlinear least squares (“gnls”) function. 

MAImax = α0 × exp(α1×SI) + ε (6.1) 

For model two (Eq. (6.2)), the relation between MAImax and SI was 

fitted by a second-degree polynomial function. This model was identical 
to the earlier yield capacity functions developed by Hägglund and 
Lundmark (1982): 

MAImax = α0 + α1 × SI +α2 × SI2 + ε (6.2) 

The accuracy and precision of the fitted yield capacity functions were 
evaluated using the estimators (Eqs. (4.1) and (4.2)), by changing the 
response variable from basal area to MAImax. For each species, the yield 
capacity estimates from the best model in this study was compared to the 
earlier estimates from Hägglund and Lundmark (1982). For spruce, 
additional comparisons were made with Elfving and Nyström (1996) in 
central-northern Sweden. 

3. Results 

3.1. Regression functions for basal area growth prediction 

Predicting basal area yield at the end of the growth period as a 
function of current basal area, initial stand density, site index and total 
age through nonlinear mixed-effects time series models produced 
acceptable estimates for the studied tree species. All tested functions 
converged and model accuracies are presented in Table 3. The largest 
deviations in relative terms were found for F03 (Levakovic) models, 
especially for Larch where the error was about 18% of the observed 
mean. The function F01 (Pienaar et al., 1990) was most suitable for Scots 
pine and Norway spruce, whereas those of Lodgepole pine and Larch 
were adequately modelled by the Bertalanffy-Richards function (F04). 
For these functions (F01 and F04), the relative errors around basal 
growth predictions were within 2–6%, though they all underestimated 
the average basal area growth. Nevertheless, in absolute terms, the 
underestimation of the models was <1% for all species. 

For Scots pine, Norway spruce and Lodgepole pine, the estimated 
fixed-effects parameters were statistically significant at 1% error 
margin. However, the parameters of age (α̂0) and site index (α̂2) for 
Larch were not significant (p > 0.05) as the estimated standard errors 
had similar values as the coefficients (Table 4). 

As expected, the mixed modelling approach produced variance es-
timates that were larger between sites than between plots within sites. 
For Norway and Scots pine, the random slopes of age, site index and 
initial density enhanced efficient model calibration. For Larch, random 
age was relevant, whereas site index improved the calibration of random 
variances of Lodgepole pine. The within-group residual error variances 
were adequately modelled by the two-parameter power function for 
Norway spruce and Scots pine, while the three-parameter was suitable 
for Lodgepole pine and Larch. The estimated first order temporal auto-
correlations were also small (0–0.294) for all species (Table 4). The 
model residuals exhibited constant variance that suggests unbiased 
predictions of basal area over total age and site index (Fig. 4). 

The development of total basal area production according to SI was 
visualized in Fig. 5. The forms of the curves were statistically and 
practically acceptable on the observed data for all species. As expected, 
higher site indices reached larger basal area values quicker than lower 
site indices for all tree species. To explore the between-site variations in 
basal area yield levels, an increasing relation was observed between 
total basal area production and mean top height (Fig. 5). 

ρ̂ is the estimated first order temporal autocorrelation; n is the 
number of observations used for model fitting; v̂ar is the estimated 
variance; ĉov is the estimated covariance of parameters. 

3.2. Regression functions for total volume-top height relationships 

To characterize total volume yield and the variations across sites, 
allometric expressions of volume yield and mean top height were 
adjusted with information on total basal area production. Addition of 
basal area improved the volume-height relationships where the relative 

Table 5 
Parameter estimates of species-specific volume (m3 ha− 1) yield functions (Eq. 
(5.1)). Values in parenthesis are estimated standard errors.    

Scots 
pine 

Norway 
spruce 

Lodgepole 
pine 

Larch 

Class Parameter Estimates 

Fixed effects α̂0 0.8013 
(0.0117) 

0.7498 
(0.0196) 

0.8783 
(0.0379) 

1.4005 
(0.0749)  

α̂1 1.0208 
(0.0116) 

1.1781 
(0.0215) 

0.9251 
(0.0243) 

1.6359 
(0.0309)  

α̂2 0.8062 
(0.0083) 

0.7169 
(0.0149) 

0.8839 
(0.018) 

0.1558 
(0.0127)  

Plot-level random effects 
(cij) v̂ar(α̂0) 0.0012  1.02 ×

10− 07 
8.28 ×
10− 10  

v̂ar(α̂1)

v̂ar(α̂2) 8.17 ×
10− 05    

Site-level random effects 
(γi) v̂ar(α̂0) 0.0023  0.002 0.0172  

v̂ar(α̂1)

v̂ar(α̂2) 5.52 ×
10− 04    

Residual Variance 
V
(
εijk
)

ω̂2 1.1546 17.795 2.232 1.883  

δ̂1 0.4784 0.2951 0.4749 4.0237  

δ̂0  1.59 ×
10− 07 

1.34 ×
10− 04 

1.86 ×
10− 11 

Autocorrelation ρ̂ 0.104 0.009 0.002 0.2807  
RMSE 24.27 36.98 22.44 54.18 

Fit statistics RMSErel,

% 
11.74 11.75 10.96 17.72  

MD − 0.1584 − 0.1629 − 0.1283 1.1717  
MDrel,% − 0.0765 − 0.0517 − 0.0626 0.3834 

n  4405 1789 725 453  
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model errors were reduced on the average by a factor of 1.5 for all 
species (Fig. 6). 

Table 5 presents the regression summary of the species-specific 
volume yield equations. The relative errors (RMSErel, %) of the 
species-specific volume yield models were within 10–18% of the mean 

values for all species (Table 5). For Larch, the model overestimated the 
volume yield by 0.4%, whereas those Scots pine, Norway spruce and 
Lodgepole pine were underestimated on the average by 0.2%. The 
calibration of plot- and site-level random components adequately 
captured the variances in volume yields, and the within-group error 

Fig. 7. Standardized (Pearson) residuals versus predicted total volume (V̂ijk, m3 ha− 1), age and site index (m). Site index is expressed as height at 100 years (H100) for 
Scots pine, Norway spruce and Larch, and at 50 years (H50) for Lodgepole pine. The red dots are calculated residual means, and horizontal dashed lines denote the 
expected mean residual ([E(ε) = 0]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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variances were efficiently modelled by the power functions. Evaluation 
of the models’ residuals showed variance homogeneity over predicted 
volume yields, total age and site index (Fig. 7). 

ρ̂ is the estimated first order temporal autocorrelation; n is the 

number of observations used for model fitting; v̂ar is the estimated 
variance. 

In the volume models, predicted mean top height and basal area were 
used as predictors, and there is a tendency of error propagation. Un-

Fig. 8. Left panel: total volume yield levels (volume-height relationship); Right panel: examples of the development of total volume production over age with a given 
site index. 
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certainty analyses of the parameter estimates were conducted by boot-
strap resampling. The estimated model parameters occurred within the 
interval from the 2.5th to the 97.5th confidence limits, indicating no 
apparent systematic effects of error propagation in all species, except for 
Larch, which showed large uncertainty in the estimated model param-
eters (α̂1 and α̂2) (Fig. A.1, appendix). This might be due to the com-
bined dataset for the two Larch species for modelling since we had very 
few observations for either species. However, the two species have 
different growth rates (Siberian Larch has slower growth rate than Eu-
ropean Larch) which could introduce additional uncertainty. Despite 
this limitation, a larger part of the sampling distribution of estimated 
parameters were within the acceptable error bounds (Fig. A.1, 
appendix). 

The volume production at a given top height is shown in Fig. 8. As 
expected, the volume yield levels showed increasing relationships, 
suggesting site-dependent variations in volume-height trajectories 
(Fig. 8, left panel). Thus, larger volume yields are attained at higher SIs 
(Fig. 8) and the culmination in mean and current annual volume in-
crements is earlier than for lower SIs (Fig. A.2, appendix). The observed 
volume-height trajectories follow the same order as the basal area yield 
levels (Fig. 5) for all species. This offers support to the assertion that 
given the same mean top height, the volume yield levels would be 
different between sites if the basal area production levels are also 
different. 

3.3. Functional relationship between site index and yield capacity 

The relationship between yield capacity and SI was best fitted by the 
exponential regression function (Eq. (6.1)) for the studied tree species. 
Information on model parameter estimates and goodness-of-fit statistics 
are given in Table 6. Generally, SI was significant in predicting yield 
capacity and the form of the curves described by the models was sta-
tistically and practically acceptable (Fig. 9). The explained variation 
(adjusted R2) ranged from 80 to 96% and the relative model errors 
ranged from 6 to 17%, with Scots pine and Norway spruce showing the 
largest variations around the observed mean. 

In Fig. 10, the yield capacities predicted from the present study were 
compared to earlier estimates from Hägglund and Lundmark (1982). For 
Scots and Norway spruce, significant differences were observed at both 
lower and higher SIs. At lower SIs, the estimated yield capacities from 
the current study were smaller than the predictions by Hägglund and 
Lundmark (1982) and vice versa at higher SIs. For Norway spruce, 
predicted yield capacity was similar to Elfving and Nyström (1996) in 
central-northern Sweden. For Lodgepole pine, the estimates were similar 
at lower SI, but differed markedly at higher SI classes between the 
functions. 

4. Discussion 

The purpose of this study was to develop functional relationships 

between yield capacity and site index (SI) for the major tree species in 
Swedish boreal forests. The newly developed yield capacity functions 
were also compared with earlier functions made for the studied species. 
This was approached by utilizing measured tree growth data from long- 
term experiments (LTEs). The observations covered almost the entire 
rotation periods and a wide range of site fertility gradients that represent 
managed forests in Sweden. Thus, in this study, the LTE data were 
assumed as valid growth references for yield capacity estimation. 

Height and basal area are key variables in the empirical growth 
models used in Sweden, for example in the Heureka planning system. 
While height is the dependent variable during the establishment stage 
(mean height<7 m), basal area drives the growth models for established 
stands (Elfving, 2010b; Wikström et al., 2011). As such, their estima-
tions are crucial for evaluation of forest yield capacity (Elfving and 
Nyström, 1996; Burkhart and Tomé, 2012). Height growth models were 
not developed in the current study, but instead, the observed top heights 
were used for SI estimation with existing height development functions, 
which when combined with initial stand density, produced accurate and 
reliable estimates of basal area production over time (Table 4, Fig. 4). 
This follows earlier reports on the influence of initial spacing and site 
quality on the asymptotic basal area growth of even-aged stands (Pie-
naar and Shiver, 1986; Pettersson, 1992; Elfving, 2010a; Hall et al., 
2019). Expressions for basal area often include mean top height and or 
mean height (Elfving and Nyström, 1996; Hall et al., 2019) but such 
expressions were avoided in our basal area development functions 
because top height was later used as a predictor in the total volume 
estimations. The basal area functions developed in this study show lower 
residual variations than the current stand-level basal area growth 
models for Scots pine and Norway spruce in the Heureka system (RMSE 
m2 ha− 1: 1.03 vs. 2.32) but, the conditions for the estimations differ. In 
the Heureka case, basal area growth is estimated at 5-year periods 
(Elfving, 2010b; Fahlvik et al., 2014), whereas in our study, the devel-
opment of total basal area production (yield) is modelled. 

The observed increasing relation between total basal area production 
and mean top height describe the concept of carrying capacity in forest 
stands (Fig. 5). Usually, “natural basal area” is used to describe the 
maximum basal area production for un-thinned stands (e.g. Assmann, 
1961; Hasenauer et al., 1994), however, we modelled the total basal 
area production (including dead, ingrowth trees etc.) for each site and 
the observations spanned across plots with many measurements before 
and after first thinnings. In addition, the thinning interventions were 
mainly of thinning-from-below. Thus, our basal area estimates can 
potentially describe the productivity differences in relation to site index. 
This was supported by Eq. (5) and Figs. 6 and 8. Errors in the volume- 
height relations were significantly reduced by a factor of 1.5 units 
when including basal area (Fig. 6) and the yield level trajectory was 
higher for high site index (Fig. 8). A similar study by Ung and Ouellet 
(1991) found an improved estimation of total volume (11–12% error) 
from both top height and basal area per hectare for black spruce (Picea 
mariana (Mill.)) stands in the Boreal Forest Region of Lebel-sur- 

Table 6 
Parameter estimates and fit-statistics of functions relating yield capacity to site index for different tree species. “SE” is estimated standard error.  

Species Parameter Estimate SE p-value RMSE (rel, %) R2 

Scots pine α̂0  0.4613  0.0511 <0.0001  0.9757  0.809  
α̂1  0.1006  0.0041 <0.0001  (16.73)   

Norway spruce α̂0  0.5558  0.0889 0.0037  1.047  0.904  
α̂1  0.0929  0.0049 <0.0001  (11.14)   

Lodgepole pine α̂0  0.8291  0.0729 <0.0001  0.436  0.956  
α̂1  0.1038  0.0039 <0.0001  (5.52)   

Larch α̂0  0.9583  0.1547 <0.0001  1.164  0.876  
α̂1  0.0695  0.0044 <0.0001  (10.82)   
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Quévillon, Canada. In other studies of growth-density relationships, 
Allen et al. (2020) also found that gross volume increment increased 
with increasing basal area for Norway spruce plantations in Norway. 
Our results follow closely Assmann’s yield level investigation of Norway 
spruce, where differences in stands’ common yield levels (total yield at a 
certain top height) and special yield levels (reaching this certain top 
height in a particular age) were attributed to differences in basal area 

levels given the same initial spacing and treatment (Assmann 1955). 
Schmidt (1973) also found that yield level variations in Scots pine is not 
only site index dependent, but it is also dependent on the basal area 
development for a given age and top height. Generally, basal area dif-
ferences at a given top height and age result from the variations of 
number of stems per hectare and the quadratic mean diameter at breast 
height (QMD). At the same QMD but differing stand density, different 

Fig. 9. Relationship between yield capacity (MAImax, m3 ha− 1 yr− 1) and site index (expressed as height (m) at 100 years (H100) for Scots pine, Norway spruce and 
Larch, and at 50 years (H50) for Lodgepole pine). Right panels show 1:1 relationship between the observed (obtained from measured total volume yield and age) and 
predicted yield capacity. 
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yield levels are observed using the relative space system. Different QMDs 
at the same stem number also allude to differences in taper and yield 
levels. For example, Hasenauer et al, (1994) found that differences in 
volume yield levels of Loblolly pine across the physiographic regions in 
southern United States were largely explained by differences in 
maximum basal area development, which was in turn supported by the 
sites’ potential number of stems per unit area at a given top height. This 
suggests that, the Eichhorn’s law is exclusively rapid for total volume 
estimation, but augmenting the volume-top height relationship with 
basal area guarantees high accuracy in yield level estimation (Bontemps 
and Bouriaud, 2014). Other reasons such as changes in stem form may 
have effects on the volume growth, but this was assumed to have very 
little influence in the present study. 

Yield capacity was positively correlated with SI for all studied tree 
species and the exponential model adequately described the functional 
forms of the relationship (Fig. 9 and Table 6). The developed yield ca-
pacity functions from the current study were compared to earlier 

functions by Hägglund and Lundmark (1982) and significant differences 
were observed (Fig. 10). Two possible explanations pertaining to (1) the 
data origin and method of estimation and (2) environmental changes 
could be given for the observed differences. 

The material (data) used for constructing SI functions differed in this 
study and that of Hägglund and Lundmark (1982). In the latter, the 
calibration data were from felled-sectioned trees (in temporary plots) 
growing in the 1940′s with an average age at breast height of about 70 
years. Thus, the data mostly represented tree development conditions at 
the first half of the 20th century. The site indices were estimated by 
functions constructed from static- and fixed-base age equation of 
Chapman-Richard (Hägglund, 1972, 1973, 1974). However, in the 
current study, the SI functions (Elfving and Kiviste, 1997; Elfving, 2009; 
Liziniewicz et al., 2016) used were derived from difference equations 
that were parameterised with repeated sample plot data from homoge-
neous stands (even-aged monocultures) in the LTEs, and the data mainly 
reflected growth in the second half of the 20th century up to 1990. The 

Fig. 10. Predicted mean yield capacity from current (denoted as “This study”) and previous studies (Hägglund and Lundmark (1982) denoted as [H&L (1982); 
Elfving and Nyström (1996) denoted as E&N (1996)]. H&L (1982)-best site refers to lingonberry-sites for pine stands (below 200 m above sea level) and blueberry- 
sites for spruce over the whole country. H&L (1982)-north refers to pines (above 200 m above sea level) and spruces (poor sites) in northern Sweden. E&N (1996) 
refers to spruce sites in central-northern Sweden. Note that for Larch no previous model is available for comparison. Extrapolations are made beyond the observed SI 
ranges (see Table 1). 
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difference equations have shown better performance in SI estimation for 
several studies than their static counterparts (e.g. Cieszewski and Bailey, 
2000; Nord-Larsen et al., 2009). Currently, the new SI functions 
demonstrate a change in the growth form and they adequately describe 
the growing conditions of Swedish forests. For example, in Scots pine 
stands; the new SI functions are indicating about 2 m increase in the 
height growth compared to older SI functions (Elfving and Kiviste, 
1997). Thus, there is a potential bias if yield capacity is based on older SI 
functions. In a similar study, Elfving and Nyström (1996) observed that 
the yield capacity for new generation of Norway spruce plantations in 
northern Sweden is underestimated (by ~35%) if the site quality esti-
mation is based on height and age in old-growth stands. 

On the methods of yield capacity estimation, existing growth func-
tions were used to simulate the yield capacities from NFI data collected 
using temporary sample plots in the early 1980s (Hägglund, 1981; 
Hägglund and Lundmark, 1982; Ekö, 1985). The Swedish NFI is a sta-
tistically distributed sample and so therefore covers a wider amplitude 
of stand variation (Fridman et al., 2014). Thus, there is the tendency of 
including stands that are more heterogeneous as well as sites that 
naturally do not represent the species’ distribution. This could poten-
tially affect the growth trajectories during simulation. In addition, with 
data from the NFI, information on stand history such as provenances is 
generally unknown and silvicultural treatments (e.g. fertilisation) are 
mostly uncertain. For instance, in older stands that are naturally re-
generated, the site-specific maximum height is mostly affected by early 
suppression and it would be a misrepresentation when top height is used 
as an indicator for site quality assessment in such stands (Elfving and 
Nyström, 1996; Elfving and Kiviste, 1997). Thus, it is not clear whether 
the NFI data adequately described the growth trajectories in Hägglund 
and Lundmark (1982). In contrast, this study made use of data from the 
LTEs where the total volume yield has accumulated and tree growth 
trajectories can be reliably estimated. It is important to note that 
Hägglund and Lundmark (1982) stratified their yield capacity functions 
based on latitude, altitude and forest type described by vegetation 
classes. However, comparisons were made with the functions that 
represent the whole country as well as those that describe higher site 
quality. For Norway spruce and Scots pine, the larger difference (Fig. 10) 
in the estimated yield capacities is difficult to explain. For Norway 
spruce, the difference might be due to overestimation of basal area at a 
given top height (Table S1, appendix). For spruce plantations in central- 
northern Sweden (62–65◦N), for example, at 10 m top height, our 
function gives on the average the same basal area levels as that of Elfving 
and Nyström (1996), but the estimates according to (Hägglund, 1981) 
was about 60% higher than observed. Such higher initial levels of basal 
area could largely influence the relation between yield capacity and SI as 
shown by Elfving and Nyström (1996). Other reasons may be attribut-
able to selection effects and low stocking. For instance, there were fewer 
observations (LTEs) in the lower SIs of Norway spruce at northern 
Sweden. In addition, these plot had lower levels of stocking, suggesting 
many small trees in the diameter distribution, which eventually leads to 
a lower stem-wood volume production (e.g. Nilsson et al., 2012). 
Nevertheless, our yield capacity estimates for spruce in northern Sweden 
was on the average similar to Hägglund and Lundmark (1982), when 
comparisons are made with the northern-specific function. For Lodge-
pole pine, the estimated yield capacities were similar on lower SIs, but 
differed markedly on higher SIs (Fig. 10). 

Other reasons such as altered site properties by changes in envi-
ronmental conditions may have also contributed to the observed de-
viations in the two yield capacity functions. For boreal forests of 
northern Europe, recent years’ growing season temperature and pre-
cipitation, atmospheric CO2 fertilization and nitrogen deposition have 
improved tree growth and current stands seem to sustain higher stand 
densities (e.g. Sharma et al., 2012; Kauppi et al., 2014; Henttonen et al., 

2017; Appiah Mensah et al., 2021; Mäkinen et al., 2021). Similarly, 
effects from improved silviculture and changes in forest management 
have also contributed to the increased tree growth (Elfving and Tegn-
hammar, 1996). 

Another important comment to highlight is the validity of the total 
basal area development, stem volume production and yield capacity 
functions developed in the current study. We used all tree growth ob-
servations during the model fitting to provide robust and confident 
parameter estimation. To validate the models, independent dataset from 
LTEs in northern and southern Sweden were used. Higher accuracies 
similar to levels obtained during model calibration (Tables 3 and 5) were 
observed for the test data (Fig. A.3, appendix). 

5. Conclusion 

This study highlights the unique contribution of LTEs for evaluating 
forest site productivity of major forest tree species in boreal Sweden. 
These observational plots have the capacity to support studies on the 
health and climate change mitigation potential of boreal forests in 
northern Europe. The developed functions for total basal area devel-
opment and total volume production indicated statistical and practical 
acceptability on both calibration and validation datasets. The total basal 
area production as a proxy for stands’ carrying capacity explained 
largely the site variations in total volume yield levels. The developed 
yield capacity functions adequately described stand productivities. 
Compared with Hägglund and Lundmark (1982), we found differences 
in the estimated yield capacities on both lower and higher site indices, 
particularly for the two dominant coniferous species, Scots pine and 
Norway spruce. For Lodgepole pine, the old functions generally under-
estimated the yield capacities on higher site indices, but fairly agreed 
with our estimates on lower site indices. The yield capacity functions 
from this study describe well the site productivity in the current climate, 
and are suitable for growth and yield assessment of even-aged (mono-
cultures) Swedish forests. It was not possible to compare the tree species’ 
productions in this study given that the data material for each species 
was from different locations. However, the functions can later be used 
for selection and comparison of tree species’ production in similar site 
and management regimes in Sweden. 
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Appendix 

Uncertainty in estimated volume model parameters 

The uncertainty around the volume parameter estimates using predicted mean top height and basal area as explanatory variables was investigated 
by bootstrap resampling. We drew 1000 bootstrapped samples from a population made up of the original sample data. For each bootstrapped replicate, 
the model parameters were determined and the means of each parameter for the 1000 samples were estimated. Sampling distribution of the estimated 
model parameters were visualized graphically using histograms, and the confidence interval (2.5th and 97.5th limits of the bootstrapped statistic 
using the percentile method) was considered as approximate variance in the estimated model parameters. No systematic propagation of errors was 
observed (Fig. A.1). 

Fig. A.1. Sampling distribution of estimated volume parameters from 1000 bootstrap resamples. The vertical lines show the 2.5th and 97.5th intervals around the 
bootstrap estimate at 95% confidence level. See Eq. (5) for the definition of model parameters. 
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Fig. A.2. Predicted mean (MAI) and current (CAI) annual volume increments for different site indices and species according to the basal area and volume functions 
developed in this study. 
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Table S1 
Observed and predicted mean basal area (m2 ha− 1) in different classes of top height. Comparison with earlier studies for Norway spruce at central-northern Sweden 
(62–65◦N).   

Top height (m)  

≤8.4 8.5–9.4 9.5–10.4 10.5–11.4 ≥11.5 Total 
Data/function Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

Gijk 4.5 (2.9) 10.9 (3.2) 15.8 (6.8) 18.9 (3.5) 39.2 (23.9) 22.6 (10.1) 
Ĝijk 3.6 (3.0) 10.5 (3.4) 14.4 (7.3) 18.6 (7.3) 39.1 (26.4) 22.1 (11.3) 
EN96 10.9 (3.5) 12.9 (4.8) 12.6 (3.5) 15.3 (6.9) 17.9 (10.7) 14.2 (6.7) 
H81 14.5 (0.8) 16.5 (1.0) 19.4 (0.9) 22.6 (1.0) 26.8 (2.7) 20.5 (3.9) 
n 25 3 6 6 35 75  
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Gijk is observed basal area; Ĝijk is basal area according to functions (F01 and F04) in the present study (Tables 2 and 4); H81 is basal area according 
to Hägglund (1981); EN96 is basal area according to Elfving and Nyström (1996); n is number of observations; SD is standard deviation. Note that the 
conditions for basal area estimations differed among the functions. 

Model validation on independent data 

The basal area and volume functions developed in the present study (Tables 2, 4 and 5) were validated using independent dataset from LTE sites in 
northern and southern Sweden. The northern sites were located at latitude 64◦N and an altitudinal range of 250–300 m above sea level (a.s.l). Site 
2291 is a tree species trial established in 1992 involving spruce, pine, Lodgepole pine, larch and other exotic species. So far, three inventories have 
been conducted at 5-year intervals: 2009 (at total age of 19 years), 2014 (at total age of 23 years) and 2019 (at total age of 29 years). The SIs for the 
tree species were: spruce, 30 m at 100 years; scots pine, 29 m at 100 years; Lodgepole pine, 26 m at 50 years and larch, 33 m at 100 years. Site 2301 is a 
spacing trial of Lodgepole pine established in the year 1982. First measurement was done in 2011 at 31 years old and the last measurement was in the 
year 2020 at a total age of 40 years. The SI at latest remeasurement is 20 m at 50 years. The southern site (196) is a Scots pine thinning and yield 
experiment located at latitude 58◦N and an altitude of 120 m (a.s.l). The experiments were established at 1931 and first measurements conducted 
within the same year when the stands were 26 years old. The measurement period is on average 5 years interval and the last measurement was done in 
2008 at 102 years. The SI is 28 m at 100 years. 
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