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Abstract

« Key message Tree structure equations derived from pipe model theory (PMT) are well-suited to estimate biomass
allocation in Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies [L.] Karst.). However, age dependence of
parameters should be accounted for when applying the equations.

+ Context Pipe model theory-based (PMT-based) structure equations have been incorporated in many process-based models.
However, more data concerning old-growth trees is needed to test the reliability and generality of the structure equations.

« Aims This study (1) tested the age independence of the PMT-based structure equations and (2) provided general information
about the stability of tree structure with age.

« Methods A total of 162 Scots pine and 163 Norway spruce trees in four age groups were analysed to test the age effect on the
parameters of structure equations using a linear mixed model. Biomass of stem, branch and foliage was estimated from destruc-
tive measurements, and with other tree dimensions, they were used to present the tree growth patterns.

* Results (1) Stem biomass proportion increased with age, while branch and foliage biomass proportion decreased; biomass
allocation and most tree variables became steady after maturing. (2) PMT-based structure equations were well-suited to Scots
pine and Norway spruce in all age groups; however, age dependence was detected in the parameters of these equations, except for
the branch-related equations in Scots pine and stem form coefficient below the crown base in both species.

« Conclusion Our study (1) provides information applicable to predictions of growth and biomass allocation in old boreal stands
and (2) suggests taking age effect into account when structure equations are implemented in forest growth models.
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1 Introduction

The target of forest management and planning today has changed
from a strong focus on timber production to a broader objective
of sustainability, such as increased carbon sequestration and the
maintenance of biodiversity (Ldmas and Fries 1995; Cintas et al.
2017; Trivifio et al. 2017). This places new demands on
management-oriented forest models: in order to assess the
emerging management methods, they need to be applicable to
the new types of stand created by these alternative management
strategies. An important management modification intended for
enhancing carbon sequestration is to increase the carbon storage
in forest biomass by lengthening the rotation times of commer-
cially managed forests (Busing and Garman 2002; Gustafson
2007). At the same time, there is an increasing need to estimate
the carbon storage of protected old-growth forests in order to
assess synergies of management for biodiversity and carbon se-
questration (Luyssaert et al. 2008). In both cases, the models used
in management planning need to expand to stands older than
those previously evaluated against forestry data. In particular,
carbon allocation patterns in old-growth stands have become
essential, as carbon allocation is considered an important factor
in predicting forest growth (Purves and Pacala 2008; Ise et al.
2010; Franklin et al. 2012).

To estimate tree biomass, management-oriented growth
models usually apply individual-tree-based component biomass
equations that are driven by dynamic variables calculated in the
model, such as tree height, diameter, and crown height (Zianis
et al. 2005). In empirical models, the biomass usually does not
feed back into the growth model, but is calculated as a feed-
forward output (Repola 2009). In contrast, many process-
oriented models allocate primary production to new growth at
each time step following assumptions on tree structure
(Landsberg and Waring 1997; Lasch et al. 2005; Valentine and
Maikeld 2005). This means that the structural assumptions con-
stitute feedback to subsequent growth through carbon allocation
and are therefore crucial to the entire dynamics of the model. It is
therefore essential that the structural assumptions are as stable as
possible across different tree positions, stand structures and tree
age.

In their seminal study, Shinozaki et al. (1964a, 1964b) intro-
duced the pipe model theory (PMT) which has become widely
used to describe stable structural relationships in trees. PMT
postulates a proportional relationship between sapwood cross-
sectional area (CSA) at any height of the stem and foliage mass
above this height. This implies that CSA at crown base is pro-
portional to total tree foliage mass as well as the total CSA of
branches in the crown. Combining the cross-sectional areas with
tree height, crown length and mean branch length, using the
concept of specific pipe length, further allows us to derive rela-
tionships between measurable tree dimensions and tree biomass
components (Valentine 1985; Mékeld 1986; Mikeld 1997,
Valentine and Mékeld 2005). PMT-derived biomass equations
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have gained support from empirical studies in many tree species
(Shelburne et al. 1993; Monserud and Marshall 1999; Berninger
et al. 2005; Sattler and Comeau 2015).

The process-based growth model PREBAS (Mikeld 1997,
Valentine and Mikeld 2005) calculates carbon allocation on the
basis of PMT-based structure equations that relate the biomass of
foliage, branch and stem of individual trees to easily measurable
structure variables, such as diameter at breast height, tree height
and crown ratio (the ratio of crown length to tree height). The
parameters of these variables have been estimated for commer-
cially important species in Fenno-Scandia in previous dedicated
studies (Illomaki et al. 2003; Berninger et al. 2005; Vanninen and
Mikeld 2005; Kantola and Makeld 2006; Mikeld and Valentine
2006), where the assumptions were generally well-supported by
the measurements. In addition, a recent model calibration study
has provided evidence that the PREBAS model with the PMT-
based structure equations is well-suited for simulating stand
growth across Finland (Minunno et al. 2019). However, for the
datasets both in the dedicated structural studies and in the model,
calibration was largely confined to tree ages within normal com-
mercial stand rotation. In order to apply the model to old-growth
and other untypical stands, more data is needed to test the reli-
ability of the structure equations.

To test the applicability of the PMT-based structure equations
across a wide range of tree ages, we hypothesised that the pa-
rameters of the equations are species-specific and independent of
tree age. The primary objectives of this study were (1) to provide,
using this example, more general information about the growth
patterns of tree structure with age; and (2) to test the age inde-
pendence of the PMT-based structure equations in boreal Scots
pine and Norway spruce with specific focus on old trees, and to
modify the equations for age groups if required. The hypothesis
was tested in 162 individual Scots pine and 163 Norway spruce
trees from four age groups measured in Finland. The results will
allow us to further develop models of carbon allocation in old
trees (Makeld 1997; Minunno et al. 2019).

2 Materials and methods
2.1 Study area and tree measurements

Field data for this study was collected in 1988—1990 by the
Finnish Forest Research Institute (now Natural Resources
Institute Finland, Luke) (VAPU database) from southern
Finland, with most of the sample stands (from the total of 52)
located between latitude 60° and 62° N, and longitude 21° and
30° E. VAPU database consisted of a large number of destructive
measurements of Scots pine and Norway spruce trees, and the
sample trees were from different site types. Lehtonen et al.
(2004a) have described the sampling design in more detail.

A total of 162 Scots pine trees (including 32 young, 72
middle-aged, 38 mature and 20 old trees) from stands dominated
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by Scots pine and 163 Norway spruce trees (including 12 young,
95 middle-aged, 37 mature and 19 old trees) from stands domi-
nated by Norway spruce were included in the analysis. Because
of the high variation of site types in VAPU database, we selected
sample trees from the most common site types for each species to
minimise the potential site-type effect on our hypothesis equa-
tions. In this study, all Scots pine trees came from site type 3
(mesic) and site type 4 (sub-xeric), while Norway spruce came
from site type 2 (herb-rich heath) and site type 3. Site types were
characterised on the basis of their ground vegetation (Cajander
1949) (Appendix 1). The sample trees were classified into four
age groups on the basis of conventional rotation length and
growth traits through the trees’ life stage (Meinzer et al. 2011):
(1) young group <26 years, (2) middle-aged group =26—
67 years, (3) mature group = 67-100 years and (4) old group >
100 years. Individual tree ages were determined by the ring num-
ber at breast height plus the additional years that tree needs to
grow to the breast height. Additional years were determined with
the consideration of tree species, site type and location (Yli-
Kojola and Ahola 1995).

This database includes destructive measurements of each
sample tree. All sample trees were measured in the field for
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), di-
ameter at branch base, height of the crown base and height of
each branch (Hu et al. 2020). Crown base was recorded as the
height of the lowest branch, and only one dead whorl above was
allowed. Regarding branch sampling, for Norway spruce with
height <10 m and all the Scots pine, diameter (above the basal
swelling) and height of each branch were measured. For Norway
spruce with height > 10 m, branch height and diameter were
measured for all branches every second metre from the treetop.
For each sample tree, sample branches were picked randomly
from each tenth of the crown length. Branch length and cross
diameter at branch base were measured, and the sample branches
were first put into paper bags and later packed in larger black
plastic bags. The sample branches were then taken to the labora-
tory to determine the branch and foliage mass. In the laboratory,
sample branches of Scots pine were dried in paper bags at 105 °C
for 48 h and those of Norway spruce at 75 °C for 48 h. Foliage
was separated from branches after drying. Dry mass of branch
wood and foliage on the sample branches were determined
separately.

2.2 Component biomass calculation

The stem biomass for each sample tree was calculated by
multiplying the stem volume and stem wood density. Stem
volume (above bark) was estimated by fitting a spline curve
using the diameter measurements along the stem. Empirical
values were used for the stem wood density (Vanninen and
Mikeld 2000; Horacek et al. 2017). In addition, stem

biomasses inside the crown and below the crown base were
calculated separately by setting the crown base height while
calculating the integral of the spline curve.

We used previously calculated estimates for whole-tree live
branch wood (Lehtonen et al. 2004b) and foliage biomass
(Lehtonen 2005) of each sample tree. In those studies, the
whole-tree biomasses were obtained by up-scaling from sample
branches to the tree level with a mixed linear model. For calcu-
lating branch biomass, an individual branch biomass model
based on branch diameter was applied to all the branches.
Needle biomass of each branch was estimated on the basis of
branch diameter and relative height of the branch in the canopy
(Lehtonen et al. 2004a; Lehtonen 2005). Details of the method
are provided in Appendix 2.

2.3 Hypothesis equations description

We evaluated structure equations derived from PMT, as pre-
sented by Mékeld (1997) and Kantola and Mikeld (2006).
Firstly, foliage dry biomass W, (kg) is assumed to be propor-
tional to stem CSA at crown base, A, (m?):

Wy =ndAc (1)

where 7, is an empirical coefficient. Secondly, the total cross-
sectional area of live branches, A, (mz), is also assumed to be
proportional to A_:

Ap = ns/nbAC (2)

where 7, is an empirical coefficient relating Wyto Ay,

If we denote the basal-area-weighted average branch length
by H, (m), branch wood dry biomass W, (kg) can be
expressed as:

Wi = pyopHpAp (3)

where p,, is branch wood density and ¢, is an empirical form
coefficient. Furthermore, we assume that /,, is a power func-
tion of crown length, H,. (m):

Hy = ~,H? (4)

where 7, and b are empirical parameters. Using (2) and (4),
W,, can be estimated from H, and A_:

Wy = pyos Vo Hon, /mpAc (5)

If we denote the stem dry biomass by Wy, (kg), it can be
expressed as:

Wiem = W + Wy (6)

where W, and W; are stem dry biomass above and below the
crown base, respectively. The W, can be calculated by mul-
tiplying the stem volume and stem wood density, p,. Thus, the
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stem volume above, Vc(m3), and below the crown base,
V(m®), can be related to H,, H, (m) (crown base height),
and A, as follows:

Vc = QDC-ACHC (7)
Vs =pAcH; (8)

where ¢, and ¢, are empirical form coefficients of the stem
above and below the crown base. ¢, depends on the crown
ratio » (Hc/H) as = (1 +r)/2r and the latter is based on the
assumptions that the stem below the crown base is a cut cone
with top surface A. and base surface A./r (Valentine et al.
1994). Note that the form coefficients are defined with refer-
ence to A, so empirically ¢;>1 and ¢, < 1. Using the equa-
tions above, the total aboveground dry biomass of the tree,
W,,, (kg) can be written as:

Py 1 HY '
Ui

N ps%il—r)

Wa, = HA:|\ng/He + + Pspe (9)

The components in parentheses, from left to right, represent
the contributions of the foliage, the branches, the stem below
the crown base and the stem inside the crown to total above-
ground biomass.

2.4 Statistical analysis

Data analyses were conducted with SPSS Statistics IBM, 1994—
2019) and the R statistical software (Team 2017). For objective
(1), we used analysis of variance (ANOVA) to compare tree
height, crown length, crown ratio and dry biomass components
from different age groups to determine the effect of age on the
tree structure. The measurement data was first checked for nor-
mality using the Shapiro-Wilk test (Shapiro and Wilk 1965), and
then the means were compared using the least significant differ-
ence (LSD) test (Williams and Abdi 2010). Kruskal-Wallis one-
way ANOVA (Lin and Haseman 1978) was applied to compare
distributions across groups if the data were not normally distrib-
uted. Furthermore, we analysed the linear relationships between
the dependent and independent variables in each hypothesis
equation with linear regression, in the whole dataset. Moreover,
we In-transformed Eq. (4) and analysed the transformed linear
regression.

For objective (2), linear mixed-effect models (LMEM) and
likelihood-ratio tests (LRT) were used to analyse the age effect
on each hypothesis equation. For this approach, we applied the
Imer function in R from the /me4 package (Bates et al. 2014).
Furthermore, the possible age effect on the slope parameters of
hypothesis equations were tested between four age groups using
restricted maximum likelihood (REML) approach (McGilchrist
and Yau 1995). Because of the focus on old trees, old group was
used as the reference level for each model. Similarity of the slope
parameters between each group with the reference was defined to
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Table1  Independent (x*) and dependent ()*) variables in models [10]. k
is the hypothesis equation number. Notation: stem cross-sectional area at
crown base (A.), foliage biomass (W)), total cross-sectional area of live
branches (Ap), branch wood density (p;), basal-area-weighted average
branch length (H}), branch biomass (W}), crown length (H,), stem vol-
ume above (V,) and below the crown base (V), crown ratio (7) and stem
from coefficient below the crown base (¢y)

k 1 2 3 42 7 g°
X A, A, A, InH, HA, A +n2r
yk VV/ A b Wb InH, b Vc Os

a Eq. (4) was In-transformed

b ¢, is a free parameter that depends on crown ratio, instead of a constant
value estimated by V,/ H(A.. Hence, we hypothesised V = (1+7r)/
2r(H,A,) and tested the age independence on ¢, = (1 +r)/2r

be significant at the level of p <0.05. The slope parameters of
each age group were estimated using the mixed-effect model as
follows:

vE=pb+ (10)

where ¥ and x* denote the dependent and independent variables

(B} + B5)x + uk +

indexed with & (Table 1), j is plot, i is measurement, ﬁ’g and ﬁ’l‘
are parameters ﬁk is modification of the slope parameter ﬁk in
age group a, i< ; 1s the random effect based on plots, and E is the

residual of the model. An intercept ﬁo in the linear relationship
was considered because in the original pipe model theory, the
ratio of Wy to cross-sectional area of sapwood at crown base is
constant; however, we used the total cross-sectional area at
crown base (over bark measurements) as a proxy for sapwood.
It should be mentioned that LMEM and LRT approach were
also applied to test the site-type effects before proceeding to the
age-independence test to avoid interaction.

3 Results

3.1 Age effect on aboveground biomass allocation
and tree growth

Biomass of each tree component (stem, branch, foliage) in-
creased with growing age in both Scots pine and Norway spruce.
The corresponding values in old group were significantly higher
than those in the younger groups except that foliage biomass in
the old group was not significantly larger than that of the mature
group (Table 2). As expected, stem biomass was the main above-
ground biomass pool in all age groups. The proportion of stem in
the total aboveground biomass increased significantly with in-
creasing age (Scots pine: n =162, F=315.6, p <0.05; Norway
spruce: n=163, F=86.31, p<0.05), while the branch and fo-
liage biomass showed the opposite pattern (Branch: Scots pine:
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Table 2 Mean value and standard error of aboveground, stem, foliage
and branch biomass (Wap, Weem. Wy Wi.respectively), tree height (H),

crown length (/,), basal area weighted mean branch length (/,), crown each age group
ratio () and slenderness (H/D) by age groups, and their F and p values.

Significant difference (p <0.05) from one to another is marked by the
letters a, b and c. Values following each species are the sample number in

Factor Unit F P Young Middle-aged Mature Old

Scots pine 32 72 38 20
H m 43.30 <0.05 5.17 £0.25 c 10.48 + 0.40 b 17.32 £ 0.58 a 20.48 + 0.61 a
H,. m 61.51 <0.05 3.74 £0.13 c 5.60 = 0.20 b 7.94 +0.39 a 9.73 £ 0.34
H, m 40.55 <0.05 1.10 £ 0.04 c 1.35 £ 0.05 c 1.85+0.08 b 247 +0.17 a
r / 35.21 <0.05 0.75 £ 0.55 a 0.55 +0.02 b 0.45 +0.47 c 0.47 +0.02 be
H/D / 14.68 <0.05 66.77 + 2.33 b 88.91 £2.37 a 81.78 £2.32 ab 71.85 £3.10 b
Wab kg 94.36 <0.05 16.14 + 1.75 c 57.01 £ 6.54 c 211.75 £ 20.38 b 392.90 + 38.09 a
Wstem kg 94.82 <0.05 5.47 £ 0.65 c 30.15 £ 3.76 c 138.09 + 14.98 b 250.20 + 23.05 a
Wy kg 39.12 <0.05 2.69 £ 0.25 b 4.64 £ 042 b 9.76 £ 0.70 a 12.53 £ 1.43 a
W, kg 55.14 <0.05 6.48 + 0.76 c 16.49 = 1.97 c 41.71 £ 3.86 b 83.15 £ 11.07 a

Norway spruce 12 95 37 19
H m 38.53 <0.05 8.29 + 1.64 c 13.18 £ 0.47 b 19.93 £0.91 a 2270 £ 1.11 a
H, m 21.70 <0.05 7.25 +1.26 b 10.42 £ 0.41 b 14.28 £ 0.71 a 1697 £ 1.13 a
H, m 18.13 <0.05 1.10 £ 0.14 b 1.39 £ 0.04 b 1.99 +£0.14 a 2.11 £0.10 a
r / 8.01 <0.05 0.89 + 0.01 a 0.79 £ 0.01 b 0.72 £ 0.02 c 0.74 £ 0.02 be
H/D / 2.15 >0.05 83.94 +£3.77 a 90.48 + 1.62 a 86.68 +2.03 a 82.59 £ 3.16 a
Wab kg 32.20 <0.05 59.88 + 38.98 c 98.52 = 11.09 c 240.93 +25.14 b 432.18 + 62.89 a
Wtem kg 39.98 <0.05 35.85 +26.72 c 61.68 £ 6.98 c 174.92 + 18.92 b 326.68 + 47.03 a
W kg 9.07 <0.05 10.96 + 5.42 b 17.20 £ 1.94 b 27.79 £ 2.97 a 39.90 + 6.53 a
W, kg 16.56 <0.05 13.06 + 7.03 c 19.69 + 2.43 c 38.21 £ 4.06 b 65.59 £ 11.58 a

n=162, F=189.1, p < 0.05; Norway spruce: n = 163, F =48.24,
p<0.05; foliage: Scots pine: n =162, F=244.1, p<0.05;
Norway spruce: n =163, F=9527, p<0.05) (Fig. 1).

For tree structure development, tree height, crown length,
crown width and crown ratio varied between the age groups;

however, the development patterns of those variables were not

Scots pine Norway spruce
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Fig. 1 Biomass proportion (%) of each aboveground component (stem, branch and foliage) at different age groups in Scots pine and Norway spruce.

Error bars indicate the standard errors. Different letters indicate significant differences among different age groups for each component (p <0.05)
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all the same in Scots pine and Norway spruce with growing age.
For both species, tree height (H), crown length (H) and crown
width (indicated by H,,) were significantly longer in the mature
and old stands relative to the younger stands, but with little dif-
ference between the mature and old groups for A and H¢. In
Scots pine, H,, was also found statistically significantly larger in
the old group than that in the mature group (Table 2). Crown
ratio was largest in the young group and decreased with age;
however, the difference was not significant between mature
and old group in both species (Table 2). Moreover, the propor-
tion of stem biomass decreased with increasing crown ratio,
while the proportion of branch and foliage increased (Fig. 2).
The proportion of foliage and branch biomass (from total above-
ground biomass) decreased with growing crown length while
that of stem biomass increased (Fig. 3).

3.2 Age effect on hypothesis equations

LRT results indicated that (1) no site-type effect was detected on
the hypothesis equations (Table 9 in Appendix 2); (2) significant

age effect was detected on all the relationship in Norway spruce
except for the relationship between ¢, and (1 +r)/2r (Eq. 8). In
Scots pine, age effect was found only on the relationships: W~A,
(Eq. 1) and V~H A, (Eq. 7), while no age dependence was
detected on the branch-related equations (Egs. 2, 3, and 4)
and ¢, estimate equation (Eq. 8) (Table 3). Nevertheless, linear
regression analysis results showed that across the whole dataset,
the dependence and independence variables of each hypothesis
equation showed high R’ values, which indicates a strong rela-
tionship (Table 4). All the mean structure parameters in Eqgs.
(1)~(9) are shown in Table 5.

3.3 Slope parameters estimate and age-independence
test

The REML approach demonstrated the age-specific parameters
in the hypothesis equations. For Norway spruce, all parameters in
the old group proved to differ from the younger groups except for
the stem form coefficient below the crown base ¢ (Table 6, k=
8). However, for Scots pine, age dependence was detected only

Scots pine Norway spruce
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Fig. 2 Biomass proportions (%) of each aboveground component (stem, branch and foliage) in the whole tree as a function of crown ratio (%) in Scots

pine and Norway spruce
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Fig. 3 Biomass proportions (%) of each aboveground component (stem, branch and foliage) as a function of crown length (m) in Scots pine and Norway

Effect of age on hypothesis equations in Scots pine and
Norway spruce. The p values and chi square (x?) are listed. The
p values with grey background are statistically significant (p < 0.05)

based on LRT approach, which means age has a significant effect on
the corresponding hypothesis equation

ok y Kk Scots pine (162) Norway spruce (163)

p x* P x*
A, Wy 0.020 9.831 0.002 14.312
A, Ap 0.919 0.499 0.000 27.489
prHL Ay W 0.322 3.484 0.000 28.785
InH, InH, 0.192 4.734 0.044 8.093
H A, |74 0.013 10.739 0.013 10.677
1+nr)/2r O 0.070 8.784 0.297 3.683
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Table 4  For each hypothesis equation, the p values, root mean square error (RMSE) and R’ between the dependent and independent variables are

given. The number of samples is shown in parentheses

Equations Scots pine (162) Norway spruce (163)
P RMSE R’ P RMSE R
Wr=nAc <0.05 7.78 0.694 <0.05 2891 0.789
Ap=ndmpA. <0.05 0.01 0.765 <0.05 0.02 0.880
W = ppopHpAp <0.05 8.69 0.886 <0.05 36.61 0.900
In(Hj) = bin(H.) + In () <0.05 1.39 0.661 <0.05 1.98 0.629
V.=@ HA, <0.05 0.11 0.988 <0.05 0.38 0.976
ws=(1+1)/2r <0.05 0.03 0.987 <0.05 0.13 0.979

in stem form coefficient above the crown ¢, (Table 6, k=7) and
the parameter 7); (ratio between Wyand CSA) (Table 6, k= 1). No
significant age effect was detected on the slope parameters in
branch-related equations (Table 6, k=2-4) and the stem form
coefficient below the crown base ¢, (Table 6, k=8) (old group as
the reference).

In Scots pine, trees in the middle-aged or mature groups had
significantly larger foliage biomass than those in the old group
with a given A.. (Table 6, k= 1, Fig. 4). The stem form coefficient
above the crown base ¢, was significantly smaller in the old than
that that in the mature group (Table 6, k£ = 7), while no significant
difference was detected between the old and young or middle-
aged group.

In Norway spruce, results showed that W differed between
age groups with a given A,. Trees in the old group had smaller
foliage biomass than those in the young or middle-aged group
with a given A, (Table 6, k=1, Fig. 4). Similarly, W, differed
between age groups with a given H,A,, the old group showing
smaller branch biomass than other groups with a given HA,
(Table 6, k=3). The slope parameter between A, and A.. differed
between the old and all other groups. It showed that Norway
spruce trees in the old group had larger total branch basal area
than those in the other age groups for a given A, (Table 6, k=2,

Table 5 Mean structure parameter values and standard errors in
hypothesis equations. Note that p, and p, were not measured, and the
values used were based on literature

Parameter Scots pine Norway spruce Equation
s 369.10+17.77 812.60+33.11 e
/My 1.65+0.07 1.58+£0.05 (@)

©p 1.16£0.03 0.49+0.01 3

Vb 0.34+0.08 0.32+0.09 4

b 0.83+0.04 0.64+0.04 4)

©e 0.39+0.00 0.42£0.01 ™

s 1.61£0.02 1.32+£0.01 ®)

b 400 590 (3), (5
Ps 398 351 )
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Fig. 5). The slope parameter between In(H},) and In(#,.) in the old
group was larger than in the other age groups, showing that, with
the same crown length, trees in the old group tended to have
longer branches than those in young or middle-aged groups
(Table 6, k=4, Fig. 6). In addition, ¢, was significantly larger
in the old than in the middle-aged or mature groups (Table 6, k=
7), while p; (Table 6, k= 8) was found to be age-independent.

4 Discussion

This study is, to our knowledge, the first that has focused on the
possible age dependence of PMT-based tree structure equations.
Our main results were that (1) on average, the hypothesis struc-
ture equations were well-suited for boreal Scots pine and Norway
spruce, but (2) in a closer look, age dependence was detected in
many of the PMT parameters studied, and more so in Norway
spruce than in Scots pine. In Scots pine, old trees had a tendency
of developing a stronger taper of stem inside the crown and had
less foliage than younger trees with the same cross-sectional area
at the crown base. In contrast, old Norway spruce trees tended to
develop less tapering of stem inside the crown, but they also had
less foliage biomass than expected on the basis of parameters
from younger trees. In addition, they had relatively more branch
cross-sectional area than expected on the basis of younger trees.
In both species, stem form coefficient below the crown base
followed a prescribed dependence on crown ratio rather than tree
age. The results provide information applicable to predictions of
growth, biomass and carbon allocation in old boreal stands.

In this study, Scots pine and Norway spruce trees
were selected from two of the most common site types,
respectively. Earlier studies (Berninger et al. 2005;
Lehtonen 2005) suggest that site type could affect tree
biomass and the pipe model ratio because site fertility
might be related to the physiological activity of the
foliage relative to the transport capacity of sapwood.
Recently, Lehtonen et al. (2019) found that Scots pine
in site type 3 (mesic) had larger ratio of foliage biomass
to crown basal area than in other site types in a large
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Fig. 4 Foliage biomass (kg) as a function of basal area at crown base (m?) in Scots pine and Norway spruce

dataset collected from Finland and Sweden, while in
Norway spruce, differences in the ratios between the
site types were relatively small. To explore the possibil-
ity of significant site effects in our data, we applied the
LMEM and LRT approach to testing the site-type effect
before proceeding to the age-independence test of the
hypothesis equations. However, although aboveground
biomass was significantly different between site types,
no site-type effect was detected on the relationship be-
tween W, and CSA in this study for either species,
neither was it detected for the other equations

(Table 9 in Appendix 2). In previous studies, Inagaki
et al. (2019) found that the effect of site types was not
significant on foliage and branch biomass per unit basal
area at crown base; Medhurst et al. (1999) reported that
the relationship between leaf area and sapwood area in
Eucalyptus nitens was site-independent. Other studies
that have detected significant differences between site
types have included much wider datasets with respect
to site type (Berninger et al. 2005; Lehtonen et al.
2019). We therefore considered it justified, based on
the insignificant site-type effect on the hypothesis

Scots pine

Norway spruce

0.20 1

0.15 1

0.101
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Sum of branch basal area ( m2)
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Fig. 5 Sum of branch basal area (m?) as a function of basal area at crown base (m?) in Scots pine and Norway spruce
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Fig. 6 Mean branch length as a function of crown length (in In-transformation) in different age groups for Scots pine and Norway spruce

equations, to ignore the site-type effect in the subse-
quent age-dependence test.

4.1 Age effect on biomass allocation and tree growth

Our results on tree biomass in the age groups confirm the well-
known observation that with increasing total biomass (Table 2),
the contribution of stem to total aboveground biomass increases
considerably while that of branch and especially foliage de-
creases (Fig. 1). On the other hand, no statistically significant
difference was found between the foliage biomass of the old
and mature groups, although stem and branch biomasses were
still increasing. This is partly due to the fact that stem and branch
biomasses accumulate while foliage biomass turns over, such
that allocation of growth to foliage may still be considerable in
the old trees. On the other hand, previous studies have reported a
steady increase of the fine-roots-to-foliage biomass ratio with
age, which would constitute a notable sink of carbon away from
aboveground growth (Vanninen et al. 1996).

Tree structure variables, such as tree height and crown length,
show an expected development with age. Furthermore, the fact
that the difference between the mature and old groups is relative-
ly small corroborates our somewhat arbitrary choice of age limits
for the groups, as declining height growth has been taken as an
indication of ageing in trees. However, this does not necessarily
mean that total growth is slowing down, but could be related to a
loss of apical dominance and a simultaneous shift of vertical to
lateral dimensional growth (Hann and Larsen 1991; Meinzer
et al. 2011; Weiskittel et al. 2011). Indeed, the old trees have
distinctively wider crowns (indicated by H,) than trees in the
mature group (Table 2).

In addition, we observed that the crown ratio significantly
decreased with age; however, the old group showed a slightly
albeit not significantly larger crown ratio (Table 2) than the ma-
ture group in both species. Previous studies have shown that
crown ratio is strongly indicative of aboveground biomass pro-
portions (Nilsson and Albrektson 1993; Mékeld and Vanninen
1998; Tloméki et al. 2003; Kantola and Makeld 2006; Mikela
and Valentine 2006). Here, more scatter was found in the rela-
tionship between crown ratio and branch/foliage biomass propor-
tion (Fig. 2). This is probably because older trees show more
variability in crown width relative to crown length (Fig. 3), lead-
ing to variability in branch and foliage biomass.

4.2 Age effects on slope parameters of hypothesis
equations

The pipe model ratio, i.e. the ratio of foliage mass (W) to stem
cross-sectional area at crown base ( A.) (Table 6, k= 1), n,, was
lower in the old than in the middle-aged or mature group in both
species, although the difference was not significant in Norway
spruce. As the original pipe model assumption is based on sap-
wood not total cross-sectional area at crown base, this result may
simply indicate that the latter is not an adequate proxy of the
former as trees grow older. Bjorklund (1999) presented evidence
that heartwood formation starts in Scots pine rings on average at
the ring age of 60 years. In old trees, height growth and crown
rise have slowed down, such that the age of the stem at crown
base could well be much more than 60 years. This suggests that
the total cross-sectional area proxy becomes less accurate with
increasing tree age. On the other hand, some studies indicate that
heartwood formation starts even earlier in Norway spruce, and its
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crown rise is also slower than in Scots pine (Longuetaud et al.
2006), which would mean that there is already heartwood at
Norway spruce crown base at an early age. This could reduce
the age dependence of the relationship between sapwood area
and total area at crown base in Norway spruce, rendering the pipe
model parameter 7 less age-dependent of age (Table 6).

Regarding the branch-related parameters, age dependence
was detected in Norway spruce only. In accordance with previ-
ous studies (Kantola and Mikeld 2004), the ratio of A, to A,
(Table 6, k=2), ny/n,, was found to be largest in the old group.
This means that, all other things being equal, old trees would
have more branch biomass for a given A, than younger trees.
On the other hand, with a given H,, - A, branch biomass in the
old group was significantly smaller than in the other groups
(smaller ;) (Table 6, k= 3). Moreover, larger branch parameters
(7, b) were found in the old group than those in younger stands
(Table 6, k=4). These results suggest that in old trees, branches
taper faster or furcate less into successive forking branches than
in younger trees. This can be explained by branch turnover: if
branches live long, they are likely to break and lose distal twigs
over time, thus reducing the form coefficient ¢, (Table 6, k= 3).
Surprisingly, age dependence was not found for branch-related
parameters in Scots pine. This may be related to the rate of crown
rise and thus the length of crowns in the old trees: Scots pine as a
light-demanding species sheds its branches more readily than the
more shade-tolerant Norway spruce (Kellomiki and Oker-Blom
1981; Modry et al. 2004). Crown shape therefore remains more
constant in Scots pine, probably explaining the relative stability
of the branch form coefficient ;, in Scots pine.

As for the stem form coefficients, age dependence was detect-
ed in both species in ¢, but neither in ¢,. In Scots pine, ¢, was
significantly smaller in the old than in the mature group, denoting
a steeper taper in the old trees inside the crown (smaller ). This
seems consistent with the above observation that in old Scots
pine trees an increasing proportion of growth is directed horizon-
tally to branch rather than stem growth. The bigger branches are
at the lower part of the crown, and their growth will require
respective stem diameter growth in the lower crown (Table 2).
Although there is no obvious difference in stem and branch
biomass proportion between the mature and old group, we can
still observe a slightly larger proportion of branch biomass in
trees of the old group. In contrast, in Norway spruce, . was
significantly larger in the old group than in the mature or
middle-aged group which suggests less tapering of stem inside
the crown. As noted above, old Norway spruce crowns tend to be
long, with shaded, less vigorously growing branches in the lower
crown (Kantola and Makeld 2006). In light of the pipe model,
this seems consistent with our result of a weaker taper in the
crowns of the old trees.

In addition, no age dependence was detected in the relation-
ship between ¢, and (1 + )/2r in both species, which indicates
that ¢, followed a prescribed dependence on crown ratio rather
than tree age. This is consistent with previous findings that cross-
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sectional area at crown base depends on cross-sectional area at
breast height and the distance from breast height to crown base
(Long and Smith 1984).

Overall, the detected differences between old trees and the
others seem realistic. As described above, most of them can be
traced back to changes in the relationships between crown length
and mean branch length, and the latter further to changes in
crown shape with old age. In addition, old trees have less foliage
mass with a given basal area at the crown base, probably due to
more heartwood formation at the crown base. These changes are
consistent with our general understanding of old-growth dynam-
ics (Oliver and Larson, 1996). Furthermore, because the changes
of growth habit are different in different species, so are the re-
quired parameter modifications. How this could most efficiently
be taken into account in growth models applying PMT-based
structure equations remains a challenge for our future work.

5 Conclusion

In conclusion, the PMT-based structure equations provided good
estimates of tree biomass components, even when considered on
average for the whole dataset. This suggests that tree structure is
inherently very regular. However, many parameter changes are
needed if the old trees are to be described more accurately. This
poses a challenge for models utilising such structure equations,
but also defines a necessary task for modelling if the models are
to account realistically for changes in carbon allocation patterns
in old trees. Furthermore, in order to obtain a more comprehen-
sive understanding of age-related tree structure, we also need to
extend the study to a wider coverage of site types, to explore the
possible interaction between age and site quality for tree
structure.
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Appendix 1. Sample trees in different age
group by site type

Table7  Aboveground biomass of Scots pine and Norway spruce in different age groups by the site type, and their F and p values. The mean values (kg
tree ") and standard error were provided for each age group on relevant site type. 7 = number of observations

Site type n F D 2 3 4

Scots pine
Young 32 0.479 0.494 NA 14.019+3.801 16.855+2.002
Middle-aged 72 14.51 0.001 NA 91.460 +14.400 41.857+5.909
Mature 38 4.456 0.042 NA 272341 £39.412 183.792+22.016
Old 20 1.114 0.305 NA 513.19+£9.015 379.540+41.191
Tree number on each site type NA 44 118

Norway spruce
Young 12 0.644 0.441 82.375+£58.375 14911 +1.531 NA
Middle-aged 95 7.854 0.006 135.238 £23.888 74.049 +8.083 NA
Mature 37 3.722 0.062 291.679 £26.650 197.802 +38.673 NA
Old 19 16.380 0.001 863.808 £36.561 531.252+£49.037 NA
Tree number on each site type 66 79 NA

Appendix 2. Branch wood and foliage
biomass estimates

The dry weight of branch i on tree k (wy;,;) was modelled as a
function of branch diameter (dj,):

Inwyi(d) = InAg + Ay [In(dii)]** + Inaos + aye[In(dy)]*
+ Iney;
where Ay and A; are fixed parameters, while aq; and ay, are

Table 8  Parameter estimates of the branch woody biomass model and
the foliage biomass model. Standard deviation (SD) and p values of fixed
parameters, variance of random parameter and residuals are given

Components  Species Parameter Estimate SD  p
Branch wood  Scots pine InA, —36.100 5.688 0.0000
Ay 32.514 4438 0.0000
Norway spruce [nA, —19.427 8.884 0.0000
Al 16.556  6.092 0.0000
Foliage Scots pine InAg —1.277 0.088 0.0000
Ay 2.357 0.032 0.0000
A 2.861 0.137 0.0000
As —1.458 0.135 0.0000
Norway spruce InA, —-1.106 0.112 0.0000
Al 2210 0.041 0.0000
A2 5.573 0.168 0.0000
A3 —4.207 0.170 0.0000

random tree parameters with zero expectations. The total
branch wood mass of each sample tree was determined by
summing up the biomasses of individual living branches
(Lehtonen et al. 2004b). For Norway spruce with height >
10 m, since the branches were measured every second metre
from the treetop, total branch biomass was calculated by dou-
bling the estimates.

Foliage mass of branch 7 on tree k (w;;) was modelled as a
function of branch diameter (d);) and the relative height of the
branch in the crown (hry,):

Inw;(d, hr) = InAg + A;In(dy;) + Az (hrg) + As (hrf;)

+ Inag, + alkln(dki) + Iney;

where Ag, A, A, and Aj are fixed parameters and g, and ay;

Table 9  Effect of site type on hypothesis equations in Scots pine and
Norway spruce. The p values and chi square (x?) are listed

k k

X y Scots pine (162) Norway spruce (163)
P X P X
A, Wy 0.841 0.039 0.053 3.746
A, Ay 0.348 0.880 0.288 1.125
pHRA, W, 0.145 2.117 0.787 0.073
InH, InH,, 0.790 0.070 0.373 0.793
HA, V. 0.157 1.997 0.183 1.772
(A +r2r ©s 0.198 1.650 0.969 0.001
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are random tree parameters with zero expectations. The total
foliage mass of each sample tree was calculated by summing up
the foliage biomass from every living branch (Lehtonen 2005).
For Norway spruce with height > 10 m, since the branches were
measured every second metre from the treetop, total foliage
biomass was calculated by doubling the estimates.
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