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Abstract

Key message Terrestrial laser scanning data of trees combined with models of heartwood content proportion of woody
disks can provide precise characterization of total aboveground tree sapwood and heartwood volume.

Abstract Quantifying sapwood and heartwood content of trees is challenging. Previous studies have primarily character-
ized main stem wood composition, while branches have rarely been studied. Terrestrial Laser Scanning (TLS) can provide
precise representations of the entire above-ground tree structure, non-destructively, to help estimate total tree sapwood and
heartwood volume. In this study, we used TLS to scan above-ground portions of twenty-four open-grown, urban Gleditsia
triacanthos trees on Michigan State University campus. TLS data were used to generate quantitative structure models that
provided comprehensive characterizations of the total tree woody surface area (WSA) and volume. A subsample of trees
was harvested (after scanning) and main stem and branch woody disks were collected to build models of heartwood content
proportion. Models were applied to measurements from TLS to quantify complete heartwood and sapwood volume of each
tree, including main stem and branches. From the base to the top of the trees, the largest portion of stem vertical camulative
volume was heartwood, whereas vertical cuamulative volume of branches showed the opposite pattern. Absolute heartwood
volume declined monotonically toward zero from stem base to stem top, while absolute sapwood volume declined sharply
from stem base up to near the crown base and then remained relatively constant within crown. We also found that tree
WSA increased with sapwood volume for both branches and main stem. This study developed a novel, general method for
quantifying total aboveground sapwood and heartwood volume of trees and provided new insights into urban tree growth
and structure.
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Introduction

Wood is the secondary xylem of trees, accounting for
approximately 95% of total tree biomass (Celedon and Bohl-
mann 2017). Heartwood is the inner dark-colored core of
wood, which is metabolically inactive and considered to be
dead tissue. Sapwood consists of the outer, paler layers of
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wood, which contain living tissues, though most sapwood
cells are also dead (Celedon and Bohlmann 2017). Sapwood
is the conducting portion of xylem, and it contains reserves
of sugar and starch (Wilkins 1991), whereas heartwood has
an important role in tree mechanical stability and health,
because it has greater resistance to pathogens and insects
(Celedon and Bohlmann 2017). During tree ontogeny, inner
layers of sapwood progressively transform to heartwood in
the transition zone (Climent et al. 2003). The process of
sapwood to heartwood transformation is not completely
understood yet, but it is genetically and environmentally
controlled, and it includes the death of ray parenchyma cells
(Taylor et al. 2002; Kampe and Magel 2013; Cruickshank
et al. 2015; Celedon and Bohlmann 2017).

Both sapwood and heartwood components have important
implications for wood utilization, as well as tree physiology.
Accurate measurements of heartwood and sapwood volumes
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are fundamental to understanding the functional ecology and
evolution of woody plant species, and testing major theo-
ries of plant biology, including the ‘pipe model’ theory and
‘WBE’ metabolic scaling theory (Shinozaki et al. 1964;
West et al. 1997; Mikeld and Valentine 2006). Accurate
quantification of sapwood and heartwood volume can also
enhance our mechanistic understanding of the aboveground
biomass and carbon dynamics of forests at different scales,
because of wood density differences between heartwood and
sapwood tissues affecting biomass and carbon accumulation
(Climent et al. 2003). So, a better understanding of how
trees accumulate heartwood and sapwood volume can pro-
vide new insights into the growth, carbon balance and value
of forests.

Accumulation of tree sapwood and heartwood is chal-
lenging to quantify and wood branch composition has rarely
been quantified relative to the main stem (Kyker-Snowman
and Wilson 1988). Due to the lack of internal tree visibil-
ity, a model is required to estimate heartwood and sapwood
proportions based on a calibration of destructive samples,
typically from extracted tree cores or disks. Previous stud-
ies utilized geometric approximations (i.e., cone shape)
(Climent et al. 2003; Pinto et al. 2004; Cardoso and Pereira
2017) or taper functions for estimating sapwood and heart-
wood volumes in vertical profiles of main stem (Ojansuu
and Maltamo 1995; Maguire and Batista 1996; Knapic et al.
2006; Debell and Lachenbruch 2009). Other studies have
modeled sapwood and heartwood volume accumulation as a
function of species functional traits and tree allometry (e.g.,
wood density, height to live crown base, tree vigor, tree age
and mean annual growth; Wilkes 1991; Sellin 1994; Cruick-
shank et al. 2015). Currently, available methods are mostly
limited due to exclusion of branches and a priori assump-
tions of stem form and growth. A more useful approach
would directly measure the actual tree form and include sap-
wood and heartwood formation in both stems and branches.

Terrestrial Laser Scanning (TLS), which is an active
remote sensing technology, provides precise representations
of the entire aboveground tree structure by emitting laser
pulses and generating ‘point clouds’ of trees (Malhi et al.
2018). Main stem and branches can be modeled by fitting
geometric primitives (cylinders) in point clouds to create
quantitative structure models (QSM) of trees (Raumonen
et al. 2013). Several studies have showed that QSMs provide
precise non-destructive estimates of aboveground woody
volume, biomass and woody surface area of trees preserv-
ing stem and branch topology (Raumonen et al. 2013; Cal-
ders et al. 2015; Disney et al. 2018; Arseniou et al. 2021b;
Burt et al. 2021). TLS-based estimates of total aboveground
woody volume of trees cannot directly quantify heartwood
and sapwood volumes, but could be combined with mod-
els of heartwood and sapwood proportions, calibrated with
destructive sampling data.
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Including branches explicitly in characterizations of tree
sapwood and heartwood formation should allow for more
biologically meaningful interpretations. According to pipe
model theory (Shinozaki et al. 1964), which suggests that
trees have an inherent fractal-like architecture (Noordwijk
and Mulia 2002; Mikeld and Valentine 2006), based on
fractal geometry principles (Mandelbrot 1983), the cross-
sectional area of stems is preserved when they bifurcate
into branches and tree vascular system consists of active
and inactive woody ‘pipes’ and each woody ‘pipe’ transfers
water from roots to a unit of foliage providing mechani-
cal support (Shinozaki et al. 1964; Lehnebach et al. 2018).
Therefore, sapwood area of active woody ‘pipes’ scales with
foliage area or biomass (Dean and Long 1986; Mikeld 2002;
Cruickshank et al. 2015; Ogawa 2022). The theory assumes
that heartwood is formed through branch or twig senescence
and death as woody ‘pipes’ of tree vascular system discon-
nect from leaves and they become inactive (Mékeld and
Valentine 2006).

In this study, we used TLS technology combined with
measured heartwood and sapwood proportions of woody
disks sampled from branches and stems of open-grown trees.
Open-grown trees typically have few or no neighboring
trees, which should allow them to better demonstrate their
fractal-like character, as competition for light disrupts the
inherent self-similar structure of trees (MacFarlane 2014,
Arseniou et al. 2021a). Therefore, heartwood and sapwood
accumulation of such trees may be better described within
the pipe model theory framework. The objectives of the
study are: (1) develop new models of sapwood and heart-
wood proportions of stem and branch disks; (2) produce
novel estimates of whole tree vertical accumulation of sap-
wood and heartwood volume; (3) examine how woody sur-
face area (surface area outside of the bark tissues) of trees,
which relates to their growth respiration (Kim et al. 2007),
changes with their sapwood volume, which relates to main-
tenance respiration and the hydraulic conductance of active
root-to-foliage unit ‘pipes’ according to pipe model theory
(Shinozaki et al. 1964; Sprugel 1990).

Materials and methods
Tree data

Twenty-four open-grown Gleditsia triacanthos trees (a
broad-leaf deciduous species), were sampled on Michi-
gan State University campus, USA. The basic experimen-
tal approach was to identify healthy trees with undamaged
crowns covering different sizes (stem diameter at breast
height, DBH (cm): mean =51.9, minimum = 18.4, maxi-
mum =72.8; Height (m): mean=12.11, minimum =9.45,
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maximum = 18.44). A complete list of all their measured/
estimated properties is given as Supporting Information.

Reference field and laboratory measurements

Six G. triacanthos trees were harvested in July 2019. Before
felling, total standing height of trees was recorded with a
TruPulse 360 laser range finder and their DBH (at 1.37 m
from the ground) was measured with a diameter tape to the
nearest 0.25 cm. After felling, the ‘dominant” main stem was
determined following the largest and straightest stem at any
fork in main stem all the way to tree top. All other stems con-
nected to the dominant main stem (hereafter ‘main stem’)
are defined as branches. After branches were separated, the
main stem was cut at 1.37 m, 2.44 m, and then at 1.22 m
intervals. Disks of thickness approximately 5 cm were cut
from the top of the 0.15 m height mark (stump height), at
1.37 m above the ground (breast height), at the middle of
the stem, and at the top of the last stem section. Starting at
tree base and working upward, first-order branches (attached
directly to the main stem) were systematically removed.
Each branch was measured for basal diameter (bd), and it
was classified as either a ‘small’ branch (bd < 2.5 cm) or
simply a ‘branch’ (bd >2.5 cm). Disk samples from the base
of the largest branch and the highest branch in tree (with
bd>2.5 cm) were collected.

Bark of sampled stem and branch disks was removed.
Then, the woody surface was sanded and scanned using an
Epson Perfection V39 color scanner at a 600 DPI resolu-
tion. Disk images were processed with ImageJ 1.46r soft-
ware (Schneider et al. 2012), using a pixel-based approach to
quantify the total surface area of each disk, and the surface
areas of heartwood and sapwood, after they were separated
based on their strong color difference (which is typical for G.
triacanthos trees, Fig. 1). The scanning method was selected
to avoid bias in surface area measurements due to irregular
disks shape (Cruickshank et al. 2015).

Fig.1 a Part of a scanned DBH (a)
disk of a harvested G. triacan-
thos tree after bark removal, b
Separated heartwood surface
area of the same part of the
disk, ¢ Separated sapwood
surface area of the same part of
the disk

Terrestrial laser scanning of trees and point cloud
processing

All trees were laser-scanned with the FARO FocusP X 330
terrestrial laser scanner, which has wavelength of 1550 nm,
beam divergence 0.011°, maximum angular resolution
0.009°, horizontal/vertical field of view (FOV) 300°/360°,
exit beam diameter 2.25 mm, and ranging error +2 mm
(FARO Technologies Inc., Lake Mary, FL, USA). Harvested
trees were laser-scanned with their leaves-on before felling
in July 2019, and the remaining trees were laser-scanned
without their leaves in January 2020. Each tree was scanned
with high resolution from a minimum of four different direc-
tions and distances to minimize occlusion effects. Six ref-
erence target-spheres were placed around each focal tree
to spatially-reference each scan, then combined to create
a single point cloud for each tree (following field scanning
protocols suggested by Wilkes et al. 2017). All scans for
each tree were spatially co-registered and filtered using the
software SCENE 2019.2 (FARO Technologies Inc., 2019.2).
The same software was used to manually segment a tree
from the point cloud of the background site.

QSMs were generated from leaf-off point clouds of the
trees (Fig. 2) using the algorithm TreeQSM v.2.3.0 (Rau-
monen and Akerblom 2022), which includes two main steps:
(1) segmentation of stem and branches (2) reconstruction
of volume and surface area of segments with cylinders
(Calders et al. 2015). TreeQSM simultaneously generates
multiple QSMs for each tree with varying input parameter
values and then selects the optimal QSM (Raumonen et al.
2013). In TreeQSM the main stem is determined following
these criteria: (1) main stem extends near the tree top, (2)
it goes straight up, and (3) it is not too curved (the ratio of
the stem length to the stem base-tip distance, must be the
minimum among all candidate main stems). This definition
of tree main stem in TreeQSM is very similar to the defini-
tion used to identify the “dominant” main stem in the field
during destructive sampling (described previously).

Due to the inherent stochasticity of the TreeQSM algo-
rithm, multiple slightly different QSMs are generated for
each tree based on the same input parameters and the algo-
rithm finally selects the optimal QSM (Raumonen et al.

(b)
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Fig. 2 Digital representation

of an urban G. triacanthos tree
showing a Leaf-off point cloud,
b Generated QSM. QSM colors
denote different branching
orders (i.e., blue is main stem,
green is 1st order, red is 2"
order)

2013). Here, 190 QSM reconstructions were generated for
each tree prior to selecting the optimal QSM. Based on
optimal QSMs of leaf-off point clouds of the study trees,
their total woody volume and woody surface area (WSA,
including bark tissues) was computed as the sum of all
volumes and surface areas of the cylinders that were fit-
ted to the point cloud of a tree. The total woody volume
and WSA of a tree was also separated into main stem and
branch components.

Modeling the proportion of heartwood area of stem
and branch disks from harvested trees

The data showed that heartwood proportion in main stem
disks monotonically decreases with disk relative height
above ground, and it approaches zero at stem top; this
pattern has also been previously reported for other trees
(Knapic et al. 2006; Cardoso and Pereira 2017). So, the
surface area of heartwood as a proportion of total sur-
face area of a stem disk was modeled following an inverse
S-shaped function with the relative height of the stem disk
as predictor:

HW——I_C +c+e
T T +HIre 1
TA 1+ ea(<%)_1) (D

where HW and TA are the heartwood and total surface area
(m?) of the stem disk, respectively, and HTrel is the rela-
tive height of the stem disk. Parameters a and D determine
the rate of decrease of HW proportion and were estimated
(Wang et al. 2019). Parameter ¢ was set to zero, because
it is the asymptotic minimum HW proportion (i.e., 100%
sapwood) and it cannot be negative for biological reasons.
Error term (¢) has a multiplicative structure.

The data collection procedure called for only two sam-
ple branch disks per tree, so the possibility of using stem
disks for branch modeling was explored to increase sample
sizes. It was determined that the proportion of heartwood
surface area of disks depended principally on the diameter
of a disk and not on disk type (i.e., branch or stem disk)
(Fig. 3). So, the proportion of heartwood surface area of a
branch disk was modeled following the Michaelis—Menten
function (MacFarlane and Kobe 2006) with the diameter
of the disk as predictor (Eq. 2). The Michaelis—Menten
function was selected because the proportion of heartwood
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® largest branch
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content is expected to increase with disk diameter follow-
ing a rectangular hyperbola until it reaches an asymptote
(Sellin 1994; Knapic et al. 2006; Cardoso and Pereira
2017).

HW _ b x Disk.diam

TA ~ k+ Disk.diam )

where HW and TA are the heartwood and total surface area
(m?) of the disk respectively, and Disk.diam is the diameter
of the disk (cm). Parameter b is the asymptotic maximum
HW proportion, and k is the slope of the initial increase of
HW proportion. Error term (€) has a multiplicative structure.
The explanatory power of fitted models was quantified
with the coefficient of determination (adjusted R?). Agree-
ment between modeled and actual values of the proportion
of heartwood surface area of main stem and branches was
quantified with a concordance correlation coefficient (CCC;
Lin 1989), which ranges between -1 (complete discordance)
and 1 (complete concordance) (Calders et al. 2015). Pear-
son’s correlation coefficient (r) was also used to quantify sta-
tistical correlations. Relative RMSE(%) was used to quantify
estimation accuracy of heartwood surface area proportion
for main stem and branches separately (Burt et al. 2021).

RMSE

Relative RMSE% = -
HW .proportionges mean

* 100% 3)

where RMSE is the root mean square error of heartwood area
proportion for stem and branches separately across harvested
trees, and HW .proportiong,y .., 1S the corresponding mean
reference heartwood area proportion across harvested trees.

Statistical significance of all relationships was assessed
at a=0.05 and all analyses were performed within R 3.6.1
environment (R Core Team 2015).

Estimation of sapwood and heartwood volume
of non-harvested trees

Vertical accumulation (from tree base to treetop) of heart-
wood and sapwood volume of the main stem of non-har-
vested study trees was computed by multiplying the propor-
tion of heartwood content estimated from Eq. 1 with the
main stem volume at one-meter height intervals, derived
from a QSM. TreeQSM also computes branch diameters in

every one-meter height class from tree base to top. There-
fore, heartwood volume of branches within each height class
was estimated by multiplying the heartwood content esti-
mated from Eq. 2 with the volume of every branch within
each height class. Heartwood volume of all branches in
every one-centimeter branch diameter class was also com-
puted by multiplying the heartwood content estimated from
Eq. 2 with each branch’s volume, within each branch diam-
eter class estimated from the tree’s QSM. In all analyses,
sapwood volume was calculated by subtraction of heartwood
volume from total woody volume. Finally, it is important to
note that QSM-based volumes include bark tissues, which
were removed based on published averaged values of bark
volume proportion for G. triacanthos species (Miles and
Smith 2009). So, the models were only applied to the esti-
mated total woody volume.

Results

Heartwood area proportion models of stem
and branches of harvested trees

The relative height of a stem disk and the disk diameter
explained most of the variation of the proportion of heart-
wood content of the main stem and branches (see Adjusted
R?in Table 1). Strong agreement was also found between
modeled and actual values of the proportion of heartwood
surface area of the main stem and branches (see CCC in
Table 1), suggesting the inverse S-shaped function and the
Michaelis—Menten function were good model choices.

The relative RMSE (%) of the two models showed nearly
identical estimation accuracy for main stem and branches
(see relative RMSE (%) in Table 1), and the model residuals
plotted against the actual values of heartwood surface area
proportion showed no clear pattern (unbiased estimation) for
both main stem and branches (see Fig. 4).

Stem vertical profile of cumulative and absolute
sapwood and heartwood volume of non-harvested
trees

Across all trees, most of the vertically-cumulative volume
in the stem was heartwood compared to sapwood (Fig. 5).

Table 1 Model statistics of heartwood surface area proportion (HW/TA) of the main stem and branches modeled as a function of stem disk rela-

tive height (HTrel) and disk diameter (Disk.diam) respectively

Tree component Model Adjusted R? CCC Relative
RMSE
(%)

Main stem HW/TA ~HTrel +¢ 0.835 0.91 10.18

Main stem + Branches HW/TA ~Disk.diam+¢ 0.944 0.97 10.66
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(a) Main Stem (b) Main Stem and Branches
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Fig.4 Model residuals plotted against the actual values of heartwood surface area proportion for main stem and branches. Note that stem and
branch disks were used for branch modeling
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Fig.5 Cumulative whole-stem volume (purple curve), cumulative stem heartwood volume (blue curve), and cumulative stem sapwood volume
(yellow curve) as a function of stem relative height. The vertical dashed line indicates the relative height to the crown base

The absolute heartwood volume decreased monotonically ~ m?), whereas the absolute sapwood volume reduced sharply
with tree relative height approaching zero at the stem top  from stem base up to near the crown base (except GLTR.19)
(Fig. 6; across trees: min=3.19x 10°m? max=6.19x 10" and then remained relatively constant within crown (Fig. 6;
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Fig.6 Stem vertical profile of absolute heartwood (blue curve) and sapwood (yellow curve) volumes. The vertical dashed line indicates the rela-

tive height to the crown base

across trees: min=7.88x 10° m?; max =3.28 x 107! m3).
This revealed a point higher up in the tree (about 60-70%
of the total height), in each tree’s height profile, where
stem heartwood volume was less than stem sapwood vol-
ume. Shape differences of curves in Figs. 5 and 6 reflect
the method’s ability to capture tree to tree variation in the
cumulative and absolute vertical stem volume of sapwood
and heartwood, but also revealed a relatively consistent pat-
tern, despite size variation among the trees; e.g., GLTR.20
was the smallest study tree (DBH=18.4 cm)).

Sapwood and heartwood volume of branches
per branch diameter and tree relative height

Total heartwood and sapwood volume, averaged across
trees by branch basal diameter class (min=2 cm,
max =39 cm), indicated a positive skewness (Fig. 7).
Study trees allocated most of their total branch volume
into small and medium-sized branches, which are more

abundant and mainly consist of sapwood. Whereas larger
branches (approximately > 19 cm) mainly consisted of
heartwood. Some very large branches (basal diameter
greater than 35 cm) were observed in the largest trees;
these were large forks above the trunk, which is typi-
cal for open-grown, urban trees (see Fig. 2). Both the
destructive sampling method and the TreeQSM algorithm
defined them as branches, so this reflects a real pattern,
not one produced through model — destructive sampling
inconsistency.

Branch cumulative volume, as a function of tree relative
height, showed an accumulation of mostly sapwood com-
pared to heartwood (Fig. 8). The shape differences of curves
in Fig. 8 show how the new method captures tree-level vari-
ation across trees of different sizes and branching architec-
ture, but the general pattern was similar among trees; a steep
rise in sapwood volume moving from crown base to treetop,
and a slower accumulation of heartwood volume from the
growth of larger branches closer to the base of the crown.
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Fig.7 Distribution of total
branch heartwood and sapwood
volume per branch-base
diameter class of 1 cm size
(min=2 cm, max =39 cm) aver-
aged across trees
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Fig.8 Cumulative branch volume (purple curve), cumulative branch heartwood volume (blue curve), and cumulative branch sapwood volume
(yellow curve) as a function of tree relative height. The vertical dashed line indicates the relative height to the crown base
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Total vertical accumulation of sapwood
and heartwood volume

Branches comprised the greatest portion of woody volume
of the studied trees (except GTR.19); the branch to main
stem woody volume ratio ranged between 0.94 and 2.36,
with a mean value of 1.72. Whole-tree accumulation of sap-
wood and heartwood volume, as a function of tree relative
height, showed most trees accumulating greater heartwood
than sapwood volume up to a point near or after the relative
height to the crown base (see vertical dashed lines in Fig. 9).
Beyond this point, sapwood cumulative volume was greater
indicating greater vertical accumulation of sapwood volume
of branches compared to vertical accumulation of sapwood
volume of main stem (see Figs. 8 and 9). This also reflected
the fact that some of the heartwood formation was from the
continuation of the main stem into the crown.

Functional relationship of sapwood volume
and woody surface area

The WSA of study trees was positively correlated with
their sapwood volume (see Fig. 10) at the whole-tree level
(r=0.93, p<0.001), for branches (r=0.92, p<0.001),

GLTR.1

GLTR.10

O AN

Cumulative Volume (m’)

=== Whole Tree == Tree Heartwood

and the main stem (r=0.80, p<0.001). The WSA of the
branches greatly exceeded that of the main stem and the
slope of the relationship was much shallower.

Discussion

Advances in whole tree estimation of sapwood
and heartwood volume of trees

In this study, we used active remote sensing (TLS) com-
bined with heartwood and sapwood proportion data from
disks sampled from stems and branches, to develop a novel
method for modeling the total sapwood and heartwood vol-
ume of trees. Quantifying sapwood and heartwood volume
of trees is always challenging, because proportions vary
within different parts of trees and are not visible externally,
and previous studies rarely include branches (Kyker-Snow-
man and Wilson 1988). TLS provided measurements of
the size, shape, and location of every branch, in addition
to the dimensions of the main stem, which wasn’t possible
to measure on a standing tree prior to the advent of TLS
technology. However, while TLS provides accurate repre-
sentations of the three-dimensional tree architecture (Malhi

GLTR.11 GLTR.12 GLTR.13
? e
GLTR.17 GLTR.18

GLTR.3

Tree Relative Height

Tree Sapwood

Fig.9 Cumulative whole tree volume (purple curve), cumulative tree heartwood volume (blue curve), and cumulative tree sapwood volume (yel-
low curve) as a function of tree relative height. The vertical dashed line indicates the relative height to the crown base
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Fig. 10 Relationship of sap-
wood volume (SW in m®) and
woody surface area (WSA in
m?) for whole tree (blue line),
branches (brown line), and
main stem (purple line) across
study trees. The 95% confidence
interval has been plotted around
the regression lines. Note: The
"outlier" data-point in Fig. 10
(smallest tree GLTR.20, blue
and brown points, bottom-left)
did not drive the observed
relationships, because patterns
did not change after removing
this data-point

SW Volume (m”)

01

0 100

et al. 2018; Disney et al. 2018), some studies have shown
that QSM-based volume of small branches (base-diameter
less than 5 cm) can be overestimated (Demol et al. 2022)
and large branch volume can be underestimated (Lau et al.
2019, e.g., showed 8% underestimation in QSM-based diam-
eters of branches between 20 and 60 cm). Consequently,
WSA might also be biased for some smaller parts of the tree.
So, more research is needed to better understand the effect
of branch size on the accuracy of QSM-based volume and
surface area estimates (Morales and MacFarlane 2024). If
the size of branches is overestimated by TLS, then the pro-
portion of sapwood would be underestimated, based on our
findings. The sapwood and heartwood volume estimates in
this study also depend on the inherent stochasticity of QSM-
based volumes estimation due to non-deterministic fitting of
cylinders to point clouds (Disney et al. 2018). Arseniou et al.
(2023) found that only a small percentage of the total uncer-
tainty in aboveground biomass estimation originated from
the inherent QSM stochasticity (i.e. 4.3%), which implies
that TreeQSM algorithm is relatively robust.

The models for predicting heartwood proportion of
destructively sampled main stem and branch sections were
highly accurate (see Table 1 and Fig. 4), suggesting that
heartwood formation is generally a function of diameter.
Previous studies have also shown that heartwood content
of woody disks depends on their size (Kyker-Snowman
and Wislon 1988; Knapic et al. 2006). That makes the
TLS-based approach shown here, which employs a three-
dimensional model of the tree with estimated diameters
of all stems and branches, a potentially powerful method.
Nonetheless, the method still requires a minimal amount of
destructive sampling (wood disks or cores) for calibration,
which could be particularly challenging for trees in urban
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areas. Increment borer samples radially collected from pith
to bark (Wiemann and Williamson 2012), combined with
branch disks of urban trees that are typically pruned could
alleviate this challenge. However, more research is needed to
determine the appropriate number and distribution of incre-
ment borer samples within a tree to collect accurate data of
heartwood and sapwood volume due to vertical and radial
variation of wood properties within a tree (Williamson and
Wiemann 2010).

This new method could be applied to any tree, but some
of the patterns observed in allocation may be an adapta-
tion of the study trees to an open-grown, urban environment
(MacFarlane and Kane 2017). Trees tend to invest more
resources in expanding their crowns and they build com-
plex branching structures, compared to the main stem, in the
absence of light competition or if crowding conditions are
reduced (Weiner 2004). Open-grown, urban trees typically
have a squat form (i.e., wide crown with a short and sharply
tapered trunk), which provides them mechanical stability
against wind loads (Long et al. 1981; MacFarlane and Kane
2017). By contrast, the crown structure of trees growing in
forest stands is significantly affected by competition for light
and their inherent tolerance to shade. However, crown struc-
ture of open-grown trees is also affected by their response
to self-shading of leaves and branches and light attenuation
within crown (Mikeld 1997; Duursma et al. 2010). Accord-
ing to Niinemets and Valladares (2006) G. triacanthos is a
species with low shade tolerance (shade tolerance index for
G. triacanthos =1.61; numerical scale from 1 =very intol-
erant to 5 =very tolerant). Previous studies have showed
that species with high shade tolerance distribute their foli-
age more evenly within their crown volume (Arseniou and
MacFarlane 2021; Arseniou et al. 2021a), whereas species
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with low shade tolerance distribute their leaves mainly in
the crown top to increase crown porosity and reduce local
self-shading (Sack et al. 2006). Therefore, self-shading of
the study trees, combined with their inherently low shade
tolerance, may explain the distinct branch cumulative vol-
ume profile, which largely consists of sapwood particularly
in the upper crown parts. However, the vertical accumulation
of stem sapwood and heartwood volume in these urban trees
was consistent with previous studies of forest-grown trees
(Knapic et al. 2006), which supports the idea of a general
pattern across growing environments.

Urban forests provide multiple ecological services (e.g.,
shade, air pollutants uptake, etc. (McPherson 1998; Nowak
and Crane 2002)) and can potentially provide new sources
of wood products and bio-based fuels for energy generation
(MacFarlane 2009), yet there is limited understanding of
the aboveground biomass, carbon offset and wood products
potential, due to inadequate data and models that quantify
urban tree structure (Tigges and Lakes 2017). So this study
addresses both the general problem of quantifying whole
aboveground tree heartwood and sapwood volume accumu-
lation, while exploring new, urban-tree specific allometric
scaling relationships using TLS that can inform urban forest
management strategies for enhancing urban wood utilization.

Whole-tree sapwood and heartwood volume
in the context of tree physiology

The precise characterizations of the metabolically active
(sapwood) and non-active (heartwood) components of tree
woody volume produced in this study, can provide new
insights into the growth and carbon balance of trees. It has
long been understood that respiration, photosynthesis, and
hydraulic balance are fundamental physiological processes
that relate to surface area and volume of trees (Whittaker
and Woodwell 1967). In general, tree-level variation of
heartwood and sapwood accumulation is due to potential
differences in factors like tree age, size, foliage mass and
site characteristics (as suggested by Wilkins 1991). Here,
the main difference between the trees was their size, but
the methods developed here could be applied to study trees
across a range of determinants, to help understand similari-
ties and differences in physiology.

The largest amount of absolute sapwood volume was near
the base of most of the study trees, reducing up the stem
up to the crown base, beyond which it remained constant.
Previous studies (of rural forest trees) found that stem sap-
wood volumes are large near the tree base to maintain water
flow, because wood conduits of some species become longer
and wider with increasing diameter and age near stem base
which increases risk of embolism due to drought (Domec
et al. 2012; Cruickshank et al. 2015). Other studies sug-
gest that large amount of sapwood volume near tree base of

some species is due to thick cell walls optimizing hydrau-
lic conductivity and safety near stem base (Climent et al.
2003). A constant sapwood volume above crown base can
be interpreted based on pipe model theory (Shinozaki et al.
1964), because stem heartwood formation regulates sap-
wood content to a specific proportion based on the hydrau-
lic needs of the crown (Yang et al. 1985; Yang and Mur-
chison 1992; Knapic and Pereira 2005; Knapic et al. 2006;
Cardoso and Pereira 2017). As trees grow, total sapwood
volume increases to cover the hydraulic demands of leaves,
which implies increased maintenance respiration (Ryan et al.
1995). At a certain size, trees may cease their sapwood vol-
ume growth to prevent excessive respiration costs and to
maintain a positive carbon balance (Sellin 1994). However,
there might be a mechanism other than maintaining hydrau-
lic and carbon balance in leaves that explains the observed
pattern. The existence of younger branches in the upper
crown, which mostly consist of sapwood due to the nega-
tive relationship between sapwood proportion and branch
size/age (Kyker-Snowman and Wilson 1988; Sellin 1994;
Yang and Murchison 1992) may also explain the pronounced
difference between branch sapwood and heartwood vertical
volume accumulation.

The observed decrease of absolute heartwood volume
from the base of the study trees upwards is also a well-
documented pattern in literature (Hillis 1987; Wilkes 1991;
Wilkins 1991; Mikeld 2002; Pinto et al. 2004; Knapic and
Pereira 2005; Cardoso and Pereira 2017). One explanation is
that heartwood content increases with stem age as heartwood
formation progresses outward on a set fraction of a growing
ring per year (Hazenberg and Yang 1991; Wilkes 1991). In
other studies, the allocation of large portion of heartwood
volume near tree base has been attributed to greater propor-
tion of latewood, which has lower hydraulic conductivity
and enhances stem mechanical stability (Domec and Gartner
2002; Cruickshank et al. 2015).

This study showed that for most trees there was an
inflection point of whole-tree sapwood volume accumula-
tion at a height near the crown base, which is consistent
with previous studies of forest-grown trees; sapwood vol-
ume at crown base strongly correlates with leaf biomass
(Long et al. 1981; Ogawa 2022). The stem heartwood
volume of the study trees was significantly greater than
their stem sapwood volume near crown base, which is
expected for open-grown trees with large crowns and lit-
tle crown rise, because crown rise affects stem heartwood
formation (Mikeld and Valentine 2006). Tree GLTR.19
had a relatively smaller heartwood and sapwood volume
difference at the crown base, but this tree had an elon-
gated stem and relatively narrow crown. The crown is
composed of branches, so more detailed understanding
may arise from examination of sapwood and heartwood
formation in branches within the crown. Further, pipe
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model theory directly connects stem heartwood forma-
tion to branch senescence (Shinozaki et al. 1964; Mikeld
and Valentine 2006).

Branch characteristics are affected by branch size and
position in crown (Weiskittel and McGuire 2006). Small
and medium-sized branches in QSMs accumulated most
of total branch sapwood averaged across trees, whereas
large branches accumulated more heartwood. Due to the
fractal-like architecture of trees, the vascular structure
of branches is a confluence of metabolically active (sap-
wood) and non-active (heartwood) self-similar tubes
(Lehnebach et al. 2018). As branches grow in size and
become older, they accumulate more heartwood in the
center of their base while sapwood eventually stops
growing causing branch senescence (Kyker-Snowman
and Wilson 1988; Enquist 2002). Branch sapwood was
highest higher in the crown, where the branches were
also smaller, so size and position are to some extent
confounded. One limitation in this study was that dead
branches couldn’t be effectively separated out from live
ones in TLS data. Though dead branches were a relatively
small proportion of the total volume, these were essen-
tially modeled as live ones.

New advances in TLS also allow for precise quanti-
fication of total WSA of trees including main stem and
branches (Arseniou et al. 2021b). Here, we combined
them with novel sapwood volume estimates of the main
stem and branches. Growth and maintenance respiration
are the two main components of tree respiration (Spru-
gel 1990). Growth respiration of woody tissues occurs in
the cambial sheath and the living annual growing rings
around heartwood (Kinerson 1975) and it relates to WSA
(Bosc et al. 2003; Kim et al. 2007), while maintenance
respiration relates to sapwood volume of trees (Sprugel
1990; Ryan et al. 1995; Lavigne and Ryan 1997). The
observed increase of sapwood volume with WSA across
study trees implies that as growth respiration rate of a tree
increases, its maintenance respiration should similarly
increase to maintain sustainable growth. Additionally,
the living woody volume to surface ratio of main stem
of sampled trees increased at a higher rate compared to
their branches (see regression slopes in Fig. 10) indicat-
ing greater maintenance energy cost for stems compared
to greater growth energy cost of branches that carry leaf
photosynthetic tissues. Ultimately, more detailed studies
of tree physiology are needed, and the types of data and
models demonstrated here could be used to develop new
process models of forest growth (Mikeld 1997), to better
understand factors affecting tree hydraulic balance based
on physiological relationships between sapwood area and
the photosynthetically active and non-active surface area
of trees (Domec et al. 2012).
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Conclusions

This study explored a novel methodology for quantifying
the total aboveground sapwood and heartwood volume of
trees using a combination of TLS data and models cali-
brated with destructive sampling data. Previous methods
are mostly limited due to exclusion of branches and a
priori assumptions of stem form and growth. However,
here we directly measured the actual tree form, and we
quantified sapwood and heartwood content in both stems
and branches. Therefore, a major novelty of the proposed
method is the explicit inclusion of branch volumetric esti-
mates from QSMs, which requires more research to under-
stand the effect of QSM-based branch volume variation on
whole-tree sapwood and heartwood volume quantification.
Although this study included data from a single species in
urban settings, the proposed method could be applied to
any tree if new data is collected to calibrate for different
species and different growing environments.

Finally, accurate measurements of heartwood and
sapwood volumes are fundamental to understanding the
structure and function of woody plant species, and test-
ing major theories of plant biology, including the ‘pipe
model’ theory and “‘WBE’ metabolic scaling theory. Future
studies should focus on developing new process models of
tree growth and production efficiency combining whole-
tree sapwood and heartwood volume estimates based on
the proposed method with TLS-based leaf surface area
estimates within the framework of the above-mentioned
theories.
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