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ABSTRACT  

 

An important challenge in forest management is how to predict tree/forest growth, biomass, 
and structural variables accurately and easily. Tree structural relationships between measurable 
tree dimensions and biomass components are therefore important because they provide a basis 
for further model use. In this context, exploring the age effect on structural relationships is 
consequential because it allows us to be able to understand the regularities of tree structure and 
growth and to utilize new measurement technologies such as terrestrial laser scanning (TLS) 
for estimating more detailed tree structure and biomass. Further, knowledge on the tree 
structure changes with age can act as a reference to provide support for better model use with 
respect to tree age.  

The main objectives of this study were 1) to test the age effect on tree structure and 
biomass allocation equations in Scots pine (Pinus sylvestris L.) and Norway spruce (Picea 
abies [L.] Karst.) to understand the tree structural regularities with growth; 2) to further utilize 
the tree structural regularities to integrate with TLS data to improve the estimation of branch 
attributes in Scots pine by introducing a new method ( ); 3) to refine a process-based 
model PREBAS to be applicable on multiple-cohorts stands; and 4) to test the possibility of 
considering tree structure changes with age when applying the PREBAS model to estimate 
stand level biomasses. Multiple data sources included in this study were: destructive tree 
measurements, consecutive forest inventory data and TLS data. 

Results showed that tree structure variables vary a lot with growing age, as well as the 
biomass proportion of tree components (foliage, branch and stem). As trees mature, the tree 
structure is rather stable as biomass allocation and tree structural variables become steady. 
Moreover, in all age groups the pipe model theory (PMT) based tree equations suit well in both 
Scots pine and Norway spruce suggesting stable tree structure relationships with growing age. 
However, age dependence was detected on the slope parameters of all these equations, except 
for the branch-related equations in Scots pine and stem form coefficient below the crown base 
in both species. With age-specific parameters, the tree structural variables and biomass of each 
tree component can be estimated accurately. Among the tree structural equations, the ratio 
between cross-sectional area at the crown base and the total branch basal area was independent 
of tree age in Scots pine. Utilizing this constant relationship, the proposed  method 
presented higher accuracy and lower error in estimating individual branch diameter and 
biomass in each canopy layer compared with the other TLS-based method, suggesting a fair 
performance of  method. On stand level, the refined PREBAS model with DBH size 
classes showed a better estimation of tree variables and biomass in uneven-aged stands 
compared with the existing PREBAS version, although the bias of biomass estimation still 
existed. Moreover, the refined PREBAS model simulated the stand level mean tree structure 
more consistent with observations compared with existing PREBAS version. The mean tree 
biomass estimations using different approaches (age-specific biomass equations and PREBAS 
model) showed noticeable difference in both Scots pine and Norway spruce in most cases.  
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Our results highlight the importance of tree structure relationships and demonstrate the 
possibility of better model use by accounting these relationships. Considering the limited 
sample trees of testing  method, more data including different species and more sample 
trees should be collected to confirm our conclusion. Moreover, the results also suggest further 
PREBAS model calibration on uneven-aged stands is required with larger dataset including 
tree structure and biomass information. 
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1 INTRODUCTION 

1.1 Background and motivation 

Knowledge on the forest changes with growth is important as forest has been playing an 
essential role in providing timber we use, habitats for other organisms, as well as in preventing 
soil erosion and mitigating climate change (Cintas et al., 2017; Holmberg et al., 2019; 
Luyssaert et al., 2018). However, modelling the forest dynamics is challenging due to several 
reasons including: 1) trees are large, multigene and long-living organisms (Meinzer et al., 2011, 
p. 3); 2) the forest growth processes are associated with feedbacks and affected by various 
direct (e.g., species characteristics, resources) and indirect factors (e.g., climate change) (De 
Kauwe et al., 2014; Körner, 2015), both of which make the research on forest growth process 
difficult. To manage this, understanding the tree growth is particularly important as they are 
the main composition of the forest. However, as individuals in forest, trees grow by several 
orders of magnitude (Thomas, 2014), and face many different environments with external 
constraints (Körner, 2015). 

Despite the above-mentioned issues, researchers have found regularities in tree structure 
and processes that would help to model and predict tree growth. Previous studies have revealed 
a balanced interaction between the tree components and have been widely proposed as the basis 
of predicting the tree growth and carbon allocation (Mäkelä, 2002; Shinozaki et al., 1964a, 
1964b). Further, these structural regularities have been integrated to process-based models to 
extend the applicability for stand level with various site or environment conditions (Minunno 
et al., 2019; Mäkelä et al., 2020; Tian et al., 2020). However, these studies mainly focus on 
trees within commercial rotation age and rarely include old trees. In this context, it is important 
to explore if age has an impact on these structural relationships as trees grow old. If so, should 
the tree structure changes with age be considered when modelling tree growth on a stand level?  

Furthermore, to derive more detailed tree structure in the crown, the most common way is 
to implement destructive measurement in the field which is time-consuming and labour-
intensive. As technology develops, recent studies have reported that terrestrial laser scanning 
(TLS) can produce various tree structural variables successfully (Pitkänen et al., 2021; Pyörälä 
et al., 2018; Stovall et al., 2018). But it is still challenging to determine crown- or branch-level 
information because of the disadvantages of using TLS in forestry, such as overlapping-
induced poor visibility (Lau et al., 2018; Liang et al., 2018). Better understanding the tree 
structural relationships may help us to better utilize the new measurement technologies such as 
TLS which can obtain data non-destructively. Therefore, it is interesting to investigate the 
possibility of utilizing tree structural relationships with TLS data for deriving the branch 
attributes accurately. 
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1.2 Age-related changes in tree and stand 

1.2.1 Tree structure and growth change with age 

Tree growth is generally described as the difference between photosynthesis and respiration 
(net primary production, NPP) during a period. A declining trend in growth has been observed 
as trees have achieved a full canopy (Ryan et al., 1997; Smith & Long, 2001). During the past 
decades, there have been many studies to explain the reasons for declining growth with age. 
To summarize, the decline in tree growth in the carbon balance framework can be due to the 
increase ratio of maintained biomass relative to foliage, more specifically it is due to: 1) decline 
in photosynthesis, 2) increase in respiration and 3) tissue turnover due to the tree structure and 
carbon allocation changes. Both photosynthesis and respiration changes are highly correlated 
to tree structure changes and carbon allocation within different tree components which aim to 
create the framework for different functions and to ensure resource capture and transport 
(Givnish, 1995; Kershaw Jr & Maguire, 2000; Klein, 2021, p. 117; Nikinmaa, 1992; Perttunen 
et al., 1998).  

First of all, early studies have observed higher photosynthesis rates in young trees than old 
trees (Yoder et al., 1994). A widely held hypothesis for the decline in photosynthesis is the 
hydraulic limitation theory (Ryan & Yoder, 1997) which implies that as the tree gains height,  
increased hydraulic resistance will consequently increase water stress in foliage which results 
in stomatal closure and decreased photosynthesis. It complies with the well-known “site index 
curve” which illustrates that for any given species height growth would slow down in a certain 
age (DeMars, 1987; Edminster & Jump, 1976; Means, 1985). Secondly, an increasing ratio of 
fine roots to foliage with tree age has been reported in many studies (Morote et al., 2012; 
Vanninen & Mäkelä, 1999) which shows more carbon allocation to fine roots than foliage and 
therefore increasing demands on maintenance relative to photosynthesis. Consequently, more 
carbon allocations to fine roots than foliage as trees grow indicates that respiration increases to 
maintain the live tissue since the ratio of respiration to photosynthesis tissue increases. Thirdly, 
Buckley and Roberts (2006) reported a declining foliage mass to sapwood area ratio with 
growing age as a result of counterbalancing the hydraulic limitation. Early study showed that 
a higher growth ratio increases the ratio of foliage to sapwood area, therefore the declining 
ratio suggests a lower growth rate (Long & Smith, 1988). Last but not least, the biomass of 
woody tree components accumulates while the foliage turns over, it means that the ratio of 
maintained biomass to foliage biomass increases with age, so the respiration to photosynthesis 
ratio increases and results in the growth decline.  

1.2.2 Stand changes with age 

A stand consists of a population of trees, the stand growth is often regarded as the net biomass 
growth and described as the sum of gross growth and ingrowth from small trees that reach the 
threshold size minus the loss including mortality and litterfall (Mäkelä & Valentine, 2020). 
Concerning the growth and mortality, competition is an important factor between individual 
trees that affects the resource supply in a shared condition (Begon et al., 1986; Larocque et al., 
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2013). Early studies showed evidence that the competition between individual trees is 
asymmetric and the larger trees have a competitive advantage over small trees (Looney et al., 
2016; Weiner, 1990) and this indicated that tree growth strategies may be affected by the 
competition condition. It is supported by other studies which observed that young trees tend to 
allocate more biomass to branches and leaves for canopy expansion and stem for height growth 
in order to increase competitive advantages for light resources over their neighbours (Beaudet 
& Messier, 1998; Messier & Nikinmaa, 2000).  

It has been observed in previous studies that the net primary production (synonymous with 
gross growth) of the stand declines as they grow (Gower et al., 1996; Grier et al., 1981) and it 
is also concluded by a recent review work (West, 2020). Similar as the growth decline in 
individual tree level, the growth decline with age on stand level can be explained by the 
deceasing ratio of photosynthesis to respiration, more specific reasons can be such as: 1) less 
carbon allocation to foliage and the declining productivity per unit foliage biomass (Mensah et 
al., 2016; Ryan et al., 1997), 2) the increasing below-ground allocation due to the declining 
nitrogen availability with stand age (Murty et al., 1996), and 3) the declining root to shoot 
biomass ratio (Mokany et al., 2006; Samuelson et al., 2017; Vanninen et al., 1996).  

These studies described above showed evidence that the age-related changes do exist in 
individual trees and stands. Therefore, when we implement the tree/forest growth model, the 
issue remains here is how the age-related changes affect the model we use and how to improve 
the accuracy of the model? 

1.3 Modelling of individual tree and forest growth 

In the last decades, there have been many papers reporting various types of models to simulate 
tree or forest growth and dynamics including empirical-based models, mechanistic-based 
models, and empirical-mechanistic hybrid models. Empirical-based models are more direct at 
predicting outcomes and generated from past data (Cuddington et al., 2013; Lonsdale et al., 
2015). Mechanistic-based models are more direct at revealing the relationships between tree 
structure and interaction with other processes (e.g., competition, soil effect, drought) (Mina et 
al., 2016). Hybrid models show the potential to overcome the shortcomings of empirical or 
mechanistic models (Gupta & Sharma, 2019; Mäkelä et al., 2016). Here we mainly focus on 
the hybrid models and introduce the models on tree and stand level, respectively. 

1.3.1 Tree structural equations 

The whole tree is an organism that is made up of organs that acquire and allocate resources 
(fine root and foliage) and that support the physical framework and transport resources (coarse 
root, stem and branch) (Meinzer et al., 2011, p. 5). As mentioned in Section 1.2, the tree 
develops certain structural relationships to balance its metabolic function. The theoretical 
framework of this balance is based on the idea that tree structure development is regarded as a 
result of carbon assimilation and allocation, and the regular structure and the relationships are 
stable during the growing process.  

In the framework of individual tree growth, the main theory utilized is the pipe model 
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theory (PMT) which suggests a constant relationship between sapwood cross-sectional areas 
(CSA) or total branch areas at any height along the stem and the foliage biomass above this 
height (Shinozaki et al., 1964a, 1964b). It implies that the CSA at the crown base is proportional 
to the foliage biomass as well as the total branch cross-sectional areas. On the basis of PMT, 
Mäkelä (1997) proposed a carbon balance model (CROBAS) and the hypothesized structural 
equations presented the relationship between tree biomass components and measurable tree 
dimensions (Table 1). It includes three essential assumptions: 1) foliage biomass is proportional 
to CSA at the crown base (Table 1, Eq.1), 2) fine root biomass is proportional to foliage 
biomass, and 3) there is an allometric relationship between crown length and foliage biomass 
(Mäkelä, 1997). The stable structural relationships have been tested and well supported by 
measurements in the main species in the boreal forest (Berninger et al., 2005; Ilomäki et al., 
2003; Kantola & Mäkelä, 2004, 2006; Valentine & Mäkelä, 2005; Vanninen & Mäkelä, 2005). 

Although the PMT-based structure relationships have been found to be rather stable across 
different site types and stand structures as mentioned above, these model applications mainly 
concerned stands within the normal commercial rotation while very old stands have not been 
included. Therefore, it is necessary to test if PMT-based structural equations are age-specific, 
so as to help us understand changes in tree growth pattern with age and improve the prediction 
of tree structure and carbon allocation in old growth. 

Table 1. Tree variables and structural equations in CROBAS (Mäkelä, 1997). 

 

1.3.2 Branch attributes estimation 

The most common and accurate way to obtain detailed tree structure or biomass information, 

Relationships Variable Coefficient 

[1]    Foliage dry biomass (kg)  

   Stem cross-sectional area at the crown base (m2)  

[2]    Total cross-sectional area of live branches (m2)  

[3]   Branch wood dry biomass (kg)  

  Basal-area-weighted average branch length (m)  

[4]    Crown length (m)  

[5]    

[6]   Stem dry biomass (kg)  

 /   Stem dry biomass above / below the crown base (kg) 

[7]    Stem volume above the crown base (m3)  

[8]    Stem volume below the crown base (m3)  

[9]   Crown ratio  



 

12 
 

for instance, branch attributes, is to implement destructive measurements in the field which is 
time-consuming and labour-intensive. Although currently widely used TLS has been reported 
to have successfully estimated some tree structure variables, such as tree height and crown 
width (Srinivasan et al., 2015), stem diameter and taper curve (Koren et al., 2017; Pitkänen et 
al., 2019), stem volume and biomass (Pitkänen et al., 2021; Stovall et al., 2017), using TLS to 
extract branch attributes is still challenging due to the poor visibility caused by the branch 
overlapping, and the high distance from the scanner (Lau et al., 2018; Liang et al., 2018). 
Previous studies estimated the tree level branch biomass using allometric models with 
parameters derived from TLS (Gonzalez de Tanago et al., 2017; Hauglin et al., 2013), or based 
on the TLS-derived branch volume multiplied by branch wood density (Lau et al., 2018). 
However, individual branch attributes have rarely been presented or reported with low accurate: 
Pyörälä et al. (2018) reported that it is still challenging to extract full branch information with 
TLS alone; Lau et al. (2018) supported the conclusion by showing the large uncertainty in small 
branch extraction from TLS point clouds. 

Therefore, a further question remains as to how to utilise TLS data better and improve the 
branch attributes estimation. One possible solution can be integrating tree structural equations 
and branch estimation models with TLS data. PMT postulates that for any given height, the 
stem cross-sectional area at that height is proportional to the cumulative branch basal area 
above this height (Shinozaki et al., 1964a, 1964b; Valentine, 1985). On the condition that the 
relationship is stable over tree age, it provides a possible solution that allows us to utilize TLS 
data to improve the prediction of branch attributes, together with individual branch models for 
estimating basal area (Mäkinen & Mäkelä, 2003) and biomass (Lehtonen et al., 2004). 

1.3.3 Stand growth simulation 

On the stand level, the climate and site factors regulate the metabolic process such as 
photosynthesis, respiration, water and nutrient uptake, which together determine the tree 
growth (Medlyn et al., 2011; Mäkelä et al., 2016; Ostonen et al., 2011; Reich et al., 2014). To 
take account of the environmental impact on CROBAS, a key climate-dependent parameter, 
annual photosynthetic capacity of a site, is also used to estimate the respective respiration and 
turnover rates (Mäkelä et al., 2016). Additionally, Peltoniemi et al. (2015) proposed a semi-
empirical model PRELES to calculate the daily photosynthesis. Further, by integrating 
PRELES and CROBAS, a coupled model called PREBAS was developed which allows for 
simulating stand growth with feasible inputs (Minunno et al., 2019).  

The existing PREBAS version assumes individual trees of each species are in a one-
dimensional canopy and randomly distributed which is a species-specific mean tree approach, 
and this approach has been reported to perform well for even-aged stands (Minunno et al., 
2019). However, the species-specific mean tree approach may not be applicable to multiple 
size classes and mixed-species forest (multi-cohort forest) and will likely lead to the inaccurate 
outputs. Therefore, taking consideration of the multiple tree size in the model is important to 
improve the model accuracy. Also, another question is if the possible age-related variation of 
tree structure should be also considered in the multi-cohort forest for better model accuracy.  
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2 OBJECTIVES AND HYPOTHESES 

 

As stated above, although the tree structure changes have been observed as trees grow, the 
PMT-based tree structure equations are rather stable in a large variety of stand type and tree 
size. However, in the previous studies, stands older than commercial rotation length are rarely 
included in the measurements and tests. Therefore, testing the age-dependence of the tree 
structural relationships can help us to estimate the biomass more accurately, better understand 
the tree growth and further derive more detailed tree structure. Moreover, it can provide 
information for a better model use on the stand level. The specific objectives of this study were:  

1) To test the PMT-based tree structural equations in Scots pine and Norway spruce using 
destructive measurement data, and to test if they are independent of tree age, with 
particular interest in old age tree groups (I). The results were further utilized for better 
deriving more detailed branch information with TLS data (II).  

2) To propose a new method by integrating the tree structural equations (I) and other 
branch empirical models with TLS data for estimating individual branch attributes in 
Scots pine (II). 

3) To improve the PREBAS model performance on old Norway spruce dominated stands 
and to test if tree structural changes with age should be considered on multi-cohort 
stands (III), given that an age-dependence was found in the PMT-based structural 
equations (I). 

More specifically, the hypotheses were as follows: 

1) PMT-based tree structural regularities exist in Scots pine and Norway spruce, and they 
are rather stable with age (I). 

2) Age-dependent parameters of the tree structural equations can be detected in Scots pine 
and Norway spruce (I). 

3) Stem and branch attributes (taper curve, branch number and individual branch diameter 
and biomass) can be estimated based on the tree structural regularities and TLS data in 
Scots pine (I, II). 

4)  The refined PREBAS model can improve the performance on multi-cohort stands and 
the tree structure changes with age should be considered for further model use (I, III).  
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Fig.1 Framework of this study. Coloured boxes with roman numbers refer to contents studied in I, II 
and III. Main tasks of each study were depicted by yellow boxes connected by red arrows. Green boxes 
indicate the information observed from measurement data. 
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3 MATERIALS AND METHODS 

3.1 Study sites and data collection 

Three sets of data were included in this thesis (Table 2): 1) VAPU dataset (Study I-II) collected 
in 1988-1990 by Natural Resources Institute Finland, Luke; 2) Lapinjärvi dataset (Study II) 
collected in 2018; 3) LUMES dataset (Study III) collected in 1990-2019 by Luke and Finnish 
Environment Institute. All the study sites were in central and southern Finland (Fig. 2). 

To explore the tree structure and test the age effects on tree structural equations (objectives 
1 and 2), we used VAPU dataset including destructive measurements of 162 Scots pine trees 
and 163 Norway spruce trees and sample trees were divided into four age groups (young group 
< 26 years, middle-aged group = 26 – 67 years, mature group = 67 – 100 years and old group > 
100 years). The measurements for each sample tree included: 

 tree-level variables: tree height, diameter at a series of relative heights along the stem 
(stump point, 1.3 m, 6 m, crown base, and 1%, 2.5%, 5%, 7.5%, 15%, 10–90% with 
10% intervals, 85% and 95% of tree height), tree age; 

 branch-level variables: branch height and diameter of all the branches for Scots pine 
and Norway spruce with height ≤ 10m, branch height and diameter of all branches every 
second meter from the treetop for Norway spruce with height > 10 m; 

 dry biomass of sample branches and foliage. 

To test the performance of the PREBAS model on multi-cohort stands (objective 3), 
LUMES dataset was used including tree DBH and coordinates of 3773 trees (346 Scots pine, 
3078 Norway spruce and 349 broadleaf trees) in three consecutive measurements over 29 years. 
Tree height ( ) and crown length ( ) of each individual tree was estimated using diameter at 
breast height (DBH) and Hegyi’s competition index (O’Neal et al., 1995) with a separate mix-
effects model. Additionally, we used the models in Repola (2009) to estimate the biomass of 
foliage ( ), branch ( ) and stem biomass ( ). The basal area weighted means of , DBH 
and  of the stand were calculated from all the tree.  

In Study II, a new method for branch attributes estimation was proposed (objective 2). To 
develop the new method and evaluate the model accuracy, VAPU dataset was further used to 
develop the tree structural models and Lapinjärvi dataset was used to produce the stem taper 
curve and provide reference data for model assessment. Tree destructive measurements of 
sample trees from Lapinjärvi dataset were performed using a protocol identical to that of VAPU 
dataset. In Lapinjärvi dataset, a total of 811 individual branches (542 living branches and 269 
dead branches) were measured and a total of 60 sample branches were taken. TLS scans were 
taken before felling down the trees. 
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Fig 2. The location of the sample plots in this study: VAPU dataset (a), Lapinjärvi dataset (b) and 
LUMES dataset (c). Source: a: Lehtonen et al. (2004), c: Peltoniemi and Mäkipää (2011). 

Table 2. Details of sites information and sample collection in three datasets. Ticks (√) denote the 
information was collected or measured, crosses (×) denote that no information was collected or 
measured. Site types were characterised on the basis of their ground vegetation (Cajander, 1949). 

Study I, II II III 

Dataset VAPU  Lapinjärvi  LUMES  

Years 1988-1990 2018 1990-1999; 2006-2007; 
2019 

Location 60°- 62°N, 21°- 30°E 60°37′N, 26°10′E 60°- 63°N, 23°- 30°E 

Forest site type herb-rich, mesic heath, sub-
xeric 

mesic heath, sub-
xeric herb-rich, mesic heath 

Species Scots pine, Norway spruce Scots pine Scots pine, Norway spruce, 
broadleaved species 

Number sample trees 325 6 3773 

Tree age 16~153 90~100 × 

Coordinates √ √ √ 

DBH √ √ √ 

Height √ √ √ 

Crown length √ √ √ (sample trees only) 

Crown base height √ √ √ (sample trees only) 

Crown width √ × √ (sample trees only) 

Sample branches √ √ × 
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3.2 Analysis and statistics  

3.2.1 Analysing the age effect on tree growth 

In Study I, it was hypothesized that the parameters of the PMT-based structure equations vary 
with tree species and age. To determine the age effect on tree size, analysis of variance 
(ANOVA) was used to compare the tree height, crown length, crown ratio and biomass of each 
component from each age group. Then, the linear mixed effect models (LMEM) and likelihood-
ratio tests (LRT) were applied to each hypothesis equation (Table 1) to test the age effect on 
the tree structural equations. For this approach, we applied the lmer function in R from the 
lme4 package (Bates et al., 2019). Furthermore, the possible age effect on the slope parameters 
of hypothesis equations was tested between four age groups using the restricted maximum 
likelihood (REML) approach (Mcgilchrist & Yau, 1995), and the old group was used as the 
reference level for each model (Fig.3). A p-value less than 0.05 was taken as statistically 
significant.  

 
Fig.3 Flow chart of the basic process to determine the age effect on the tree structural equations. Orange 
decisive boxes present whether the age effect is significant. Green boxes present the analysis approaches. 
Light green box shows the reference group used in the REML approach (Mcgilchrist & Yau, 1995). 
Yellow box indicates the dataset used in the analysis. 

3.2.2 Branch attributes estimation using tree structural regularities and TLS data 

Study II  utilized the stable relationship between stem cross-sectional area and the total branch 
basal area above a given height (Mäkelä, 2002). By integrating the branch number estimation 
model (Mäkinen & Mäkelä, 2003), individual branch biomass model (Lehtonen et al., 2004) 
and stem taper curve estimation from TLS (Pitkänen et al., 2021), we proposed a new method 
for branch attributes (number, basal area and biomass) estimation ( ) (Fig.4). Model 
parameters were estimated using the VAPU dataset and the predicted whorl and branch 
information from the  method was compared with measurements from the Lapinjärvi 
dataset. 

To analyse whether the performance of the  method is related to the location in the 

Sample discs √ √ × 

TLS scans × √ × 
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crown, we classified the living branches into three layers based on the relative height in the 
crown and the comparison was done within each crown layer. The comparison included: 1) a 
tree-level variable, i.e., the number of whorls; and 2) whorl-level variables, which included 
branch number, diameter, and biomass. The accuracy, commission error ( ) and omission 
error ( ) of whorl/branch number were calculated to evaluate the  method performance. 
Additionally, estimation only based on TLS scans (TreeQSM method) was also compared to 

 method. The tree-level branch biomass was the summing up of individual branch 
biomass using  method, and it was compared with other TLS-based methods: TreeQSM, 
QSM_CROBAS and QSM_Allometry (Study II, Table 3). 

Furthermore, to analyse whether the individual branch biomass distributions in three 
crown layers were different from measurements, two-sample Kolmogorov-Smirnov test (KT 
test) and the comparison of cumulative distribution function was applied. As general indicators 
of the accuracy of the model, R2, root mean squared error (RMSE), concordance correlation 
coefficient (CCC) (Lawrence & Lin, 1989) and coefficient of variation of the RMSE (CV 
RMSE) of total branch biomass estimation were calculated to compare the  method with 
other TLS-based methods on the tree-level branch biomass estimation.  

  
Fig.4 Flow chart of the basic process of  method (adopted from Study II). Detailed model 
description can be found in Study II. 

3.2.3 Stand level simulation 

We used process-based forest growth PREBAS model for stand level simulations. To extend 
the applicability of the PREBAS model for multi-cohort stands, the model was refined from 
species-specific to species- and DBH size class-specific model. The whole canopy is assumed 
to be horizontal homogeneous and divided into different canopy layer (each layer contains at 
least one cohort) to calculate the photosynthesis and growth. The model performance was 
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tested with two approaches: existing PREBAS model and refined PREBAS model. Further, the 
estimated parameters of the PMT-based age-dependent structural equations (Study I) were used 
to estimate the tree structural variables and biomasses for each individual tree. The basal area 
weighted species-specific mean tree for each stand was then calculated and compared with the 
simulations of the two PREBAS approaches. 

We produced the results of two approaches and did the following comparisons: 

1) Stand information using two approaches vs measurements to test the performance of 
the refined PREBAS model. Structural variables of basal area weighted mean tree were 
also calculated for comparison to test how the mean tree structure follows the observed 
data using two PREBAS approaches.  

2) Biomass of tree component using two approaches on each stand vs estimation from 
PMT-based age-dependent structural equations (Study I) to test if tree structure 
changes should be considered on the stand simulation. 

Here we simply describe how photosynthesis is calculated on each canopy layer, more 
detailed descriptions can be found in Study III. At first, the stand is described as a composition 
of species- and DBH size class-specific cohorts, and then each cohort is presented as a mean 
tree. The stand canopy is assumed to be horizontally homogenous, and it is divided into canopy 
layers based on the tree top and crown base height of cohorts, and they are sorted in descending 
order (Study III, Fig.1). The photosynthesis of layer i is calculated using Light use efficiency 
approach: 

[10]   

where  is crown length of layer i,  is a species-specific parameter,  is the 
proportion of incoming radiation absorbed by canopy and  is the potential photosynthetic 
production with =1.  on layer i is calculated by two approaches: 1) calculated 
using a species-specific effective extinction coefficient proposed by (Duursma & Mäkelä, 2007) 
and 2) adopted from LPJ model (Sitch et al., 2003). We use the smaller of the two  
values (Minunno et al., 2019) and then layer photosynthesis can be calculated by  using 
equation [10]. For canopy layers with mixed species, effective leaf area was calculated by 
species-specific leaf area index to determine the proportion of absorbed light by each species. 

To evaluate the model performances of two approaches, normalised mean squared 
deviation (NMSD), average model bias (AMB) and model efficiency (EF) were calculated. 
Further, to test if tree structure changes should be considered on the stand simulation when 
using PREBAS, the species-specific mean tree biomass of each tree component (foliage, 
branch and stem) on stand level was calculated using PREBAS model and compared with the 
calculations using PMT-based age-dependent structural equations (Study I). Here again we 
used the calculations from the old group parameter set as the reference and normalized the 
corresponding calculations from other approaches by dividing the calculations from the old 
group parameter set. What’s more, we compared the parameters for the structural equations 
that were calculated from previous studies to overview the range of estimations (Kumpu et al., 
2020; Minunno et al., 2019).  
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4 RESULTS AND DISCUSSION 

4.1 Age effect on tree structural and carbon allocation (I) 

4.1.1 Crown length and stem form 

As expected, tree dimensions had a clear change as trees grow. For both Scots pine and Norway 
spruce,  and  in mature and old groups are significantly larger than the younger stands 
while the difference of these tree variables between the mature and old groups is relatively 
small which indicates that the tree structure becomes steady after maturing (Fig.5). On the 
contrary, we observed a decline in crown ratio (crown length/tree height) in both species which 
is in line with previous studies. But similar to the other tree variables, the difference between 
mature and old groups (Age>100) was not significant (Fig.5). The decline in crown ratio with 
age was also found in previous studies, but the maximum age of the sample trees in those 
studies (Scots pine: =71; Norway spruce: =86) was not old enough to notice the 
steady pattern after maturing (Kantola & Mäkelä, 2006; Mäkelä & Vanninen, 2001). 
Additionally, a constant relationship was observed between stem form below the crown base 
( ) and crown ratio (Eq.8-9) and it is in line with previous study (Kantola & Mäkelä, 2006). 
No age dependence was detected for the slope parameter of the relationship (Table 3) for both 
Scots pine and Norway spruce, which corroborates previous findings that stem form below the 
crown base depends on the crown ratio instead of tree age (Kantola & Mäkelä, 2006; Valentine 
& Mäkelä, 2005). 

 
Fig.5 Tree height (H), mean branch length ( ), crown length ( ) and crown ratio at different age 
groups in Scots pine and Norway spruce (VAPU dataset and Lapinjärvi dataset). Error bars indicate the 
standard errors. Different letters indicate significant differences among different age groups for each 
component (p < 0.05). 

Additionally, we observed a significantly smaller stem form above the crown base ( ) in 
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the old Scots pine trees than that in the mature group, suggesting old Scots pine had a tendency 
of developing a stronger taper of the stem inside the crown (Table 3 Eq.7). This is consistent 
with the results that old Scots pine trees showed an increasing proportion of growth to branch 
rather than stem growth (Table 3 Eq.4) (larger b in old group than mature group). In contrast, 

 was found to be significantly lower in the mature/middle-aged group than in the old group 
in Norway spruce (Table 3 Eq.7). It is in line with the study reported by Pukkala et al. (2019) 
who compared the stem shape between different DBH sizes and found smaller DBH Norway 
spruce showed quicker tapering. The  difference between Scots pine and Norway spruce 
may be due to the different growth characteristics: Norway spruce is more shade-tolerant than 
Scots pine (Delhomme et al., 2019), hence, old Norway spruce crowns tend to be long, with 
shaded and less vigorously growing branches in the lower crown (Kantola & Mäkelä, 2006).  

4.1.2 Branch length and biomass 

In both Scots pine and Norway spruce, basal area weighted mean branch length ( ) was 
significantly longer in the mature and old stands than in the younger stands (Study I, Table 2). 
This is in line with the loss of apical dominance and the change from vertical to lateral 
dimensional growth (Hann & Larsen, 1991; Meinzer et al., 2011; Weiskittel et al., 2011).  

The power function between  and  was observed to be stable (Eq.4) for both species 
which is in line with previous results (Kantola & Mäkelä, 2006). After Eq.4 was ln-transformed, 
the larger slope parameter between  and , b, was found in the old group than in the other 
age groups in Norway spruce, indicating that older trees tended to have longer branches than 
those in younger trees with the same crown length (Table 3 Eq.4). Further, result showed that 
with a given , old trees had significantly smaller  than younger trees in Norway 
spruce (Table 3 Eq.3). These age-specific parameters detected in branch-related relationships 
demonstrated that old Norway spruce trees have less successive branches from the main branch 
or taper faster than younger trees, it is in line with the regularity of branch development: if 
branches live long, they are likely to break and lose distal twigs over time (Muukkonen & 
Lehtonen, 2004). It is noticeable that for both equations 3 and 4, no age-dependent parameters 
were found in Scots pine (Table 3).  

4.1.3 The pipe model ratios 

According to the pipe model theory (PMT) (Shinozaki et al., 1964a, 1964b), stem sapwood 
area is proportional to the total branch basal area (Eq.2). Our result also agreed with the strong 
linear relationship between  and  in all the age groups (Study I, Fig. 5), but the slope 
parameter, , was detected to be age-dependent in Norway spruce. The  was larger 
in the older groups than younger groups suggesting a larger  in old Norway spruce trees than 
in younger trees with the same , which was consistent with previous study (Kantola & 
Mäkelä, 2004). 

Furthermore, PMT postulates a stable relationship between foliage biomass and stem 
sapwood area (Eq.1) and the static relationship was found in our result (Study I, Fig.4). 
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However, the slope parameter  was found to be age-dependent in both Scots pine and 
Norway spruce. In both species,  was lower in the old than in the middle-aged or mature 
group (Table 3) which suggested less foliage was observed in older trees than younger trees 
given the same , although the difference was not statistically significant between trees in old 
and mature groups in Norway spruce (Study I: Table 6). The smaller  in the old group may 
be because we related foliage mass to stem cross-sectional area at the crown base instead of 
the sapwood area originally used in PMT (Shinozaki et al., 1964a, 1964b). There is evidence 
from previous studies that  likely includes heartwood in old Scots pine and Norway spruce 
at the age of 100 years (Bjorklund, 1999; Longuetaud et al., 2006). Consequently, it is 
reasonable to find a smaller ratio of foliage biomass to  in the old group (Table 3). 

Table 3. Tree structural relationships in Table 1 and parameters values in Scots pine and Norway spruce 
calculated using REML approach (Study I). AS=Tested to be age-specific, Y=Young group, 
Mid=Middle-age group, M=Mature group, O=Old group. Note that equation [4] was logarithm 
transformed ( ) to calculate the slope parameter. 

 

4.1.4 Biomass allocation 

Our results confirm the common observation that the contribution of the stem to total 
aboveground biomass increases considerably with increasing age or DBH size classes, while 
that of branch and foliage biomass showed the opposite pattern (Study I: Fig.1) (Mäkelä & 
Vanninen, 1998; Vanninen et al., 1996; Xiang et al., 2020). However, no statistically 
significant difference was found between the foliage biomass of the old and mature groups, 
although stem and branch biomass were still significantly increasing (Study I: Table 2).  

We considered three reasons to explain the carbon allocation pattern. Firstly, stem and 
branch biomass accumulate while foliage biomass turns over, such that allocation of growth to 
foliage may still be considerable in the old trees. Secondly, the ratio between fine roots to 
foliage biomass has been reported to increase with age, which could constitute a notable sink 
of carbon away from aboveground growth, but the foliage is needed to maintain photosynthesis  
(Meng et al., 2018; Yang et al., 2019; Zhou et al., 2018). Thirdly, previous findings reported 
that the larger the crown ratio, the larger the biomass proportion of foliage and branch to total 

Eq. Parameter 
Scots pine Norway spruce 

AS Y Mid M O AS Y Mid M O 

[1]  √ 295.296 416.528 395.961 330.030 √ 979.717 944.490 828.118 748.439 

[2]  × 1.531 1.7 1.641 1.684 √ 1.151 1.404 1.443 1.748 

[3]  × 0.695 1.014 1.127 1.133 √ 0.752 0.544 0.541 0.459 

[4] b × 0.862 0.791 0.814 0.844 √ 0.508 0.549 0.595 0.625 

[7]  √ 0.347 0.397 0.399 0.383 √ 0.403 0.397 0.414 0.440 

[8-
9]  × 1.027 1.023 1.078 1.091 × 0.752 0.681 0.713 0.658 
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aboveground biomass (Ilomäki et al., 2003; Kantola & Mäkelä, 2006; Mäkelä & Valentine, 
2006; Mäkelä & Vanninen, 1998; Nilsson & Albrektson, 1993). As the crown ratio decreased 
with increasing age and stabilized in mature trees (Fig.5, I: Table 2), it may also explain the 
biomass allocation patterns with age. 

4.2 Estimating branch attributes using  method (II) 

4.2.1 Parameters of branch estimation models 

Based on PMT, a stable relationship was found between cumulative branch basal area and 
cross-sectional area and the slope parameter was age-independent in Scots pine (Study I). 
Further, PMT postulates that at any given height the stem cross-sectional basal area is 
proportional to the cumulative branch basal area above the height (Mäkelä, 2002). In study II, 
the slope parameter between cumulative branch basal area and stem basal area was estimated 
using 13978 branches from 4797 whorls in Scots pine (Fig.6). The linear relationship could 
further be used for individual branch basal area and biomass (Study II, Model 3-4) and the 
parameters were estimated based on VAPU dataset (Study II, Table 4). 

 
Fig.6 Cumulative branch basal area as a function of stem basal area in Scots pine trees in the VAPU 
dataset (122 trees, 13978 branches). 

Even though a constant relationship was found between stem basal area and the cumulative 
branch basal area in Scots pine, minor differences can be noticed among the measured trees 
(Fig.6). The pattern shows that the ratio between cumulative branch basal area to stem basal 
area becomes smaller as the relative height is closer to the crown base or in smaller trees. This 
makes sense because the original pipe model theory suggests the ratio concerns active pipes 
which means the ratio of sapwood to branch basal area (Shinozaki et al., 1964a, 1964b). In 
Study I, we observed  that  was larger, although not statistically significantly, in the old 
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than the young and mature groups, and it may be due to the heartwood formation at the crown 
base in older trees (Kärenlampi & Riekkinen, 2002; Longuetaud et al., 2006). Supporting this, 
a previous study also observed that the heartwood tapered towards the treetop and it results in 
a smaller ratio with a larger relative height in the crown (Climent et al., 2003).  

4.2.2 Individual branch information 

The branch number was previously determined by detecting the scanned points and reported a 
low accuracy when TLS data was utilised (Pyörälä et al., 2018). The  method proposed 
in Study II has improved the overall accuracy from 48.66 % to 68.60% for branch number 
estimation in each individual whorl compared with TreeQSM method (Study II, Table 6).  

If we have a closer look at the branch number estimation results, the highest improvement 
was from the upper layer of the crown (from 28.94% to 68.92%) (Study II, Table 6). The low 
accuracy in the upper layer of the crown using TLS scans is mainly due to the features of time-
of-flight scanner: the cloud points cannot access the locations which are not visible from the 
scanner because the signal will return when it reaches an impenetrable obstacle (Boudon et al., 
2014; Eysn et al., 2013). Since the upper crown is further from the scanner and may be 
obstructed by the lower branches, fewer signals can reach the upper crown which results in 
branch omission (Study II, Fig.3C). Also, the previous study shows that the larger the branch 
is, the easier it is to be detected (Lau et al., 2018). This is supported by our results that the 

 method underestimated the branch diameter, and the underestimation was more 
pronounced in the smallest branches (Study II, Fig.4). 

As for individual branch diameter estimation, TreeQSM method presented lager bias than 
 method and showed extremely large estimates of individual branches (Fig.7). 

Consequently, the  method showed a great improvement in the estimation of individual 
branch biomass compared to the TreeQSM method (Study II, Fig.5). This was because 
TreeQSM was designed to reconstruct woody parts as cylinders (Raumonen et al., 2013) and 
the result was affected by the number of cloud points. However, weather effects such as wind 
would result in noisy data and lowering the ability to reconstruct the cylinder. Also, the studied 
tree species is Scots pine which is conifers and retains its foliage all the time, this also increases 
the difficulty to obtain the branch information from scans. 

Even though the  method shows better branch number and diameter predictions 
than other reported TLS-based approaches (Lau et al., 2018; Pyörälä et al., 2018), the estimates 
were still biased. One reason can be the fact that branch growth is affected by shading and 
interaction with other branches and trees (Cregg et al., 1993; Henriksson, 2001) which results 
in fewer branches in reality than modelled (Study II, Table 6). Another reason can be that the 
branch number model was developed based on the branch data from trees in a younger age 
range (Mäkelä & Mäkinen, 2003) than the tree samples in our dataset. Since age has an impact 
on the annual height growth and slenderness which are the main variables in the branch number 
model (Study II, Eq.1) (Hann & Larsen, 1991; Helmisaari et al., 2002; Weiskittel et al., 2011), 
it is possible that the model accuracy was influenced by the age. Therefore, the method 
overestimated branch number (Study II, Table 6) and simultaneously led to a smaller mean 
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basal area for a given total branch basal area at the whorl (Study II, Fig. 4). 

 
Fig.7 Comparison of destructive measurement- (circle), - (triangle) and TreeQSM-based (cross) 
individual branch diameter at relative height in the crown in the Lapinjärvi dataset. Number on each 
facet panel is the sample tree number. 

4.2.3 Tree-level branch biomass 

Additional to individual branch attributes, tree-level branch biomass was also estimated by 
several TLS-based approaches by integrating TLS data with empirical models and PMT-based 
models (Study II). The fair performance of the estimation by QSM_CROBAS (Study II, Table 
7) is consistent with that the PMT-based total branch basal area estimation is unbiased since 
CROBAS model is developed on the basis of PMT (Mäkelä, 1997). Nevertheless, the  
method agreed better with data than the QSM_CROBAS method (Study II, Table 7). This is 
because the idea of the QSM_CROBAS method is to utilize information of the crown base 
diameter derived from TLS scans and the diameter is used as an input for the CROBAS model. 
However, although the ratio between cross-sectional area at crown base and total branch basal 
area is rather constant with  age in Scots pine (Study I, Table 3), the crown development (in 
our case the individual branch development) is also related to tree competition and climate 
condition (Berninger et al., 2005; Inagaki et al., 2020). It means that the branch biomass may 
differ with a given crown base basal area. However, the accurate stem taper modelled using 
the method proposed by Pitkänen et al. (2021) allows us to estimate individual branch biomass, 
therefore we can determine a more accurate tree-level branch biomass. Additionally, we also 
estimated the tree level branch biomass by utilizing TLS-derived tree variables (tree height and 
diameter) and allometric models from Repola (2009) (QSM_Allometry), and compared with 
the estimation using  method by summing up the individual branches. The  
method showed best agreement with measured trees (Study II: Fig.6). The QSM_Allometry 
retains the same drawback as allometry models that branch biomass varies from stand to stand 



 

26 
 

because of many factors, such as growth conditions, which may reduce the precision of the 
biomass estimate (Parresol, 1999; Wertz et al., 2020).  

4.3 Multi-cohort stand modelling 

4.3.1 Stand level estimations 

Stand variables and biomass were estimated using existing PREBAS (approach I: species-
specific) and refined PREBAS (approach II: species- and DBH size class-specific) in Norway 
spruce dominated stands, and the estimations were compared with measured data to evaluate 
the model performance. 

For both approaches, the goodness of fit between simulated and observed data on the stand 
level was better for structural variables: diameter at breast height (D), tree height (H), crown 
base height ( ) than those for stand variables: stand basal area (B), density (N), volume (V) 
and biomass of tree components ( ,  and ) (Study III, Fig.2). After DBH class size-
specific modification (approach II), the PREBAS model showed improvement than approach 
I by showing higher model efficiency (EF) and smaller normalized mean squared error (NMSE) 
and absolute averaged model bias (ABM) for all the variables and biomass estimation in both 
species, except for the stem/foliage biomass estimation in Norway spruce and 
H/N/branch/foliage biomass in silver birch (Study III, Table 3). Further, the calculated mean 
tree for each species using two approaches suggested that approach II followed more closely 
the measured mean tree on different stands than approach I. This was particularly obvious in 
Norway spruce and silver birch (Fig.8). For Scots pine, the differences of mean tree structure 
by different approaches were negligible.  

Even though, positive AMB value of ,  and  suggested that the refined model still 
underestimated the biomass for all the aboveground biomass components on stand level (Study 
III: Table 3). There could be two reasons to explain the bias. Firstly, the reference ,  and 

 was estimated using empirical equations based on tree height, DBH and crown length 
(Repola, 2008, 2009) (Study III, Appendix 3), so evaluation of biomass is a model-to-model 
comparison. In study III, we tested the calculated the biomass using different empirical 
equations and results showed that empirical models with different predictors results in different 
estimations (Study III, Fig.7). This highlights the importance of the reference data when 
evaluating the model predictions if the reference data are also estimated. Secondly, results from 
Study I (Table 3) and previous study indicated that tree structure and biomass allocation would 
change with growing age (Meinzer et al., 2011). It suggests that age factor should be taken 
account in the PREBAS model. However, it is difficult to change the parameter values based 
on a poorly known input variable, one possible approach could be the explanation of age 
dependence on some mechanism. For instance, Study I indicates that older trees have a larger 
proportion of heartwood at the base of the crown than young trees, as suggested by Valentine 
et al. (2013). 
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Fig.8 Comparison of basal area weighted mean tree structure for each species in different stands using 
approach I and II in simulation period, showing the variance between measured and estimated mean 
trees. The values were normalized with measured data, no bias from measured data is presented as 1 for 
each variable. 1: Scots pine; 2: Norway spruce; 3: Silver birch. I: species-specific PREBAS model; II: 
species- and DBH size class-specific PREBAS. 

4.3.2 Stand level biomass comparison using multiple approaches  

In Study I, we found the age dependence of some of the PMT-based equations (used in 
CROBAS) in Scots pine and Norway spruce. As introduced above, in PREBAS, CROBAS is 
integrated with the PRELES model and produces simulations on cohort/stand level. Therefore, 
by comparing the aboveground biomass of each tree component in Scots pine and Norway 
spruce using approach I, II and age-specific parameters from Study I (Table 3), we aimed to 
test if tree structural change should be considered in stand level estimation using PREBAS. 
Additionally, we presented the biomass estimation using other parameter sets for PMT-based 
equations from previous studies to show a range of estimated values in our study sites (Table 
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4) (Kantola & Mäkelä, 2006; Kumpu et al., 2020; Minunno et al., 2019; Valentine & Mäkelä, 
2005). 

Overall, the biomass estimation of tree components using different approaches varied a 
lot in both Scots pine and Norway spruce (Fig.9). This is reasonable because we observed 
variation in the parameter values presented by previous studies (Table 4) (Kantola & Mäkelä, 
2006; Kumpu et al., 2020; Minunno et al., 2019; Valentine & Mäkelä, 2005). Also, in Study I, 
age-dependence of the tree structural equations was detected in both Scots pine and Norway 
spruce except for the branch-related parameters in Scots pine (Table 3). These obviously lead 
to differences in the estimated biomasses.  

Table 4. Parameter values for the structural equations for biomass estimation in Scots pine and Norway 
spruce. Minunno et al. (2019) and Valentine and Mäkelä (2005) presented the maximum and minimum 
parameters for Scots pine. Kumpu et al. (2020) and Kantola and Mäkelä (2006) presented the calculated 
parameters from uneven-aged and even-aged Norway spruce stands.  

 

For Scots pine, the biomass of branch and stem estimated using old group parameters were 
larger than all the other approaches, while the foliage biomass estimation was obviously 
smaller than some of the approaches (Fig. 9). The foliage biomass estimation is related to the 
parameter  (Eq.1) except for the Repola approach which is based on an empirical model 
(Repola, 2009). It is noticeable that even the foliage biomass estimated with the smallest  
value from young group ( ) is larger than the PREBAS simulations (approach I and 
II). There are mainly two reasons that may explain the results of foliage biomass estimation 
using different approaches. First, the sample trees from Study I are collected from more 
southern sites than Study III (Fig.2). Although we did not observe a site effect on the PMT-
based equations (Study I, Appendix Table 9), a previous study detected significant differences 
in pipe model ratio using a larger dataset with respect to varied site types and suggested that 
site type has effect on the ratio of foliage biomass to the cross-sectional area at crown base ( ) 
(Berninger et al., 2005; Lehtonen et al., 2020). Therefore, applying parameters estimated from 
Study I (more fertile) may overestimate the biomass in Study III. Secondly, it may be due to 
the interactions from other processes in the PREBAS model. In PREBAS model, the value of 

 is larger than young group (Young: ) (Table 3). Since the 
equations used in PREBAS model is the same as the age-specific biomass equations in Study 
I (Eq.1), the foliage biomass simulations from PREBAS model should be larger than young 

Parameter 
Scots pine Norway spruce 

Maximum Minimum PREBAS Even-aged Uneven-aged PREBAS 

 500.00 360.00 360 548.93 678.47 400 

 1.641 1.684 - 1.374 1.529 - 

 0.400 0.200 0.400 0.461 0.337 0.500 

b 0.800 0.800 0.800 0.520 0.633 0.600 

 0.200 0.500 0.380 0.419 0.469 0.466 
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group if we do not consider other process in PREBAS model. However, the results showed the 
opposite, young group showed larger foliage biomass estimation than approach I and II. Hence, 
other processes in the PREBAS model such as photosynthesis and mortality influence the 
biomass estimation. For instance, in PREBAS model, one of the most important variable in 
biomass estimation is  and it is calculated as a power function of crown length (Valentine & 
Mäkelä, 2005).  affects the foliage biomass and therefore the leaf area and photosynthesis in 
PRELES, in turn, affects the new growth of the tree as an input. At the same time, tree size 
classes influence the resource competition between individual trees as described in Section 1.4. 
These processes and the parameters in the relative equations contributed to the biomass 
estimations in the end. This suggests that further calibration of the PREBAS model should be 
done with respect to the biomass estimation using more data from old/multi-cohort forest. 

As for Norway spruce, obvious differences can be found in branch and foliage biomass 
estimation using age-specific parameters (Fig.9), despite that age-specific parameters were also 
detected for stem biomass estimate-related equations (Table 3, Eq.7). What’s more, branch and 
stem biomass estimation using old group parameters were smaller than approach I and II, while 
foliage biomass estimation was larger. On the one hand, it is due to the different parameters 
used in different approaches (Table 3, 4) and it is easy to notice the difference of foliage and 
branch biomass estimation between using age-specific parameters and parameters used in 
PREBAS model (Fig.9). On the other hand, similar to Scots pine, the difference may be because 
of other parameters (used in other processes) in PREBAS model. Further, if we focused on the 
estimation using even-aged parameters, smaller foliage biomass is found than estimations with 
smallest  in the young age group (Fig.9). Previous studies found that the crown grows deeper 
down in the uneven-aged stands (Bianchi et al., 2020; Kumpu et al., 2020). Consequently, 
branch and foliage biomass in uneven-aged stands are obviously larger than in even-aged 
stands. Moreover, the old group has a larger  than the even-aged stand, indicating less 
tapering of the stem inside the crown which indicates a larger stem biomass above the crown. 
However, the parameter  which indicate the stem biomass below the crown, was observed 
to follow a constant relationship with crown ratio (Eq.8-9) in Study I and the ratio in old 
Norway spruce group is 0.658 (Table 3) while Kumpu et al. (2020) used the value 1 to calculate 
the stem biomass. This results in the smaller total stem biomass estimation with the old group 
parameter than with the uneven-aged parameter. On the other hand, the sample size in those 
studies (Kantola & Mäkelä, 2006; Kumpu et al., 2020) where we adopted the parameters was 
much smaller than in Study I, which also resulted in the parameters differing a lot (Table 3, 
Table 4).  
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Fig.9 Comparison of stand level tree biomasses for Scots pine and Norway spruce using multiple 
approaches including: approach I and II (Study III), PMT-based equations with age-specific parameters 
(Study I), PMT-based equations with parameters for Scots pine (Minunno et al., 2019; Valentine & 
Mäkelä, 2005) and for Norway Spruce (Kantola & Mäkelä, 2006; Kumpu et al., 2020), and calculation 
from PREBAS tree structural equations. The values were normalized with the values from the old group 
(Table 3), no bias from reference data is presented as 1 for each variable. 1: Scots pine; 2: Norway 
spruce; I: species-specific PREBAS; II: species- and DBH size class-specific PREBAS. 
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5 CONCLUSION AND FUTURE OUTLOOK 

Pipe-model-theory based tree structural equations have been tested to be stable in many species 
and utilized in many models. However, trees older than standard commercial rotation length 
are seldom included in previous tests. Given the importance of tree structural equations for 
biomass estimation, it is necessary to test the age-dependence of these equations and so to 
provide more accurate estimations on tree and stand level. Further, as new technology like TLS 
has developed rapidly due to its advantages, it has been utilized in forest research widely. 
However, how to utilize TLS data to estimate more detailed tree information accurately, for 
instance branch attributes, is not that easy. Utilizing the tree structural relationships may 
provide a possibility to better utilize the TLS data and provide reliable individual branch 
attributes estimations without destructive measurements. 

This study demonstrated the age effect on tree structure and carbon allocation with 
particular interest in old trees. Results suggest that the tree structural relationships are stable 
with growing age in Scots pine and Norway spruce, however age-dependent parameters were 
found in many of these relationships and more so in Norway spruce than Scots pine (Study I). 
In Scots pine, one of the age-independent parameters is the ratio between stem cross-sectional 
area and branch basal area. Based on this constant relationship, the proposed  method in 
Study II, for the first time, combines the advantages of TLS (Liang et al., 2016) and the idea 
of PMT-based carbon allocation (Mäkelä & Mäkinen, 2003; Mäkinen & Mäkelä, 2003) which 
allows the individual branch information to be estimated non-destructively. Results suggest 
that this new method can provide more accurate branch attributes estimation than other TLS-
based methods which is encouraging because this provides a possibility for better utilizing TLS 
data. On the stand level, refined PREBAS model showed better performance than existing 
version in uneven-aged stands (Study III). Then, the tree structure of the mean tree on each 
stand was estimated by different PREBAS approaches (Study III) and compared with observed 
data. Results suggest that the DBH size classed modification can improve tree structure 
estimation, particularly for Norway spruce. Further, the age-specific parameters in biomass 
estimation (Study I) were applied to the individual trees in Study III and estimated the biomass. 
And then basal area weighted mean trees for each species were compared with the mean trees 
calculated from PREBAS simulation. Results showed noticeable differences in the biomass of 
mean tree using age-specific equations and PREBAS model. It suggests that further model use 
should take account of the tree structure changes (Study III). 

To conclude, this study highlights the importance of tree structure in estimating branch, 
tree and stand level biomass. By utilising the tree structural equations, we developed a new 
method to estimate individual branch attributes in Scots pine using TLS data which shows the 
potential to replace the conventional destructive measurements. We further refined a process-
based model PREBAS to improve the model performance in uneven-aged stands that are more 
favoured in forest management today. Moreover, the study draws light on some perspectives 
that require improvement and further development regarding better model use with respect to 
tree- and stand-level estimation in the future. Firstly, as for the proposed method for estimating 
branch attributes, it was only tested on six old Scots pine trees, the performance of the method 
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in large areas and other species need to be tested with more data. Secondly, the differences 
between the mean tree biomass estimations using the age-dependent tree structural equations 
and PREBAS model suggests that model development is needed to take consideration of the 
tree structure change with age. Thirdly, although the refined PREBAS model improved the 
biomass estimation on uneven-aged stands, the remained bias suggested that model calibration 
should be done with more biomass data, which are important for estimating the stand variables 
and biomass and better simulating the forest growth.  

  



 

33 
 

ACKNOWLEDGEMENTS 

“Life is a journey, not a destination.” My PhD journey towards achieving my doctorate is 
coming to an end while it leads to a new beginning. In the past few years, many people have 
given me help and support, I cannot experience the wonderful journey without them. 

My sincere gratitude goes foremost to my supervisor Professor Annikki Mäkelä. Thank 
you for being patient and spending time whenever I need your help. It was not easy for me at 
the beginning, but you always encouraged and praised me no matter how little the progress I 
made. It really helped me being more confident in myself. Beyond science, your optimism and 
enthusiasm toward life empowered me all the time. As I always said, you are the role model 
worth learning and I am so lucky to be supervised by you. 

I would like to express my sincere thanks to my second supervisor Dr. Francesco Minunno, 
for spending countless hours teaching me coding skills and explaining whatever naive 
questions I asked. Thank you for sharing your own experience to encourage me and giving me 
confidence when I was struggling with my research. Thank you for your patience and guidance, 
and for the meetings and discussions in many days. You have motivated me a lot that have 
been important throughout this work and further career.  

I am very grateful to my follow-up group Assistant Prof. Aleksi Lehtonen and Prof. 
Tuomas Häme for your constructive advice on the setup of the whole PhD project. My doctoral 
study could not be completed so smoothly without you. It is really nice to have you on board 
during the 4 years. I owe my acknowledgement to the pre-examiners Assoc. Prof. Tuomas 
Aakala and Prof. Urban Nilsson for your work and valuable comments on my thesis.  

I thank all my collaborators AL, FM, Timo P. Pitkänen, Xianglin Tian, Anu Akujärvi, 
Mikko Peltoniemi and AM for contributing your time and efforts to the publications and 
manuscript. Among those, special thanks are due to AL for arranging the field work in 
Lapinjärvi; TP for the major contribution on Study II. Thanks also to Dr. Karen Sims-
Huopaniemi for good guidance in the doctoral studies in the AGFOREE doctoral program. I 
also thank Daniel Richterich for providing me facilities in green house to work with my Scots 
pine and Norway spruce samples. 

My sincere thanks go to all Forest Modelling group members for the discussions and help 
over the years. Special thanks go to XLT and Che Liu for helping me with data analyzing and 
sharing your own learning skills; Atte Kumpu and Kourosh Kabiri Koupaei for your help in 
Lapinjärvi fieldwork; Jonathan Holder, Tim Green, Joanna Simms, Lauri Lindfors and 
Donggyu Kam for helping me with all kinds of questions; Tuomo Kalliokosk and Pauliina 
Schiestl-Aalto for your modelling insights and encouragement. All of you have aided me a 
great deal in becoming the young researcher that I am. 

I want to thank my Chinese friends for all the laughers and tears, ups and downs. Special 
thanks go to Xuan Zhou and Mengxia Liu for your companionship and encouragement, I 
appreciate all the time we spent together; Zhen Zeng and Yiyang Ding for your experience 
sharing which helped me a lot in completing my study; Zilan Wen and Wei He for your 
delicious cake that made our coffee break more enjoyable; Chao Zhang, Wenzi Ren and 



 

34 
 

Mengzhen Zhang for our friendly gatherings on different occasions. I owe my special thanks 
to all my CSC friends, I am so lucky to meet you in Finland and I appreciate every moment 
being with you. All these memories while chatting and gathering have made my life in Finland 
so unforgettable. My thanks extend to boardgame groups and snowboard friends for making 
my life in Finland more colorful. Special thanks also go to Xu, who has known me since we 
were kids. We have gone through major milestones and witnessed each other grow up, thank 
you for your companionship, support and understanding during the years.  

Importantly, I would like to thank Chinese Scholarship Council (grant no. 201706510034), 
Suomen Metsätieteellisen Seuran (grant no. 20210007) and IBC-CARBAN project (grant no. 
335958) for financially supporting my PhD studies; Doctoral school in Environmental, Food 
and Biological Sciences (YEB) to provide travel grant for conferences and lectures. I also thank 
the support from Academy of Finland (grant no. 335958, 325680, and 344722) and EU Horizon 
project (decision no. 101000574). 

Finally, I want to express my deepest love to my family, especially my parents for your 
constant love. Thank you for always inspiring me whenever I have difficulties in my life. Thank 
you for always supporting all the decisions I made along the journey. I love you! 

 

 

 

 
 

  



 

35 
 

REFERENCES 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2019). Fitting linear mixed-effects models using lme4. arXiv 
preprint. https://doi.org/10.18637/jss.v067.i01 

Beaudet, M., & Messier, C. (1998). Growth and morphological responses of yellow birch, sugar maple, and beech 
seedlings growing under a natural light gradient. Canadian Journal of Forest Research, 28(7), 1007-1015. 
https://doi.org/10.1139/x98-077 

Begon, M., Harper, J. L., & Townsend, C. R. (1986). Ecology. Individuals, populations and communities: 
Blackwell scientific publications. 

Berninger, F., Coll, L., Vanninen, P., Mäkelä, A., Palmroth, S., & Nikinmaa, E. (2005). Effects of tree size and 
position on pipe model ratios in Scots pine. Canadian Journal of Forest Research, 35(6), 1294-1304. 
https://doi.org/10.1139/x05-055 

Bianchi, S., Huuskonen, S., Siipilehto, J., & Hynynen, J. (2020). Differences in tree growth of Norway spruce 
under rotation forestry and continuous cover forestry. Forest Ecology and Management, 458, 117689. 
https://doi.org/10.1016/j.foreco.2019.117689 

Bjorklund, L. (1999). Identifying heartwood-rich stands or stems of Pinus sylvestris by using inventory data. Silva 
Fennica, 33(2), 119-129. https://doi.org/10.14214/sf.662 

Boudon, F., Preuksakarn, C., Ferraro, P., Diener, J., Nacry, P., Nikinmaa, E., et al. (2014). Quantitative assessment 
of automatic reconstructions of branching systems obtained from laser scanning. Ann Bot, 114(4), 853-862. 
https://doi.org/10.1093/aob/mcu062 

Buckley, T. N., & Roberts, D. W. (2006). How should leaf area, sapwood area and stomatal conductance vary 
with tree height to maximize growth? Tree Physiology, 26(2), 145-157. 
https://doi.org/10.1093/treephys/26.2.145 

Cajander, A. K. (1949). Forest types and their significance: Suomalaisen Kirjalisuuden Seura Kirjapainon Oy. 
Cintas, O., Berndes, G., Hansson, J., Poudel, B. C., Bergh, J., Borjesson, P., et al. (2017). The potential role of 

forest management in Swedish scenarios towards climate neutrality by mid century. Forest Ecology and 
Management, 383, 73-84. https://doi.org/10.1016/j.foreco.2016.07.015 

Climent, J., Chambel, M., Gil, L., & Pardos, J. (2003). Vertical heartwood variation patterns and prediction of 
heartwood volume in Pinus canariensis Sm. Forest Ecology and Management, 174(1-3), 203-211. 
https://doi.org/10.1016/S0378-1127(02)00023-3 

Cregg, B. M., Teskey, R. O., & Dougherty, P. M. (1993). Effect of shade stress on growth, morphology, and 
carbon dynamics of loblolly pine branches. Trees, 7(4), 208-213. https://doi.org/10.1007/BF00202075 

Cuddington, K., Fortin, M.-J., Gerber, L., Hastings, A., Liebhold, A., O'connor, M., et al. (2013). Process based 
models are required to manage ecological systems in a changing world. Ecosphere, 4(2), 1-12. 
https://doi.org/10.1890/ES12-00178.1 

De Kauwe, M. G., Medlyn, B. E., Zaehle, S., Walker, A. P., Dietze, M. C., Wang, Y. P., et al. (2014). Where does 
the carbon go? A model data intercomparison of vegetation carbon allocation and turnover processes at 
two temperate forest free air CO2 enrichment sites. New Phytologist, 203(3), 883-899. 
https://doi.org/10.1111/nph.12847 

Delhomme, N., García-Gil, M. R., & Ranade, S. S. (2019). Transcriptome analysis of shade avoidance and shade 
tolerance in conifers. Planta, 250(1). https://doi.org/10.1007/s00425-019-03160-z 

DeMars, D. J. (1987). Estimates of site index and height growth for Douglas-fir in high-elevation forests of the 
Oregon-Washington Cascade Range: curves and tables for field application (Vol. 378): US Department of 
Agriculture, Forest Service, Pacific Northwest Research Station. 

Duursma, R. A., & Mäkelä, A. (2007). Summary models for light interception and light-use efficiency of non-
homogeneous canopies. Tree Physiology, 27(6), 859-870. https://doi.org/10.1093/treephys/27.6.859 

Edminster, C. B., & Jump, L. H. (1976). Site index curves for Douglas-fir in New Mexico (Vol. 326): US 
Department of Agriculture, Forest Service, Rocky Mountain Forest and Range. 

Eysn, L., Pfeifer, N., Ressl, C., Hollaus, M., Grafl, A., & Morsdorf, F. (2013). A practical approach for extracting 
tree models in forest environments based on equirectangular projections of terrestrial laser scans. Remote 



 

36 
 

Sensing, 5(11), 5424-5448. https://doi.org/10.3390/rs5115424 
Givnish, T. J. (1995). Plant stems: biomechanical adaptation for energy capture and influence on species 

distributions. In Plant stems (pp. 3-49): Elsevier. 
Gonzalez de Tanago, J., Lau, A., Bartholomeus, H., Herold, M., Avitabile, V., Raumonen, P., et al. (2017). 

Estimation of above ground biomass of large tropical trees with terrestrial LiDAR. Methods in Ecology 
and Evolution, 9(2), 223-234. https://doi.org/10.1111/2041-210x.12904 

Gower, S. T., McMurtrie, R. E., & Murty, D. (1996). Aboveground net primary production decline with stand age: 
potential causes. Trends in ecology & evolution, 11(9), 378-382. https://doi.org/10.1016/0169-
5347(96)10042-2 

Grier, C. C., Vogt, K. A., Keyes, M. R., & Edmonds, R. L. (1981). Biomass distribution and above-and below-
ground production in young and mature Abies amabilis zone ecosystems of the Washington Cascades. 
Canadian Journal of Forest Research, 11(1), 155-167. https://doi.org/10.1139/x81-021 

Gupta, R., & Sharma, L. K. (2019). The process-based forest growth model 3-PG for use in forest management: 
A review. Ecological Modelling, 397, 55-73. https://doi.org/10.1016/j.ecolmodel.2019.01.007 

Hann, D. W., & Larsen, D. R. (1991). Diameter growth equations for fourteen tree species in southwest Oregon. 
Oregon State University, 1-18. https://ir.library.oregonstate.edu/concern/technical_reports/7p88ch76w 

Hauglin, M., Astrup, R., Gobakken, T., & Naesset, E. (2013). Estimating single-tree branch biomass of Norway 
spruce with terrestrial laser scanning using voxel-based and crown dimension features. Scandinavian 
Journal of Forest Research, 28(5), 456-469. https://doi.org/10.1080/02827581.2013.777772 

Helmisaari, H. S., Makkonen, K., Kellomaki, S., Valtonen, E., & Malkonen, E. (2002). Below- and above-ground 
biomass, production and nitrogen use in Scots pine stands in eastern Finland. Forest Ecology and 
Management, 165(1-3), 317-326. https://doi.org/10.1016/S0378-1127(01)00648-X 

Henriksson, J. (2001). Differential shading of branches or whole trees: survival, growth, and reproduction. 
Oecologia, 126(4), 482-486. https://doi.org/10.1007/s004420000547 

Holmberg, M., Aalto, T., Akujarvi, A., Arslan, A. N., Bergstrom, I., Bottcher, K., et al. (2019). Ecosystem 
Services Related to Carbon Cycling - Modeling Present and Future Impacts in Boreal Forests. Front Plant 
Sci, 10, 343. https://doi.org/10.3389/fpls.2019.00343 

Ilomäki, S., Nikinmaa, E., & Mäkelä, A. (2003). Crown rise due to competition drives biomass allocation in silver 
birch. Canadian Journal of Forest Research, 33(12), 2395-2404. https://doi.org/10.1139/X03-164 

Inagaki, Y., Nakanishi, A., & Tange, T. (2020). A simple method for leaf and branch biomass estimation in 
Japanese cedar plantations. Trees-Structure and Function, 34(2), 349-356. https://doi.org/10.1007/s00468-
019-01920-8 

Kantola, A., & Mäkelä, A. (2004). Crown development in Norway spruce [Picea abies (L.) Karst.]. Trees-
Structure and Function, 18(4), 408-421. https://doi.org/10.1007/s00468-004-0319-x 

Kantola, A., & Mäkelä, A. (2006). Development of biomass proportions in Norway spruce (Picea abies [L.] Karst.). 
Trees Structure and Function, 20(1), 111-121. https://doi.org/10.1007/s00468-005-0018-2 

Kershaw Jr, J. A., & Maguire, D. A. (2000). Influence of vertical foliage structure on the distribution of stem 
cross-sectional area increment in western hemlock and balsam fir. Forest Science, 46(1), 86-94. 
https://doi.org/10.1093/forestscience/46.1.86 

Klein, T. (2021). Carbon allocation dynamics in Mediterranean pines under stress. In Pines and Their Mixed 
Forest Ecosystems in the Mediterranean Basin (pp. 117-128): Springer. 

Koren, M., Mokros, M., & Bucha, T. (2017). Accuracy of tree diameter estimation from terrestrial laser scanning 
by circle-fitting methods. International Journal of Applied Earth Observation and Geoinformation, 63, 122-
128. https://doi.org/10.1016/j.jag.2017.07.015 

Kumpu, A., Piispanen, R., Berninger, F., Saarinen, J., & Mäkelä, A. (2020). Biomass and structure of Norway 
spruce trees grown in uneven-aged stands in southern Finland. Scandinavian Journal of Forest Research, 
35(5-6), 252-261. https://doi.org/10.1080/02827581.2020.1788138 

Kärenlampi, P. P., & Riekkinen, M. (2002). Pine heartwood formation as a maturation phenomenon. Journal of 
wood Science, 48(6), 467-472. https://doi.org/10.1007/BF00766641 

Körner, C. (2015). Paradigm shift in plant growth control. Current opinion in plant biology, 25, 107-114. 
http://dx.doi.org/10.1016/j.pbi.2015.05.003 



 

37 
 

Larocque, G. R., Luckai, N., Adhikary, S. N., Groot, A., Bell, F. W., & Sharma, M. (2013). Competition theory—
science and application in mixed forest stands: review of experimental and modelling methods and 
suggestions for future research. Environmental Reviews, 21(2), 71-84. https://doi.org/10.1139/er-2012-
0033 

Lau, A., Bentley, L. P., Martius, C., Shenkin, A., Bartholomeus, H., Raumonen, P., et al. (2018). Quantifying 
branch architecture of tropical trees using terrestrial LiDAR and 3D modelling. Trees-Structure and 
Function, 32(5), 1219-1231. https://doi.org/10.1007/s00468-018-1704-1 

Lawrence, I., & Lin, K. (1989). A concordance correlation coefficient to evaluate reproducibility. Biometrics, 
255-268. https://doi.org/2532051 

Lehtonen, A., Heikkinen, J., Petersson, H., Ťupek, B., Liski, E., & Mäkelä, A. (2020). Scots pine and Norway 
spruce foliage biomass in Finland and Sweden — testing traditional models vs. the pipe model theory. 
Canadian Journal of Forest Research, 50(2), 146-154. https://doi.org/10.1139/cjfr-2019-0211 

Lehtonen, A., Sievänen, R., Mäkelä, A., Mäkipää, S., Korhonen, K. T., & Hokkanen, T. (2004). Potential litterfall 
of Scots pine branches in southern Finland. Ecological Modelling, 180(2-3), 305-315. 
https://doi.org/10.1016/j.ecolmodel.2004.04.024 

Liang, X., Kankare, V., Hyyppä, J., Wang, Y., Kukko, A., Haggrén, H., et al. (2016). Terrestrial laser scanning in 
forest inventories. ISPRS Journal of Photogrammetry and Remote Sensing, 115, 63-77. 
https://doi.org/10.1016/j.isprsjprs.2016.01.006 

Liang, X. L., Hyyppä, J., Kaartinen, H., Lehtomäki, M., Pyorälä, J., Pfeifer, N., et al. (2018). International 
benchmarking of terrestrial laser scanning approaches for forest inventories. ISPRS Journal of 
Photogrammetry and Remote Sensing, 144, 137-179. https://doi.org/10.1016/j.isprsjprs.2018.06.021 

Long, J. N., & Smith, F. W. (1988). Leaf area-sapwood area relations of lodgepole pine as influenced by stand 
density and site index. Canadian Journal of Forest Research, 18(2), 247-250. https://doi.org/10.1139/x88-
036 

Longuetaud, F., Mothe, F., Leban, J. M., & Mäkelä, A. (2006). Picea abies sapwood width: Variations within and 
between trees. Scandinavian Journal of Forest Research, 21(1), 41-53. 
https://doi.org/10.1080/02827580500518632 

Lonsdale, J., Xenakis, G., Mencuccini, M., & Perks, M. (2015). A comparison of models for quantifying growth 
and standing carbon in UK Scots pine forests. iForest-Biogeosciences and Forestry, 8(5), 596. 
https://doi.org/10.3832/ifor1403-008 

Looney, C. E., D’Amato, A. W., Fraver, S., Palik, B. J., & Reinikainen, M. R. (2016). Examining the influences 
of tree-to-tree competition and climate on size-growth relationships in hydric, multi-aged Fraxinus nigra 
stands. Forest Ecology and Management, 375, 238-248. http://dx.doi.org/10.1016/j.foreco.2016.05.050 

Luyssaert, S., Marie, G., Valade, A., Chen, Y.-Y., Djomo, S. N., Ryder, J., et al. (2018). Trade-offs in using 
European forests to meet climate objectives. Nature, 562(7726), 259-262. https://doi.org/10.1038/s41586-
018-0577-1 

Mcgilchrist, C. A., & Yau, K. K. W. (1995). The Derivation of Blup, Ml, Reml Estimation Methods for 
Generalized Linear Mixed Models. Communications in Statistics-Theory and Methods, 24(12), 2963-2980. 
https://doi.org/10.1080/03610929508831663 

Means, J. E. (1985). Height growth and site index curves for Douglas-fir on dry sites in the Willamette National 
Forest (Vol. 341): US Department of Agriculture, Forest Service. 

Medlyn, B. E., Duursma, R. A., & Zeppel, M. J. (2011). Forest productivity under climate change: a checklist for 
evaluating model studies. Wiley Interdisciplinary Reviews: Climate Change, 2(3), 332-355. 
https://doi.org/10.1002/wcc.108 

Meinzer, F. C., Lachenbruch, B., & Dawson, T. E. (2011). Size-and age-related changes in tree structure and 
function (Vol. 4): Springer Science & Business Media. 

Meng, S., Jia, Q., Zhou, G., Zhou, H., Liu, Q., & Yu, J. (2018). Fine Root Biomass and Its Relationship with 
Aboveground Traits of Larix gmelinii Trees in Northeastern China. Forests, 9(1). 
https://doi.org/10.3390/f9010035 

Mensah, S., Kakaï, R. G., & Seifert, T. (2016). Patterns of biomass allocation between foliage and woody structure: 
the effects of tree size and specific functional traits. Annals of Forest Research, 59(1), 49-60. 



 

38 
 

https://doi.org/10.15287/afr.2016.458 
Messier, C., & Nikinmaa, E. (2000). Effects of light availability and sapling size on the growth, biomass allocation, 

and crown morphology of understory sugar maple, yellow birch, and beech. Ecoscience, 7(3), 345-356. 
https://doi.org/10.1080/11956860.2000.11682604 

Mina, M., Martin-Benito, D., Bugmann, H., & Cailleret, M. (2016). Forward modeling of tree-ring width improves 
simulation of forest growth responses to drought. Agricultural and Forest Meteorology, 221, 13-33. 
https://doi.org/10.1016/j.agrformet.2016.02.005 

Minunno, F., Peltoniemi, M., Harkonen, S., Kalliokoski, T., Makinen, H., & Mäkelä, A. (2019). Bayesian 
calibration of a carbon balance model PREBAS using data from permanent growth experiments and national 
forest inventory. Forest Ecology and Management, 440, 208-257. 
https://doi.org/10.1016/j.foreco.2019.02.041 

Mokany, K., Raison, R. J., & Prokushkin, A. S. (2006). Critical analysis of root: shoot ratios in terrestrial biomes. 
Global Change Biology, 12(1), 84-96. https://doi.org/10.1111/j.1365-2486.2005.001043.x 

Morote, F. G., Serrano, F. L., Andrés, M., Rubio, E., Jiménez, J. G., & De Las Heras, J. (2012). Allometries, 
biomass stocks and biomass allocation in the thermophilic Spanish juniper woodlands of Southern Spain. 
Forest Ecology and Management, 270, 85-93. https://doi.org/10.1016/j.foreco.2012.01.007 

Murty, D., McMurtrie, R. E., & Ryan, M. G. (1996). Declining forest productivity in aging forest stands: a 
modeling analysis of alternative hypotheses. Tree Physiology, 16(1-2), 187-200. 
https://doi.org/10.1093/treephys/16.1-2.187 

Muukkonen, P., & Lehtonen, A. (2004). Needle and branch biomass turnover rates of Norway spruce (Picea abies). 
Canadian Journal of Forest Research, 34(12), 2517-2527. https://doi.org/10.1139/x04-133 

Mäkelä, A. (1997). A carbon balance model of growth and self-pruning in trees based on structural relationships. 
Forest Science, 43(1), 7-24. https://doi.org/10.1093/forestscience/43.1.7 

Mäkelä, A. (2002). Derivation of stem taper from the pipe theory in a carbon balance framework. Tree Physiol, 
22(13), 891-905. https://doi.org/10.1093/treephys/22.13.891 

Mäkelä, A., & Mäkinen, H. (2003). Generating 3D sawlogs with a process-based growth model. Forest Ecology 
and Management, 184(1-3), 337-354. https://doi.org/10.1016/S0378-1127(03)00152-X 

Mäkelä, A., Pulkkinen, M., & Mäkinen, H. (2016). Bridging empirical and carbon-balance based forest site 
productivity – Significance of below-ground allocation. Forest Ecology and Management, 372, 64-77. 
https://doi.org/10.1016/j.foreco.2016.03.059 

Mäkelä, A., & Valentine, H. T. (2006). Crown ratio influences allometric scaling in trees. Ecology, 87(12), 2967-
2972. https://doi.org/10.1890/0012-9658(2006)87[2967:Criasi]2.0.Co;2 

Mäkelä, A., & Valentine, H. T. (2020). Models of Tree and Stand Dynamics: Springer. 
Mäkelä, A., & Vanninen, P. (1998). Impacts of size and competition on tree form and distribution of aboveground 

biomass in Scots pine. Canadian Journal of Forest Research, 28(2), 216-227. https://doi.org/10.1139/x97-
199 

Mäkelä, A., & Vanninen, P. (2001). Vertical structure of Scots pine crowns in different age and size classes. Trees, 
15(7), 385-392. https://doi.org/10.1007/s004680100118 

Mäkelä, J., Minunno, F., Aalto, T., Mäkelä, A., Markkanen, T., & Peltoniemi, M. (2020). Sensitivity of 21st 
century simulated ecosystem indicators to model parameters, prescribed climate drivers, RCP scenarios and 
forest management actions for two Finnish boreal forest sites. Biogeosciences, 17(10), 2681-2700. 
https://doi.org/10.5194/bg-17-2681-2020 

Mäkinen, H., & Mäkelä, A. (2003). Predicting basal area of Scots pine branches. Forest Ecology and Management, 
179(1-3), 351-362. https://doi.org/10.1016/S0378-1127(02)00551-0 

Nikinmaa, E. (1992). Analyses of the growth of Scots pine: matching structure with function: The Society of 
Forestry in Finland-The Finnish Forest Research Institute. 

Nilsson, U., & Albrektson, A. (1993). Productivity of Needles and Allocation of Growth in Young Scots Pine 
Trees of Different Competitive Status. Forest Ecology and Management, 62(1-4), 173-187. 
https://doi.org/10.1016/0378-1127(93)90049-S 

O’Neal, D. D., Houston, A. E., Buckner, E. R., & Meadows, J. S. (1995). An index of competition based on 
relative crown position and size. 172-175.  



 

39 
 

Ostonen, I., Helmisaari, H. S., Borken, W., Tedersoo, L., Kukumägi, M., Bahram, M., et al. (2011). Fine root 
foraging strategies in N orway spruce forests across a E uropean climate gradient. Global Change Biology, 
17(12), 3620-3632. https://doi.org/10.1111/j.1365-2486.2011.02501.x 

Parresol, B. R. (1999). Assessing tree and stand biomass: a review with examples and critical comparisons. Forest 
Science, 45(4), 573-593. https://doi.org/10.1093/forestscience/45.4.573 

Peltoniemi, M., & Mäkipää, R. (2011). Quantifying distance-independent tree competition for predicting Norway 
spruce mortality in unmanaged forests. Forest Ecology and Management, 261(1), 30-42. 
https://doi.org/10.1016/j.foreco.2010.09.019 

Peltoniemi, M., Pulkkinen, M., Aurela, M., Pumpanen, J., Kolari, P., & Mäkelä, A. (2015). A semi-empirical 
model of boreal-forest gross primary production, evapotranspiration, and soil water - calibration and 
sensitivity analysis. Boreal Environment Research, 20(2), 151-171. http://urn.fi/URN:NBN:fi-
fe2016082623054 

Perttunen, J., Sievänen, R., & Nikinmaa, E. (1998). LIGNUM: a model combining the structure and the 
functioning of trees. Ecological Modelling, 108(1-3), 189-198. https://doi.org/10.1016/S0304-
3800(98)00028-3 

Pitkänen, T. P., Raumonen, P., & Kangas, A. (2019). Measuring stem diameters with TLS in boreal forests by 
complementary fitting procedure. ISPRS Journal of Photogrammetry and Remote Sensing, 147, 294-306. 
https://doi.org/10.1016/j.isprsjprs.2018.11.027 

Pitkänen, T. P., Raumonen, P., Liang, X. L., Lehtomaki, M., & Kangas, A. (2021). Improving TLS-based stem 
volume estimates by field measurements. Computers and Electronics in Agriculture, 180, 105882. 
https://doi.org/10.1016/j.compag.2020.105882 

Pukkala, T., Hanssen, K., & Andreassen, K. (2019). Stem taper and bark functions for Norway spruce in Norway. 
Silva Fennica, 53(3). https://doi.org/10.14214/sf.10187 

Pyörälä, J., Liang, X. L., Saarinen, N., Kankare, V., Wang, Y. S., Holopainen, M., et al. (2018). Assessing 
branching structure for biomass and wood quality estimation using terrestrial laser scanning point clouds. 
Canadian Journal of Remote Sensing, 44(5), 462-475. https://doi.org/10.1080/07038992.2018.1557040 

Raumonen, P., Kaasalainen, M., Akerblom, M., Kaasalainen, S., Kaartinen, H., Vastaranta, M., et al. (2013). Fast 
Automatic Precision Tree Models from Terrestrial Laser Scanner Data. Remote Sensing, 5(2), 491-520. 
https://doi.org/10.3390/rs5020491 

Reich, P. B., Rich, R. L., Lu, X., Wang, Y.-P., & Oleksyn, J. (2014). Biogeographic variation in evergreen conifer 
needle longevity and impacts on boreal forest carbon cycle projections. Proceedings of the National 
Academy of Sciences, 111(38), 13703-13708. https://doi.org/10.1073/pnas.1421315111 

Repola, J. (2008). Biomass equations for birch in Finland. Silva Fennica, 42(4), 605-624. 
https://doi.org/doi:10.14214/sf.236 

Repola, J. (2009). Biomass Equations for Scots Pine and Norway Spruce in Finland. Silva Fennica, 43(4), 625-
647. http://urn.fi/URN:NBN:fi-fe2016101225066 

Ryan, M. G., Binkley, D., & Fownes, J. H. (1997). Age-related decline in forest productivity: pattern and process. 
Advances in ecological research, 27, 213-262. https://doi.org/10.1016/S0065-2504(08)60009-4 

Ryan, M. G., & Yoder, B. J. (1997). Hydraulic limits to tree height and tree growth. BioScience, 47(4), 235-242. 
https://doi.org/10.2307/1313077 

Samuelson, L. J., Stokes, T. A., Butnor, J. R., Johnsen, K. H., Gonzalez-Benecke, C. A., Martin, T. A., et al. 
(2017). Ecosystem carbon density and allocation across a chronosequence of longleaf pine forests. Ecol 
Appl, 27(1), 244-259. https://doi.org/10.1002/eap.1439 

Shinozaki, K., Yoda, K., Hozumi, K., & Kira, T. (1964a). A quantitative analysis of plant form-the pipe model 
theory: I. Basic analyses. Japanese Journal of ecology, 14(3), 97-105. 
https://doi.org/10.18960/seitai.14.3_97 

Shinozaki, K., Yoda, K., Hozumi, K., & Kira, T. (1964b). A quantitative analysis of plant form-the pipe model 
theory: II. Further evidence of the theory and its application in forest ecology. Japanese Journal of ecology, 
14(4), 133-139. https://doi.org/10.18960/seitai.14.4_133 

Sitch, S., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A., Cramer, W., et al. (2003). Evaluation of ecosystem 
dynamics, plant geography and terrestrial carbon cycling in the LPJ dynamic global vegetation model. 



 

40 
 

Global Change Biology, 9(2), 161-185. https://doi.org/10.1046/j.1365-2486.2003.00569.x 
Smith, F. W., & Long, J. N. (2001). Age-related decline in forest growth: an emergent property. Forest Ecology 

and Management, 144(1-3), 175-181. https://doi.org/10.1016/S0378-1127(00)00369-8 
Srinivasan, S., Popescu, S. C., Eriksson, M., Sheridan, R. D., & Ku, N.-W. (2015). Terrestrial Laser Scanning as 

an Effective Tool to Retrieve Tree Level Height, Crown Width, and Stem Diameter. Remote Sensing, 7(2). 
https://doi.org/10.3390/rs70201877 

Stovall, A. E. L., Anderson-Teixeira, K. J., & Shugart, H. H. (2018). Assessing terrestrial laser scanning for 
developing non-destructive biomass allometry. Forest Ecology and Management, 427, 217-229. 
https://doi.org/10.1016/j.foreco.2018.06.004 

Stovall, A. E. L., Vorster, A. G., Anderson, R. S., Evangelista, P. H., & Shugart, H. H. (2017). Non-destructive 
aboveground biomass estimation of coniferous trees using terrestrial LiDAR. Remote Sensing of 
Environment, 200, 31-42. https://doi.org/10.1016/j.rse.2017.08.013 

Thomas, P. (2014). Trees: their natural history: Cambridge University Press. 
Tian, X., Minunno, F., Cao, T., Peltoniemi, M., Kalliokoski, T., & Mäkelä, A. (2020). Extending the range of 

applicability of the semi-empirical ecosystem flux model PRELES for varying forest types and climate. 
Glob Chang Biol, 26(5), 2923-2943. https://doi.org/10.1111/gcb.14992 

Valentine, H. T. (1985). Tree-Growth Models - Derivations Employing the Pipe-Model Theory. Journal of 
theoretical Biology, 117(4), 579-585. https://doi.org/10.1016/S0022-5193(85)80239-3 

Valentine, H. T., Amateis, R. L., Gove, J. H., & Mäkelä, A. (2013). Crown-rise and crown-length dynamics: 
application to loblolly pine. Forestry, 86(3), 371-375. https://doi.org/10.1093/forestry/cpt007 

Valentine, H. T., & Mäkelä, A. (2005). Bridging process-based and empirical approaches to modeling tree growth. 
Tree Physiol, 25(7), 769-779. https://doi.org/10.1093/treephys/25.7.769 

Vanninen, P., & Mäkelä, A. (1999). Fine root biomass of Scots pine stands differing in age and soil fertility in 
southern Finland. Tree Physiol, 19(12), 823-830. https://doi.org/10.1093/treephys/19.12.823 

Vanninen, P., & Mäkelä, A. (2005). Carbon budget for Scots pine trees: effects of size, competition and site 
fertility on growth allocation and production. Tree Physiol, 25(1), 17-30. 
https://doi.org/10.1093/treephys/25.1.17 

Vanninen, P., Ylitalo, H., Sievanen, R., & Mäkelä, A. (1996). Effects of age and site quality on the distribution 
of biomass in Scots pine (Pinus sylvestris L). Trees-Structure and Function, 10(4), 231-238. 
https://doi.org/10.1007/Bf02185674 

Weiner, J. (1990). Asymmetric competition in plant populations. Trends in ecology & evolution, 5(11), 360-364. 
https://doi.org/10.1016/0169-5347(90)90095-U 

Weiskittel, A. R., Hann, D. W., Kershaw Jr, J. A., & Vanclay, J. K. (2011). Forest growth and yield modeling: 
John Wiley & Sons. 

Wertz, B., Bembenek, M., Karaszewski, Z., Ochał, W., Skorupski, M., Strzeliński, P., et al. (2020). Impact of 
Stand Density and Tree Social Status on Aboveground Biomass Allocation of Scots Pine Pinus sylvestris 
L. Forests, 11(7), 765. https://doi.org/10.3390/f11070765 

West, P. (2020). Do increasing respiratory costs explain the decline with age of forest growth rate? Journal of 
Forestry Research, 31(3), 693-712. https://doi.org/10.1007/s11676-019-01020-w 

Xiang, W., Li, L., Ouyang, S., Xiao, W., Zeng, L., Chen, L., et al. (2020). Effects of stand age on tree biomass 
partitioning and allometric equations in Chinese fir (Cunninghamia lanceolata) plantations. European 
Journal of Forest Research, 140(2), 317-332. https://doi.org/10.1007/s10342-020-01333-0 

Yang, B., Xue, W., Yu, S., Zhou, J., & Zhang, W. (2019). Effects of stand age on biomass allocation and allometry 
of quercus acutissima in the Central Loess Plateau of China. Forests, 10(1), 41. 
https://doi.org/10.3390/f10010041 

Yoder, B., Ryan, M., Waring, R., Schoettle, A., & Kaufmann, M. (1994). Evidence of reduced photosynthetic 
rates in old trees. Forest Science, 40(3), 513-527. https://doi.org/10.1093/forestscience/40.3.513 

Zhou, G., Meng, S., Yu, J., Zhou, H., & Liu, Q. (2018). Quantitative relationships between fine roots and stand 
characteristics. European Journal of Forest Research, 137(3), 385-399. https://doi.org/10.1007/s10342-
018-1112-5 

 


	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	ABSTRACT
	1 INTRODUCTION
	2 OBJECTIVES AND HYPOTHESES
	3 MATERIALS AND METHODS
	4 RESULTS AND DISCUSSION
	5 CONCLUSION AND FUTURE OUTLOOK
	ACKNOWLEDGEMENTS
	REFERENCES



