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ABSTRACT

Accurate quantification of urban tree carbon is important for climate change mitigation.
However, many estimates rely on allometric equations developed in natural forests, published
wood density values, and a standard assumption that dry biomass is 50% carbon. These
assumptions may not represent urban trees, which grow under very different and heterogeneous
conditions. For example, street trees often face greater site constraints and stress than park trees,
which can affect physiological processes and carbon accumulation.

In this study, we combined terrestrial laser scanning (TLS) for aboveground woody
volume estimation with direct measurements of wood density, elemental analysis of wood
carbon concentration (C%), and microscopic analysis of xylem vessel anatomy from increment
cores. We sampled 90 trees of three species: Quercus falcata, Quercus lyrata, and Taxodium
distichum, equally from street and park environments in Auburn, Alabama, USA.

The first chapter provides the conceptual and methodological foundation for the thesis. In
the second chapter, we examined how species and growing environment affect wood C%, total
aboveground carbon (AGC) biomass, and xylem vessel anatomy. Wood C% differed among
species, with 7. distichum having the highest and Q. falcata the lowest. In the two oak species,
park trees had higher wood C% than street trees, whereas 7. distichum showed no significant
difference between environments. AGC scaled similarly with diameter across environments, but
park trees accumulated more carbon at a given age than street trees. Microscopic analysis
showed that park-grown oaks developed fewer but larger vessels, while street-grown oaks had
more but smaller vessels. Vessel size was positively related to main-stem carbon biomass, but it

explained only a small portion of the overall variation.
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In the third chapter, we used TLS to quantify carbon allocation within sampled trees and
compared TLS-based estimates with i-Tree-based estimates. Using measured wood density and
carbon content instead of published defaults significantly affected AGC estimates in a species-
dependent manner. TLS enabled component-level analysis, which showed that carbon allocation
between the main stem and branches was species dependent, with Q. lyrata showing higher
branch carbon relative to stem carbon than Q. falcata and T. distichum. Branch carbon decreased
sharply with increasing branch order and was concentrated in large, low-order branches in the
lower crown. TLS-based and i-Tree estimates were strongly correlated, but absolute agreement
varied by species and was sensitive to the Crown Light Exposure (CLE) adjustment (open-grown
biomass adjustment factor in i-Tree), which improved estimates for some species but worsened
them for others.

Collectively, this study demonstrates that species and growing environment significantly
influence both the biology of carbon storage and the precision of carbon estimation methods. The
findings support the use of species-specific wood properties and TLS-based structural
measurements for improving urban forest carbon accounting, developing urban-specific
allometric equations, and guiding species selection and management strategies that enhance

urban forest carbon sequestration.
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CHAPTER 1

INTRODUCTION

1.1 Urban Forests in the Context of Climate Change

Urban forest refers to all trees in and around urban areas, including street trees, park
trees, remnant woodlands, and trees on private property (Vogt 2020). It is one of the few nature-
based solutions that can be implemented directly in built environments. Trees help mitigate
climate change by absorbing carbon dioxide from the atmosphere through photosynthesis. They
convert CO: into organic carbon compounds, which get stored in wood, bark, roots, and leaves
(Nowak 1994). As long as a tree is alive and growing, it continues to gather carbon in its woody
material. This process functions as both a carbon sink through new growth and a carbon pool

through the storage of existing carbon biomass (Ariluoma et al. 2021; Bherwani et al. 2024).

In addition to capturing carbon, urban trees provide many other benefits that support the
argument for investing in them as climate infrastructure. Trees cool the air through
evapotranspiration and shading, which helps reduce the urban heat island effect and lower the
energy needs for cooling buildings (Akbari et al. 2001; Zhao et al. 2010). Their canopies catch
rainfall, reducing the amount and speed of stormwater runoff while easing the burden on
drainage systems (Berland et al. 2017). They filter out airborne particulate matter and absorb
harmful gases like ozone, nitrogen dioxide, and sulphur dioxide, which improves local air quality
(Escobedo et al. 2011; Nowak et al. 2014). Urban forests promote biodiversity by offering
habitats and ecological connections in otherwise fragmented landscapes (Lepczyk et al. 2017).

Additionally, urban greenery enhances human physical and mental health by reducing stress and



improving cognitive function (Roy et al. 2012; Kuo 2015). These benefits are key reasons cities
plant and maintain trees, making it essential for carbon accounting associated with urban forests
to be credible. Unreliable carbon estimates could weaken the overall argument for urban

greening.

As awareness of these benefits grows, cities are more explicitly including urban forests in
climate action plans, sustainability frameworks, and greenhouse gas reporting guidelines. Cities
throughout the United States and around the world now make specific commitments about the
carbon value of their tree canopies (Churkina et al. 2020; Piana et al. 2021). They use
quantitative estimates to support planting targets, set emissions offsets, or claim carbon credits
(Piana et al. 2021). This means the success of urban forestry as a climate strategy relies on the
accuracy and reliability of the carbon data that supports it. If the methods for estimating urban
tree carbon are unclear, inconsistent, or biased, the resulting numbers can mislead policymakers,
misallocate resources, and erode public trust in nature-based climate solutions (Nowak et al.
2013). Getting these figures right is not just an academic task; it is a practical necessity for

responsible urban environmental management.

1.2 Challenges in Quantifying Urban Tree Carbon

The carbon content of a tree is the product of three quantities: the volume of its woody
structure, the density of its wood, and the concentration of carbon within that wood (Chave et al.
2005; Martin et al. 2018). Estimating any one of these quantities accurately for a living tree is
nontrivial, and errors in any single component propagate directly into the final carbon estimate

(Vorster et al. 2020).



The standard method for estimating tree biomass relies on allometric equations; statistical
models that predict total aboveground biomass (or volume) from simple field measurements such
as diameter at breast height (DBH) and total tree height (Jenkins et al. 2003; Stovall et al. 2018;
Arseniou et al. 2023). These equations are developed by destructively sampling trees: felling
them, drying and weighing their components, and then fitting regression models that relate
biomass to easily measurable dimensions (Chave et al. 2014; Weiskittel et al. 2015; Arseniou et
al. 2023). The resulting equations can then be applied non-destructively to standing trees in
inventories and monitoring programs. The fundamental problem for urban applications is that the
vast majority of available allometric equations were developed from trees grown in closed-
canopy forests, where competition for light drives tall, narrow growth forms with relatively small
crowns (Jenkins et al. 2003; McHale et al. 2009). Urban trees, particularly those growing in open
conditions, develop very different architectures like shorter trunks, wider crowns, heavier
branching, and more spreading forms, that do not conform to the structural assumptions
embedded in forest-derived equations (McHale et al. 2009; McPherson et al. 2016). When these
equations are applied to urban trees, the mismatch between assumed and actual architecture can
produce errors at the individual tree level (McHale et al. 2009). Even urban-specific equations,
where they exist, are limited in the number of species they cover and the range of sizes and

conditions they represent, making generalization difficult.

Many biomass estimation approaches require a value for wood density to convert volume
estimates into mass. Wood density varies substantially among species, among individuals within
a species, and even within a single tree: radially from pith to bark, vertically from base to crown,
and between heartwood and sapwood (Williamson and Wiemann 2010; Demol et al. 2021). The

common practice is to source a single representative wood density value from published



databases or literature compilations and then apply it uniformly across the tree (Nowak and
Crane 2002; Miles and Smith 2009; Arseniou et al. 2023). While practical and sometimes
unavoidable, this approach introduces systematic bias whose magnitude and direction depend on
the species, the source of the published value, and how well it represents the specific population
of trees being studied. For urban trees, which may grow under conditions quite different from the
forest-grown individuals on which published densities are based, this mismatch can be especially

consequential.

The final step in converting biomass to carbon requires a value for the fraction of dry
wood mass that is elemental carbon. The Intergovernmental Panel on Climate Change (IPCC,
2006) recommends a default carbon fraction of 0.50 (i.e., 50%) for all tree species, and this value
is embedded in widely used tools such as i-Tree Eco (Nowak 2024). However, measured wood
carbon concentrations vary substantially across species, ranging from approximately 42% to
55%, with systematic differences between angiosperms (hardwoods) and gymnosperms
(softwoods) driven largely by differences in lignin content and extractive chemistry (Lamlom

and Savidge 2003; Thomas and Martin 2012; Martin et al. 2018).

The critical point is that these sources of error are not independent in practice. Each
assumption layered onto the previous one either amplifies or, occasionally, compensates for the
error already present, but the net effect is difficult to predict without measuring all three
components directly. In the context of urban forests, where tree populations are highly
heterogeneous in species, size, age, condition, and growing environment, the cumulative
uncertainty can be substantial and can vary in unpredictable ways across the urban landscape.

This is the methodological problem that motivates the present research.



1.3 The Influence of Urban Growing Environments on Tree Carbon Dynamics

Urban trees grow across a wide spectrum of site conditions, from highly constrained
street corridors to relatively spacious park settings. These environments differ in ways that can

significantly affect tree growth, physiology, and wood formation.

Street trees occupy some of the most challenging growing environments found in any
landscape. Their rooting space is typically restricted by sidewalks, curbs, utility trenches, and
building foundations, creating soil volumes that are often far too small to support the full root
development of a mature tree (Randrup et al. 2001). The hard, impervious surfaces that surround
them reduce rainfall infiltration and increase surface runoff, so that less water reaches the root
zone even during adequate rainfall events (Yao et al. 2016). Soil compaction from foot traffic,
vehicle loading, and construction activity reduces pore space, limits aeration, and further
impedes root penetration and function (Moore et al. 2019). Street trees are exposed to de-icing
salts in winter, elevated air temperatures from the urban heat island effect, reflected and re-
radiated heat from pavement and buildings, mechanical damage from vehicles and pedestrians,
and higher concentrations of gaseous and particulate air pollutants from vehicle exhaust
(Randrup et al. 2001; Tang et al. 2024; Alonzo et al. 2025). Collectively, these stressors can
reduce photosynthetic capacity, slow radial growth, alter patterns of carbon allocation, change
wood chemistry, and shorten tree lifespans relative to trees of the same species growing in less

constrained settings (Czaja et al. 2020; Patel et al. 2024).

Park trees, by contrast, generally grow in larger soil volumes with better structure,
improved water infiltration, lower concentrations of pollutants, and substantially more room for
both root and canopy development (North et al. 2018). However, park trees are not free of stress:

depending on planting density, they may experience significant competition for light, water, and

5



nutrients, and they face their own set of management pressures, including mowing damage,
compaction from foot traffic along paths, and variable maintenance regimes (Kleiber et al. 2019;

Kraemer and Kabisch 2022).

The consequence of these environmental differences is that trees of the same species and
the same age can exhibit markedly different sizes, growth rates, crown architectures, and health
conditions depending on whether they grow on a street or in a park (Gregg et al. 2003; Pretzsch
et al. 2017). They translate directly into differences in the total volume of wood produced, the
rate at which that wood is deposited, the density and chemical composition of the wood itself,

and therefore the total quantity of carbon stored in the tree.

1.4 Xylem Vessel Anatomy as a Mechanistic Link Between Environment and Carbon

Storage

Recognizing that street trees and park trees store different amounts of carbon is an
important observation. It becomes even more meaningful when we can connect it to underlying
physiological mechanisms. One promising way to establish this connection is by studying xylem

vessel anatomy.

Wood is a type of tissue that can move water. Its main role is to transport water and
dissolved minerals from the roots to the leaves, where photosynthesis occurs (Sperry et al. 2002;
Tyree and Zimmermann 2002). In angiosperm species, this transport happens through
specialized cells called vessels. These vessels are elongated, hollow tubes formed by the fusion
of individual vessel elements. The size, number, and arrangement of these vessels affect how
well the wood can convey water (Tyree and Zimmermann 2002; Hacke et al. 2017). This ability,

known as hydraulic conductivity, determines how quickly water can move to the leaves. This



regulates the rate of transpiration and gas exchange during photosynthesis (Whitehead 1998).
Photosynthesis is how trees turn atmospheric carbon into organic compounds, so the wood's
hydraulic architecture determines how fast the tree can absorb carbon (Cruiziat et al. 2002;

Pfautsch 2016).

The link between hydraulic architecture and carbon absorption follows a well-known
physical principle. According to the Hagen-Poiseuille equation, the flow rate through a
cylindrical tube depends on the fourth power of its radius. So, a vessel that is twice as wide can
carry sixteen times more water in the same amount of time, assuming everything else is equal
(Tyree et al. 1994). Even small changes in vessel diameter can significantly impact the wood's
total water transport capacity and subsequently affect the tree's photosynthetic ability and carbon

fixation capacity.

This principle is relevant for urban trees, particularly considering the hydraulic
efficiency-safety trade-off. Urban trees face various stresses, like limited water, soil compaction,
and higher temperatures. Under these conditions, they tend to develop xylem with smaller, more
numerous vessels (Pittermann et al. 2006; Hacke et al. 2017). Smaller vessels are less prone to
cavitation, which is when air bubbles form and block water flow. This makes the hydraulic
system more resilient to drought (Rissanen et al. 2025). However, this safety comes at the
expense of efficiency. Smaller vessels move less water per unit area, leading to less water
reaching the leaves, lower transpiration rates, more frequent stomatal closure, and reduced

photosynthetic carbon gain.

Research has shown changes in xylem anatomy along urban-rural gradients and in

response to specific urban challenges (Savi et al. 2015; Rissanen et al. 2025). This confirms that



the urban environment can alter the hydraulic structure of trees. However, no studies have
directly looked at the relationship between xylem vessel features and carbon biomass in urban
trees. This gap is significant because it allows us to see that street trees store less carbon than
park trees without understanding the physiological mechanism behind this difference. Closing
this gap, by measuring xylem vessel anatomy and carbon biomass in the same trees in different
growing environments, could help explain the variations in carbon storage and guide the
selection of species for urban planting programs that aim to maximize carbon benefits under

challenging conditions.

1.5 Terrestrial Laser Scanning: A Non-Destructive Approach to Tree Carbon

Quantification

The limitations of allometric equations for urban trees create a need for alternative
methods that can capture the actual three-dimensional structure of individual trees without
requiring destructive sampling (Weiskittel et al. 2015). Terrestrial laser scanning (TLS) offers

precisely this capability.

TLS is an active remote sensing technology that emits millions of laser pulses to measure
distances to surfaces and create a dense point cloud that represents tree structure in three-
dimensions (Liang et al. 2016; Calders et al. 2020). TLS systems commonly use two
measurement principles: time-of-flight (TOF) and phase-shift. In TOF systems, distance is
calculated as a function of the time required for the laser pulse to reach the target and be
recorded by the scanner. On the other hand, phase-shift systems estimate distance from the phase
difference between a continuously modulated laser beam and its reflected signal (Calders et al.,
2020). To convert these raw point clouds into volumetric estimates, we need to reconstruct

quantitative structure models (QSMs). A QSM reconstructs the tree’s woody skeleton as a

8



connected network of geometric primitives, typically cylinders, that are fitted sequentially along
the stem and branches, following the branching topology of the tree from the base to the tips of
the crown (Raumonen et al. 2013). Each cylinder in the model has a known position, orientation,
length, and radius, so the total volume of the tree (or of any specified subset, such as the main
stem, primary branches, or fine branches) can be calculated directly by summing the volumes of

the constituent cylinders.

Multiple studies have validated TLS-derived biomass estimates against destructive
reference measurements and have demonstrated that, with appropriate data collection and
processing protocols, TLS can achieve accuracies comparable to or better than the best available
allometric models, while eliminating the need for species- or region-specific equation calibration
(Calders et al. 2015; Gonzalez de Tanago et al. 2018; Demol et al. 2022). Beyond accuracy, TLS
offers several practical advantages for urban applications. Scanning is non-destructive, which is
essential in urban settings where trees are valued community assets that cannot be felled for
measurement. It captures structural detail, such as branch-level carbon allocation and crown
architecture, that is simply inaccessible through traditional inventory methods (McHale et al.
2009; Lee et al. 2025). And it produces a permanent digital record of tree structure that can be

revisited, reanalyzed, and compared with future scans to assess growth and change over time.

Despite these advantages, TLS is not a complete solution on its own. A QSM provides
volume, but converting volume to carbon still requires wood density and carbon concentration
values. If generic literature values are used for these conversions, the final carbon estimate
inherits the same biases discussed earlier, biases that can negate the structural precision gained
through TLS. Realizing the full potential of TLS for carbon quantification, therefore, requires

pairing it with direct measurements of wood density and carbon concentration from the same

9



trees, creating an internally consistent measurement chain from three-dimensional structure to

elemental carbon.

1.6 The Need for Integrated Approaches

Addressing the shortcomings of current urban tree carbon estimation methods requires an
integrated approach that measures each component of the volume-to-carbon conversion chain as
directly and accurately as possible. This thesis adopts such an approach. It combines TLS for
non-destructive, three-dimensional volume quantification; basic wood density measurement from
increment cores extracted from the study trees; elemental analysis (using a CHN analyzer) for
direct determination of wood carbon concentration; and microscopic analysis of xylem vessel
anatomy to understand the physiological drivers of carbon storage differences between growing
environments. By applying all these methods to the same study trees across contrasting urban
settings, the research provides an internally consistent dataset that can be used to evaluate where
existing estimation tools perform well, where common assumptions break down, and what the

practical consequences of those breakdowns are for urban forest carbon accounting.

1.7 Thesis Objectives and Organization

The overall goal of this thesis is to advance both the understanding and the quantification
of aboveground carbon content in urban trees. To achieve this goal, the thesis is organized into
four chapters, including two main study chapters, each addressing a complementary set of

research objectives.

Chapter 1: This chapter provides the conceptual and methodological rationale for the
thesis. It reviews the importance of urban forests in climate-change mitigation, outlines the major

challenges associated with quantifying carbon in urban trees, and introduces the biological and

10



methodological factors that motivate this research, including urban growing environment, wood
traits, xylem anatomy, and terrestrial laser scanning (TLS). The chapter concludes by defining

the research objectives and the overall structure of the thesis.

Chapter 2: Species-specific characteristics and growing environment effects on the
carbon content of urban trees. This chapter examines: (1) how species and growing environment
(street versus park) influence the carbon concentration of woody tissue; (2) how total
aboveground carbon biomass scales with tree size and age across species and growing
environments; and (3) how xylem vessel anatomy differs between park and street trees of the two

ring-porous oak species and whether vessel metrics are related to carbon biomass.

Chapter 3: Enhancing the quantification of urban tree carbon content through terrestrial
laser scanning. This chapter examines: (1) how the choice of conversion parameters affects TLS-
derived carbon estimates; (2) how urban trees allocate carbon in the main stem and branches, and
how this allocation varies by species, branch order, branch size class, and position within the

crown; and (3) how TLS-based carbon estimates compare with i-Tree-based estimates.

Chapter 4: Overall Discussion and Conclusions. The findings from Chapters 2 and 3 are
synthesized in a final chapter that brings together the biological and methodological threads of
the thesis. This chapter discusses the broader implications of the findings for urban forest
management practices, carbon accounting policy, and greenhouse gas reporting, species selection
for urban tree planting programs, along with limitations and future research directions. Together,
these chapters provide a comprehensive assessment of both the biological factors and the

measurement methods that determine the accuracy of urban forest carbon estimates.
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CHAPTER 2

Species-specific characteristics and growing environment affect the carbon content and xylem

structure of urban trees.

Abstract

Urban trees grow under a wide range of conditions, which can affect their biomass and
wood carbon concentration, thus affecting estimates of urban forest carbon storage. This study
aims to determine how species characteristics and the local growing environment (street versus
park) influence the carbon content of urban trees, including an assessment of how xylem vessel
metrics help explain differences in carbon content accumulation. We sampled 90 trees of three
species (Quercus falcata, Quercus lyrata, and Taxodium distichum; 30 trees per species) in
Auburn, Alabama, at street and park sites. We scanned all study trees using a Terrestrial Laser
Scanner (TLS) to obtain precise aboveground, woody volume estimates, which were converted
to total aboveground carbon (AGC) using measured wood density and carbon concentration
(C%) from wood increment core samples. We found that the wood C% in cores varied
significantly by species and growing environment. 7. distichum had significantly higher wood
C% than the two oak species, and oak trees exhibited higher wood C% in parks compared to
streets. The total aboveground carbon (AGC) showed similar scaling relationships with tree size
in both street and park environments, but park trees accumulated more AGC at a given age,
because of both faster growth rates and greater carbon concentrations in the wood. Microscopic
analyses of increment cores from the two oak species revealed that xylem vessel metrics differ
significantly between urban growing environments. Park-grown oaks developed fewer, larger

vessels (promoting hydraulic efficiency), whereas street-grown oaks had many small vessels
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(favoring hydraulic safety). These results have important implications for effective urban forest
management and tree species selection to strengthen the role of urban forests in atmospheric

carbon sequestration under a changing climate.

2.1 Introduction

As global urbanization accelerates, the role of urban forests in atmospheric carbon
sequestration becomes more important. Urban areas cover only about 3% of Earth’s land surface.
Yet they contain more than 55% of the world’s population, projected to rise to 68% by 2050 (UN
DESA, 2018) and account for an estimated 70% of global carbon dioxide (CO-) emissions
(Nations 2012; Crippa et al. 2021). At the same time, atmospheric CO: concentrations exceeded
420 ppm in 2023 (Muller-Feuga 2024), reinforcing the need for effective climate change
mitigation strategies. In this context, urban forests are increasingly recognized as a key
component of climate action (Nowak and Crane 2002; Roy et al. 2012; IPCC 2023; Hutt-Taylor
et al. 2024). In addition to providing ecosystem services such as temperature regulation,
stormwater management, and air quality improvement (Zhao et al. 2010; Escobedo et al. 2011),
urban trees directly contribute to climate change mitigation by sequestering atmospheric CO: and

storing it in woody biomass (Hoover and Riddle 2020).

Carbon sequestration in urban trees varies widely. An individual tree may store
approximately 0.5 to 3.0 kg of carbon per year, depending on species, age, size, and local
growing conditions (Nowak et al. 2013; McPherson et al. 2013), and urban forests can store
substantial carbon at the city level. For example, urban trees in the United States collectively
sequester about 22.8 million tons of atmospheric CO: annually (Nowak and Crane 2002).
However, estimates of urban tree and urban forest carbon sequestration remain highly uncertain,

in part because many assessments rely on methods developed for rural forest conditions rather
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than the urban environment. Since tree carbon capture is the product of (1) tree biomass and (2)
the carbon concentration of that biomass (C%), new research needs to focus on understanding

how urban environments affect both elements.

Uncertainty in urban tree biomass estimates is largely driven by differences in tree form
and biomass allocation between urban and forest settings. Urban trees often experience reduced
competition, altered light environment, routine management (e.g., pruning), and site constraints,
which can produce different stem form, crown architecture, and allocation patterns than forest-
grown trees of the same species (McPherson et al. 2016; Ngo and Lum 2018). This generally
results in urban trees having a different ‘allometry’, meaning the relationship between the growth
of different parts of the tree. As a result, forest-derived allometric equations can produce large
errors in biomass estimation when applied in cities. For instance, McHale et al. (2009) reported
that biomass predictions for urban trees using forest-derived equations could vary by up to
300%. More generally, several studies have emphasized that biomass models are frequently used
outside the conditions under which they were developed and have called for improved
approaches and calibration data to reduce systematic error in biomass and carbon assessments
(Chave et al. 2014; Weiskittel et al. 2015; Radtke et al. 2017; Vorster et al. 2020). This points to a

need to create new biomass equations for urban conditions.

Improving biomass equations traditionally requires destructive sampling and weighing,
but tree removal is typically not feasible in urban settings due to cost, permitting, and public
concerns (McHale et al. 2009; Lee et al. 2025). Given these constraints, terrestrial laser scanning
(TLS) has emerged as a powerful tool for non-destructive biomass quantification (Weiskittel et
al. 2015; Disney et al. 2018; Arseniou et al. 2023). TLS is an active remote sensing technology

that emits millions of laser pulses to measure distances to surfaces and create a dense point cloud
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that represents tree structure in three-dimensional space (Liang et al. 2016; Calders et al. 2020).
Recent applications of TLS have demonstrated its effectiveness for providing consistent accuracy
in biomass estimation across different DBH sizes, unlike allometric equations, where error
increased with tree size (Disney et al. 2018, 2020; Wilkes et al. 2018; Krause et al. 2023). TLS,
therefore, offers a robust, non-destructive pathway to quantify the structural component of

above-ground biomass.

Even with very good estimates of tree biomass, urban tree carbon stocks depend on
converting biomass to carbon using an appropriate C%. The assumption that tree biomass
contains 50% carbon by mass has become a standard value in carbon accounting protocols (IPCC
2006; Klein et al. 2021). However, studies have demonstrated that wood C% varies substantially
across growing environments and among species, ranging from about 41% to 51% (Lamlom and
Savidge 2003; Martin and Thomas 2011). Street trees are exposed to multiple environmental
stressors, including limited space for root growth, impervious surfaces that reduce water
infiltration, soil compaction, higher local atmospheric temperatures associated with the urban
heat island effect, deicing salts, air pollution, and mechanical damage (Randrup et al. 2001; Tang
et al. 2024; Alonzo et al. 2025). These stressors may reduce photosynthetic capacity, shift carbon
allocation patterns, and alter wood formation processes (Czaja et al. 2020; Patel et al. 2024). By
contrast, park trees may experience less harsh growing conditions, including greater available
soil volume, better soil quality, and lower exposure to pollution, although they may face greater
competition for resources depending on tree crowding (North et al. 2018). So, differences in
urban tree growing conditions might alter the C% by influencing tree growth rates, crown
architecture, and stress responses (Gregg et al. 2003; Pretzsch et al. 2017). In general, the net

effect of the urban growing conditions on tree C% remains poorly understood.
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Xylem vessel characteristics may provide a mechanistic link between urban growing
conditions and tree carbon dynamics. Vessel anatomy influences hydraulic conductivity, which
determines water delivery to leaves and can therefore affect photosynthetic carbon assimilation
(Brodribb and Feild 2000; Santiago et al. 2004). Because urban trees frequently experience
chronic water stress, they may develop a wood anatomy that balances hydraulic efficiency with
resistance to hydraulic cavitation (Savi et al. 2015; Rissanen et al. 2025). Such anatomical
adjustments can influence wood density, carbon allocation, and ultimately wood carbon biomass.
While some studies have documented altered xylem characteristics in urban trees, including
reduced vessel diameters under stress, the relationship between vessel anatomy and carbon

biomass in urban trees remains unexplored (Savi et al. 2015; Rissanen et al. 2025).

In this study, we employed an integrated approach combining terrestrial laser scanning
(TLS) for precise aboveground biomass quantification of urban trees, elemental analysis for
direct measurement of C% in woody core samples, and microscopic wood vessel metrics
analysis to understand mechanistic drivers of urban tree carbon storage. The objectives of this
study were: (1) to examine differences in carbon concentration (C%) of woody cores sampled
from street trees and park trees of different species, (2) to quantify and compare total
aboveground carbon biomass (AGC, kg) of street trees and park trees using TLS, and (3) to
quantify wood vessel metrics that may explain differences in the carbon biomass captured in
street and park trees. This comprehensive approach provides essential insights for improving
urban forest carbon quantification while examining the underlying physiological mechanisms of

urban tree carbon storage.
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2.2 Materials and methods

2.2.1 Study area

The study was conducted in Auburn, Alabama, USA. We sampled a total of 90 trees,
comprising 30 individuals from each of the three species: southern red oak (Quercus falcata),
overcup oak (Quercus lyrata), and bald cypress (Taxodium distichum). These species were
selected to represent a gradient of drought tolerance capabilities (Niinemets and Valladares
2006). On a standardized scale of 0 (least drought tolerance) to 5 (highly drought-tolerant), Q.
lyrata has the least drought tolerance (value: 1), T distichum has moderate drought tolerance

(value: 3.25+0.38), and Q. falcata has high drought tolerance (value: 5).

For each species, 15 park-grown trees and 15 street-grown trees were sampled.
Measurements were collected on all study trees, including diameter at breast height (DBH) and
total tree height. The study trees were sampled to represent a range of DBH and height values
(see Table 2.1). All sampled trees were healthy, showing no major signs of disease, pest

infestation, or significant structural damage that could affect the carbon estimates.

Table 2.1 Summary statistics of the size of the study trees

Species Height(m) (mean [min, max]) DBH (m) (mean [min, max])
P Park Trees Street Trees Park Trees Street Trees

Quercus falcata  18.79 [7.18,25.75]  18.35[8.96,29.15] 0.76 [0.21, 1.35] 0.59 [0.28, 1.00]

Quercus lyrata  11.78 [7.75,18.45]  13.23[9.37, 18.89] 0.54[0.33, 1.13] 0.49 [0.32, 0.76]

Taxodium

o 10.78 [5.90,27.51] 13.86[8.31,21.43] 0.34[0.21,0.82] 0.43 [0.22, 0.62]
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2.2.2 Terrestrial Laser Scanning (TLS) Data Collection and Processing

We used a FARO Focus Premium terrestrial laser scanner (FARO Technologies, 2024) to
laser scan the study trees. Following the single-tree scanning protocol established by Wilkes et
al. (2017), each tree was scanned from four to six positions to minimize occlusion. Four
spherical reference targets were placed around each tree for accurate registration of scans from
multiple positions. All scans were conducted during the leaf-off period to obtain an unobstructed
view of the tree's woody structure. Scanning was performed under low-wind conditions (wind
speed < 5 m/s) to reduce noise and occlusion caused by swaying stems and branches in the

resulting point clouds (Seidel et al. 2012).

Individual scans were co-registered and merged using FARO Scene 2023.1.0 software
using automatic target-based registration with spherical targets. After registration, the point
clouds were exported and analyzed in CloudCompare v2.13.2 (http://www.cloudcompare.org/).
We removed noise from the point clouds using the statistical outlier removal tool in

CloudCompare v2.13.2.

We generated quantitative structure models (QSMs) for each tree’s point cloud using the
TreeQSM 2.4.1 algorithm (Raumonen et al. 2013). The algorithm begins by segmenting the
woody point cloud into small surface patches that conform to the local surface geometry
(Raumonen et al. 2013; Calders et al. 2018). These patches are formed based on a cover-set
approach, where points are grouped based on both spatial proximity and similarity in surface
normal characteristics. Next, the algorithm performs component recognition by identifying and
classifying different tree parts. The main stem is identified based on criteria such as the apical
position, vertical orientation, and minimal curvature (Arseniou et al. 2021). Branches of various

orders are then determined through a hierarchical analysis of the spatial relationships and
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connectivity among segments. Finally, the algorithm fits cylinders to these segmented
components via least-squares optimization. This process typically begins at the base of the tree
and proceeds upward, carefully maintaining connectivity and enforcing biological constraints
such as branch tapering, thereby ensuring that the reconstructed model accurately reflects the
tree’s architecture (Raumonen et al. 2013). Tree woody volume is then estimated as the sum of
the volumes of all fitted cylinders. The algorithm generates multiple QSM iterations for each
tree’s point cloud by testing different values for the minimum and maximum cover-set sizes, as
the stochastic nature of the initial clustering can influence final volume estimates. From these
iterations, the algorithm selects an optimal QSM for each tree point cloud (Raumonen et al.

2013).

QSMs commonly overestimate the volume of small branches and twigs <5 cm in
diameter due to limitations of TLS technology, such as beam divergence, occlusion, co-
registration errors, and wind (Wilkes et al. 2017; Abegg et al. 2021; Demol et al. 2022; Morales
and MacFarlane 2025a). To correct such overestimation, the rTivig package in R uses species-
specific twig diameter to enforce the QSM cylinder to follow realistic branch tapering (Morales
and MacFarlane 2025b). Therefore, we applied a correction to the optimal QSM using the »Twig
package in R. Finally, we derived the total aboveground wood volume and component volumes

(main stem and branches) of all trees from the corrected QSMs.

2.2.3 Wood density calculations

From each study tree, 5.15 mm diameter increment cores were extracted on the main
stem at breast height (1.37 m above the ground) using an increment borer. Extracting woody
cores is an effective approach for measuring wood density and actual wood C% with minimum

impact on trees (Williamson and Wiemann 2010).
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Each core was then immediately placed in a sealed, labeled bag to prevent moisture loss.
We measured the diameter of the cores with a caliper (+£0.01 mm precision), and the core length
with a standard engineer’s ruler. The green volume of each core sample was calculated as the
volume of a cylinder based on the core dimensions. Each core was then oven-dried at 100°C

until a constant weight. The basic wood density of the core sample was calculated using equation

(1)

oven — dry mass (g)

(1)

Basic wood density =
y green volume (cm3)

2.2.4 Carbon concentration - Quantification of Sampled Wood Cores

We determined the carbon concentration (C%) of the sampled wood core for each tree via
high-temperature combustion using a Flash Smart CHNS/O elemental analyzer (Thermo Fisher
Scientific, Massachusetts, USA). The elemental analyzer quantifies total carbon (as a percentage
of its dry mass) with an integrated thermal conductivity detector (Bird et al. 2017). This approach
provides more accurate estimates than assuming a fixed wood C%, particularly when comparing
the trees growing in contrasting urban environments and across different species. Each dried
increment core was divided into three segments along the radius: pith, mid-radius (center), and
bark. Approximately 2-3 mg of wood from each segment was weighed into tin capsules for
combustion analysis. Carbon concentration was reported as percent dry mass for each radial

segment.

We calculated a weighted average wood carbon concentration (C%) of increment cores
per study tree (see equation 2). This weighted average was based on the relative volumetric
proportions of bark and wood, using species-specific values derived from Miles and Smith
(2009).
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C% = (Cwood X %VOIwood) + (Cbark X %VOZbark) (2)

where,

C% = weighted average carbon concentration of the woody core,

Cwood = average carbon concentration at the core center and pith,

Choark = carbon concentration of the bark,

% Volwood = percentage of wood volume [80% for T. distichum; 78% for Q. falcata and Q. lyrata

(Miles and Smith 2009)]

%Vol vark = percentage of bark volume [20% for T distichum; 22% for Q. falcata and Q. lyrata

(Miles and Smith 2009)].

2.2.5 TLS-based carbon biomass estimation

QSM-derived woody volumes were converted to dry biomass for each tree using the
corresponding measured basic wood density. The resulting biomass estimates were then
multiplied by the tree-specific wood carbon concentration (C%) obtained from core samples to
calculate total aboveground carbon biomass (AGC, kg). Using this approach, we quantified total

AGC and component carbon biomass values of the main stem and branches of all study trees.

2.2.6 Tree age quantification

We extracted a second increment core sample from each tree at DBH to estimate the tree's
age by counting the annual rings. Cores were dried and sanded with fine grit to clearly expose
ring boundaries for ring identification and counting. For the partial cores (i.e., cores not reaching
the pith), the number of missing rings was estimated by following the approach proposed by

Altman et al. (2016), averaging radial growth extrapolation and mean basal area increment. The
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final age of partial cores was then determined as a sum of the number of partial rings and the

estimated number of missing rings.

2.2.7 Calculations of wood vessel metrics

Xylem vessel metrics were quantified using the second increment core samples collected
from study trees of the two ring-porous species (Q. falcata and Q. lyrata). The cross sections of
increment core samples were prepared for vessel measurement (Von Arx et al. 2016). We cleaned
the core surface and took images with an AmScope digital microscope (AmScope, Irvine, CA,
USA) at 45x magnification. We captured digital images of the 10 most recent annual rings per
core. We focused on earlywood vessels, as they play a key role in water transport in ring-porous
species (Fonti et al. 2010). In each ring, we manually identified and measured the lumen area of
individual vessels using the AmScope 3.0.1. software. We excluded any vessels smaller than
5000 pm? from the analysis. This was done to avoid confusion with latewood vessels or other

wood structures (Castagneri et al. 2017; Rissanen et al. 2025).

From these measurements, we calculated four key hydraulic metrics that characterize
xylem hydraulic architecture (see Table 2.2). Mean vessel lumen area (LA) was calculated as the
average cross-sectional area of all measured vessels, providing insight into the water transport
capacity of individual conduits (Castagneri et al. 2020). Vessel frequency (VFreq) was calculated
as the number of vessels per unit area (n mm2), reflecting the density of water-conducting
elements and the tree's investment in hydraulic redundancy (Fonti and Garcia-Gonzalez 2004).
The hydraulically weighted vessel diameter was calculated based on Sperry and Saliendra
(1994), where D represents individual vessel diameters (see Table 2.2). This metric places greater
emphasis on larger vessels, reflecting their disproportionate contribution to hydraulic

conductivity according to the Hagen-Poiseuille equation. The vulnerability index (VI) was
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calculated as the ratio of mean vessel diameter to vessel frequency, characterizing drought
susceptibility because higher VI values suggest greater vulnerability to cavitation under water
stress conditions (Carlquist 1977). These vessel metrics were used to compare xylem anatomy

between park and street trees and to test their relationships with main-stem carbon biomass.

Table 2.2 Wood vessel metrics

Vessel Trait Formula (Unit)

Mean vessel lumen area (LA) (um2)

Vessel frequency (VFreq) no. of vessels/aoi (n mm—2)
Hydraulically weighted vessel diameter (HWD) >D5/Y D4 (um)
Vulnerability index (VI) mean D/VFreq

Vessel lumen area (um?) was measured directly from increment-core surface images (captured with a
microscope) using AmScope software. Vessel frequency (VFreq, vessels mm2) was calculated as the
number of measured earlywood vessels (n) divided by the analyzed area of interest (AOI, mm?). D refers

to the vessel lumen diameter (um) (i.e., equivalent diameter derived from lumen area).
2.2.8 Statistical analysis

Differences in carbon concentration (C%) in woody cores were tested using analysis of
variance (ANOVA) with species as a fixed effect. When significant, species differences were
evaluated using Tukey’s post-hoc pairwise comparisons (Williams and Applegate 1992).
Differences in C% between growing environments within each species were evaluated using
independent samples #-tests. Assumptions of normality and homoscedasticity were assessed

visually (Q—Q plots; residual vs fitted values).
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To quantify how aboveground carbon biomass (AGC, kg) scales with tree size and age

across growing environments, we modeled AGC as a power function of DBH (m) and tree age

(years).
AGC = a x DBH"
AGC = a’ x Age"’
Variables were log-transformed to linearize the relationships:
In(AGC) = In(a) + b In (DBH)
In(AGC) =In(a’) + b' In (Age)
where a is a normalization constant, and b is the scaling exponent.

Log—log relationships were analyzed using standardized major axis (SMA) regression in
the smatr package in R (Warton et al. 2012). SMA was selected to estimate biological scaling
rather than to generate predictive models. We first tested whether slopes differed between
environments; where slopes did not differ significantly, we tested for differences in intercepts
(elevation) along a common slope to assess whether AGC differed between environments for

trees of equivalent DBH or age.

To compare xylem vessel metrics between growing environments, we conducted Welch’s
t-tests for each vessel metric (West 2021), comparing park trees and street trees for the combined

oak species.

The relationship between xylem vessel metrics and carbon biomass in the main stem was
examined using Pearson’s correlation coefficient (7) and simple linear regression. The regression
analysis was used descriptively to characterize the direction and slope of the linear trend and to
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visualize the fitted relationship, rather than to develop a predictive model. Pearson’s correlation
coefficient () was used to describe the strength and direction of association between individual
vessel metrics and main-stem carbon biomass, and the corresponding R? from the simple linear
regression was reported as a descriptive measure of the variation associated with the fitted linear
trend. We focused on the main stem carbon biomass because the vessel metrics were calculated
from wood cores extracted at DBH. All analyses were performed in R version 4.3.1 (R Core Team,

2023).

2.3 Results

2.3.1 Differences in the carbon concentration of increment cores across species and

growing environments

The carbon concentration (C%) in increment cores differed significantly among the three
study species (p < 0.01). T distichum had the highest mean wood C% (49.82%), which was
statistically greater than the mean wood C% of the two oak species. Q. falcata and Q. lyrata had
nearly identical mean wood C% (45.52% and 45.67%, respectively), with no statistically

significant difference between them (see Figure 2.1).
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Figure 2.1 Comparison of carbon concentration (C%) in increment cores collected from the study
species Quercus falcata, Quercus lyrata, and Taxodium distichum. The boxes show the interquartile
range with median lines. Different letters indicate significant (p < 0.05) differences in group means

according to Tukey’s post-hoc pairwise comparison.

Significant differences were also found in the C% in increment cores between park and
street trees (see Figure 2.2). For Q. falcata, trees in parks had significantly greater wood C%
than street trees (p = 0.036). A similar pattern was found for Q. lyrata, where wood C% was
greater in park trees compared to street trees (p = 0.015). However, T. distichum did not show

any significant difference in wood C% between park and street trees (p = 0.24).
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Figure 2.2 Comparison of carbon concentration (C%) in increment cores between park and street
trees across the three study species Quercus falcata, Quercus lyrata, and Taxodium distichum.

Boxes show the interquartile range with median lines.

2.3.2 Relationship between total aboveground carbon biomass and DBH across growing

environments

The relationship between AGC and DBH on a log scale was positive in both park and
street growing environments (see Figure 2.3). The SMA regression on a log scale showed that
the slope and intercept of the park and street trees regression lines were not statistically different
(p > 0.05). This indicates that for trees of the same DBH, estimated AGC did not differ

systematically between street and park environments.

The model explained less variance for street trees (R? = 0.70) than for park trees (R? =
0.90), indicating greater residual variability in AGC at a given DBH under street growing

conditions (see Figure 2.3)
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Figure 2.3 Relationship between total aboveground carbon biomass (AGC) and diameter at

breast height (DBH) on a log scale for park and street trees. The 95% confidence interval has

been plotted around the regression lines.

2.3.3 Relationship between total above-ground carbon biomass and age across growing
environments
AGC increased with tree age in both park and street growing environments (see Figure
2.4). The SMA regression on a log scale revealed no significant difference in the slope of park
and street trees' regression lines (p = 0.58). However, the intercepts of the two regression lines
were statistically different (p = 0.0018). These differences were due to both faster growth rates

and higher C% (Figure 2, above) in the wood of trees growing in parks versus on streets.
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Figure 2.4 Relationship between total aboveground carbon biomass (AGC) and tree age on log-
scale for park and street trees. The 95% confidence interval has been plotted around the

regression lines.

2.3.4 Relationship between DBH and age across growing environments

Tree diameter at breast height (DBH) increased significantly with tree age in both park
and street environments (see Figure 2.5). On the log-transformed scale, both relationships were
positive and statistically significant. There was no significant difference in slope, but the

intercept differed significantly (p=0.0023). Park trees generally had larger DBH values than
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street trees of similar age, indicating an upward shift in the DBH-age relationship for park-grown

trees.
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Figure 2.5 Relationship between diameter at breast height (DBH) and tree age on log-scale for

park and street trees. The 95% confidence interval has been plotted around the regression lines.

2.3.5 Differences in xylem vessel metrics across growing environments and the

relationship between vessel metrics and the main stem carbon biomass

All xylem vessel metrics were statistically different between park and street trees of Q.
falcata and Q. lyrata species combined (see Figure 2.6; Table 2.3). Lumen area (LA),

hydraulically weighted diameter (HWD), and vulnerability index (VI) were significantly greater
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in park trees compared to street trees. Vessel frequency (VFreq) was greater in street trees

compared to park trees (see Figure 2.6; Table 2.3).
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Figure 2.6 Xylem vessel metrics in street versus park trees of Quercus falcata and Quercus
lyrata combined. Boxplots show (a) mean lumen area (um?), (b) vessel frequency (VFreq;
number of vessels/mm?), (c) hydraulically weighted diameter (HWD, um), and (d) vulnerability

index, across growing environments.
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Table 2.3 Comparison of xylem vessel metrics between park trees and street trees.

Park trees, mean

Street trees, mean

Vessel trait p-value (standard (standard
deviation) deviation)

Mean vessel lumen area (LA, pm?) 0.024 50097.3 (20692.6) 37955.1 (13117.1)

Vessel freqliency (VFreq, number of 0.001 3.5(L1) 48 (13)

vessels/mm?)

Hydraulically weighted diameter (um) 0.024 247.6 (50.6) 216.7 (37.6)

Vulnerability index (VI) 0.001 47.6 (13.1) 36.8 (13.4)

There was a statistically significant relationship between the main stem carbon biomass

and the mean lumen area of xylem vessels (Pearson’s r = 0.33; adj. R?=0.11, p< 0.05), and

between the main stem carbon biomass and the hydraulically-weighted diameter of vessels

(Pearson’s r =0.35; adj. R>= 0.12, p<0.05) of the species Q. falcata and Q. lyrata (see Figure

2.7).
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Figure 2.7 Relationships between main stem carbon biomass and xylem vessel metrics: a) Mean

lumen area (um?) and b) Hydraulically weighted diameter (um) of two oak species. The 95%
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confidence interval has been plotted around the regression lines. Pearson’s correlation coefficient

is represented by 7.

2.4 Discussion

2.4.1 Variation in the carbon concentration of increment cores among different species

This study demonstrated that the carbon concentration of wood core samples (C%) varied
among species, aligning with previous studies that indicate that the commonly assumed 50%
carbon concentration of dried wood is inaccurate (Martin et al. 2015; Gao et al. 2016). Doraisami
et al. (2024) reported that the wood C% of different tree species in different biomes varies
greatly and that the use of species-specific values can significantly improve the accuracy of
forest carbon estimates. Similarly, Ma et al. (2020) reported that the assumption of a fixed 50%
wood carbon concentration can introduce errors in carbon estimation ranging from —2.5% to

+5.9% at the tree level.

The finding that 7. distichum had significantly greater wood C% compared to the two oak
species is consistent with wood chemistry patterns that reflect fundamental phylogenetic
differences between gymnosperms and angiosperms. Lamlom and Savidge (2003) suggested that
gymnosperms generally contain 47.2—55.2% carbon in their wood biomass, whereas wood
carbon concentration in angiosperms ranges between 46.3—-50.0%. Similarly, Wu et al. (2017)
reported significant differences in subtropical forests, where gymnosperms have, on average,
47.4 £2.6% wood carbon concentration, whereas angiosperms have 43.8 = 2.4% wood carbon

concentration.

In the above-mentioned studies, the observed differences in wood C% between

gymnosperms and angiosperms were attributed to greater lignification of wood tissues and
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differences in lignin chemistry in gymnosperms. Lignin is composed of approximately 72%
carbon, which is much greater than the 44-45% carbon that is found in cellulose and
hemicellulose (Lamlom and Savidge 2003; Bengtsson et al. 2019). Gymnosperms typically
produce only guaiacyl (G) lignin and have a relatively high lignin content (approximately 30% of
their wood mass). On the other hand, angiosperms produce guaiacyl and syringyl (S) lignin, but
in relatively small amounts (approximately 20% of their wood mass; Lamlom and Savidge

2003). Consequently, the wood of gymnosperms contains more lignin and therefore a higher

overall wood C%.

The variation of wood C% among species has important implications for carbon
quantification, especially given the widespread use of standardized conversion factors. The
Intergovernmental Panel on Climate Change (IPCC, 2006) suggested a standard C% of 50% for
the conversion of tree biomass to carbon. This assumption has been broadly utilized in forest
inventories, urban tree carbon assessments, and the development of municipal greenhouse gas
reporting frameworks. Nowak et al. (2013) estimated that urban forests in the United States store
approximately 643 million tons of carbon, largely based on default conversion factors. While the
use of standard conversion factors simplifies calculations and promotes comparability across
studies, it overlooks species-level variability. Considering the diversity of urban tree populations
that include both gymnosperm and angiosperm species, species-level variation in wood C%

could lead to highly biased estimates across different spatial scales.

2.4.2 Variation in the carbon concentration of increment cores in different growing

environments

This study showed that the carbon concentration of increment cores (C%) sampled from

urban trees can differ based on the growing environment. The higher wood C% in park oaks
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compared to street oaks may indicate varying levels of growth stress among urban trees across

different environments.

Urban street environments expose trees to chronic, multifactorial stress that can disrupt
normal physiological processes (Patel et al. 2024). Street trees often grow in compacted soils
with limited available growing space for root expansion; they may experience elevated soil
temperature and pH, and they can be exposed to soil and air pollution, and water scarcity
(Iakovoglou et al. 2001, 2002; Mullaney et al. 2015). These combined stressors affect tree
biological processes and can alter wood chemistry and structure. Studies have showed that
impervious surfaces and water stress combined suppress tree radial growth (McClung and Ibafez
2017), reduce photosynthetic activity (Wang et al. 2018), and reduce hydraulic safety margins,
increasing vulnerability to cavitation (Savi et al. 2015). In contrast, park environments typically
provide large soil volumes available for root growth, better soil structure and aeration, greater
water infiltration, moderate soil temperatures, and lower pollutant exposure, all of which
promote physiological stability and sustained tree growth (Sarah et al. 2015). Water availability
has emerged as a key factor of wood formation in urban trees (Meineke and Frank 2018). When
water availability is limited, cambial activity ceases even when the carbon supply remains
adequate (Deslauriers et al. 2016). Chronic water deficits can thus shorten the period of wood
formation despite potential favorable photosynthetic conditions, suggesting that growth may be
constrained more by a tree’s ability to use carbon (sink limitation) than by its capacity to produce

it (Brzostek et al. 2014).

In addition to reduced growth activity, drought stress in street trees can also reduce
atmospheric CO: uptake through stomatal regulation. To avoid hydraulic failure during water

stress, trees close their stomata to resist xylem embolism (Pivovaroft et al. 2016). While this
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response conserves water, it also restricts CO-: uptake as gas exchange is curtailed. Prolonged
stomatal closure or leaf loss during drought therefore reduces carbohydrate production. When
respiration and phloem transport continue under these conditions, trees may experience carbon
starvation as available carbohydrates are progressively depleted (Chen et al. 2022). Over time,
this imbalance further limits the carbon available for wood formation, contributing to the lower

wood C% observed in street-grown oaks.

Notably, T. distichum had no significant difference in wood C% between street and park
environments. Unlike ring-porous oaks that transport water through vessels and adjust vessel size
and frequency depending on growing conditions, 7. distichum transports water mainly through
tracheids, which are smaller, more uniform conduits with reinforced walls that provide inherently
greater resistance to cavitation (Pittermann et al. 2006; Choat et al. 2012). 7. distichum also
shows an ability to tolerate reduced oxygen availability for its roots due to soil waterlogging or
soil compaction through specialized aerenchyma tissue that allows oxygen to reach the roots
(Hook 1984). As a result, 7. distichum may exhibit stability in physiological processes and

growth across varying environments in urban settings.

2.4.3 Allometric relationship between total aboveground carbon biomass, tree DBH, and

age in different growing environments

The relationship between the total aboveground carbon biomass (AGC, kg) of the study
trees and their DBH was similar in street and park environments, aligning with previous studies
that show that stem diameter is typically the most important predictor of aboveground biomass
and carbon in urban trees (McHale et al. 2009; Kiikenbrink et al. 2021; Arseniou et al. 2023;

Arseniou et al. 2025).
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Greater variability in street-tree AGC at a given DBH suggests that factors beyond stem
diameter may be more influential in street environments than in parks. While DBH-based models
remain practical, future work could explicitly test incorporating other variables that might
improve prediction accuracy for street trees, where growing conditions and management

intensity are highly heterogeneous (Radtke et al. 2017; Lee et al. 2025; Parhizgar et al. 2025).

The greater carbon storage of oak trees in parks relative to street trees was a combination
of greater carbon concentrations in the wood of the park trees and faster growth rates. Our
DBH-age analysis (see Figure 2.5) shows a significant intercept difference, such that park trees
attained larger DBH at a given age. Because AGC scales strongly with stem size, greater DBH at
a given age directly translates into greater biomass and AGC. This pattern aligns with previous

findings that street environments suppress diameter growth relative to less constrained sites.

A study by Quigley (2004) found that street trees were often smaller in trunk diameter
than nearby woodlot trees of the same age, and that proximity to impervious surfaces was
associated with reduced growth rates. Reduced growth in street settings is commonly attributed
to rooting-volume limitation and fragmented planting spaces, which constrain water and nutrient
supply and can limit canopy development (Sanders and Grabosky 2014). Street trees also
experience compacted soils from streetscape infrastructure, which can restrict root proliferation
and reduce aeration and infiltration (Moore et al. 2019). In addition, street corridors often impose
chronic disturbance and management constraints, including pruning to maintain clearance around
infrastructure and obstructions, which can reduce leaf area and carbon gain, contributing to
slower growth (Speak and Salbitano 2023; Egerer et al. 2024). At broader scales, Lin et al.
(2022) similarly found that urban tree carbon density decreases with increasing development

intensity (i.e., more impervious surfaces, more constrained environments). Together, these
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findings support the interpretation that constrained environments like streets shift DBH—age

trajectories downward, thereby reducing AGC at comparable ages.

Although street trees are often exposed to chronic, multifactorial stress, all park sites
should not be assumed to provide uniformly lower physical stress, as some parks can also
develop compacted soils under repeated trampling and equipment traffic (Rompato et al. 2025).
In the southeastern United States, rainfall shows strong temporal variability, and convective
rainfall can be highly localized over small spatial scales so that nearby sites may differ
meaningfully in water availability (Wei et al. 2018). Because precipitation was not monitored at
the site level, its effects could not be separated from those of other environmental factors. Future
work would benefit from direct measurements of soil bulk density, soil moisture, and local
precipitation to better identify the mechanisms underlying site-related variation in carbon

biomass.

2.44 Growing environment shapes xylem hydraulic architecture and stem carbon

accumulation

We found that park-grown oaks developed fewer, larger earlywood vessels, while street-
grown oaks produced many smaller vessels. Similar patterns have been reported in Celtis
occidentalis along an urban gradient, where park trees showed larger vessel lumen areas and
lower vessel frequency, whereas inner-city street trees had smaller vessel lumen areas and higher
vessel frequency (Rissanen et al. 2025). This pattern aligns with the well-documented trade-off
between hydraulic efficiency and hydraulic safety in xylem architecture (Pittermann et al. 2006;
Hoeber et al. 2014). Under stressful growing environments like the street, trees often shift toward
conservative xylem designs with smaller conduits to reduce embolism risk (Hacke et al. 2017).

Our finding that street trees exhibited smaller vessel diameters and a lower vulnerability index
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supports this adaptive strategy, indicating a safety-oriented xylem configuration under recurrent

environmental stress.

We also observed a positive relationship between vessel size (mean lumen area and
diameter) and main stem carbon biomass; trees with larger conduits stored more stem carbon.
This linkage can be explained mechanistically through the Hagen—Poiseuille law, which states
that hydraulic conductance scales with the fourth power of the vessel radius (Tyree et al. 1994;
Fan et al. 2012). Consequently, even a modest increase in vessel diameter produces a
disproportionately large gain in conductive capacity. Despite having fewer xylem vessels, the
wider conduits in park trees may therefore provide higher hydraulic conductivity than the
numerous narrower vessels in street trees. Greater hydraulic efficiency allows for higher stomatal
conductance, sustained transpiration, and increased photosynthetic carbon assimilation, which
collectively promote biomass and carbon accumulation (Hoeber et al. 2014; Rodriguez-Gamir et

al. 2016).

This relationship between hydraulic capacity and carbon accumulation can be understood
through both the pipe model theory (Shinozaki et al. 1964) and metabolic scaling theory (West et
al. 1997). The pipe model theory suggests a proportional relationship between conductive tissue
area and supported leaf area. Trees with larger conduits may support a greater effective leaf area
or higher leaf-level fluxes, enhancing carbon assimilation and stem carbon storage. Meanwhile,
metabolic scaling theory states that plant growth depends on the efficiency of internal transport
networks supplying water and nutrients to active tissues. As trees grow larger, maintaining
efficient hydraulic pathways becomes crucial to reducing transport resistance and sustaining
metabolic demands. Our results support MST predictions: individuals with more efficient

vascular systems (larger conduits) showed greater carbon accumulation, indicating hydraulic
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capacity matched photosynthetic needs. However, this increased efficiency comes with higher

hydraulic risk.

Wider vessels are more vulnerable to cavitation caused by drought or freeze—thaw cycles
(Pittermann et al. 2006; Christman et al. 2012). The significantly higher vulnerability index seen
in park trees reflects a reliance on large conduits, which could increase susceptibility to hydraulic

failure during extreme events.

Overall, our vessel trait differences are consistent with an efficiency—safety shift between
parks and streets, and the modest correlations with main stem carbon suggest hydraulically
mediated growth effects may contribute to carbon storage differences, but multivariate models
controlling for tree size and direct measures of site water stress are needed for better

understanding of vessel traits as a predictive indicator in urban carbon assessments.

2.5 Conclusions

This study shows how species characteristics and urban growing conditions influence the
carbon storage potential of urban trees. The findings emphasize the importance of incorporating
species-specific carbon concentrations, particularly in mixed urban forests containing both
angiosperm and gymnosperm species, and recognizing that stressful urban environments, such as
streets, can limit carbon accumulation by constraining tree growth. From a management
perspective, improving street-tree growing conditions, such as increasing soil volume, reducing
compaction, and enhancing water availability, may help increase long-term carbon storage.
Additionally, incorporating species- and site-specific wood properties into urban forest
inventories could reduce uncertainty in carbon estimates. Future research should expand these

analyses to more species, develop urban-specific allometric equations that account for growth
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forms in built environments, and evaluate how long-term urban stress affects wood carbon

concentration, growth trajectories, and hydraulic structure.
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CHAPTER 3

Enhancing the quantification of urban tree carbon stocks with the use of terrestrial laser scanning

technology.

Abstract

Quantifying the aboveground carbon biomass (AGC) of urban trees is essential for
supporting climate change adaptation efforts in urban areas. However, their complex, open-
grown structure cannot be accurately quantified with traditional allometric equations developed
for natural forests. Terrestrial laser scanning (TLS) provides a non-destructive approach to
capture three-dimensional tree structure in detail. In this study, we used TLS to quantify
aboveground carbon biomass and carbon allocation in urban trees, and we compared TLS-based
AGC with i-Tree Eco estimates, a publicly available tool for urban canopy assessments
developed by the U.S. Forest Service. We laser-scanned 90 urban trees of three species (Quercus
falcata, Quercus lyrata, and Taxodium distichum) in leaf-on and leaf-oft conditions and
generated quantitative structure models (QSMs) to estimate woody volume. We estimated TLS-
derived above-ground carbon (AGC) using four volume-to-carbon conversion approaches: (1)
published basic wood density values combined with a fixed 50% carbon concentration of woody
biomass; (2) directly measured basic wood density from increment core samples combined with
a fixed 50% carbon concentration; (3) published basic wood density values combined with
directly measured carbon concentration determined by elemental analysis of increment cores;
and (4) directly measured basic wood density combined with directly measured carbon
concentration from elemental analysis. Leaf-on and leaf-off TLS-based AGC estimates were

strongly correlated, but leaf-on scans yielded lower AGC estimates for Q. lyrata and T.
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distichum;, applying rTwig reduced overestimation of small-branch volume, thereby compressing
the upper range of AGC estimates. It was found that carbon biomass allocation in the main stem
and branches of the study trees varied among species, with Q. lyrata trees showing higher branch
carbon biomass relative to stem carbon biomass compared to Q. falcata and T. distichum trees.
Across all study trees, branch carbon biomass decreased with branch order and was mainly
accumulated on a small number of large, low-order branches. Branch carbon biomass increased
with branch-base diameter and was concentrated in the lower- to mid-crown height, with
relatively small contributions from upper-crown branches. The i-Tree AGC estimates were
strongly correlated with TLS-derived AGC across all species, and overall agreement was highest
when i-Tree was run without the crown light exposure adjustment (CLE; open-grown
adjustment), although the effect of CLE was species dependent. Collectively, these results
demonstrate that TLS combined with measured wood traits can provide robust AGC estimates
and detailed allocation patterns that are useful for validating large-tree carbon assessments and

developing improved urban-specific allometric models.

3.1 Introduction

The role of urban forests in climate change mitigation and adaptation efforts has been
increasingly recognized as trees store carbon in woody biomass and continue to sequester carbon
as they grow (Nowak et al. 2013; Jenerette and Herrmann 2023). In the United States, a national
synthesis estimated that trees in urban areas store approximately 643 million tons of carbon and
sequester approximately 25.6 million tons of atmospheric carbon dioxide per year, highlighting
both the magnitude and policy relevance of urban tree carbon stocks and fluxes (Nowak et al.
2013). However, the credibility of urban tree carbon accounting is constrained by

methodological uncertainty: carbon estimates of urban trees can differ substantially depending on
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how biomass is inferred and how biomass is converted to carbon biomass (McHale et al. 2009;
Kiikenbrink et al. 2021). Because large trees disproportionately contribute to total carbon
storage, systematic bias, rather than random error, can propagate into city-scale inventories and

distort comparisons across time, neighborhoods, or management scenarios (Calders et al. 2015).

Most urban forest carbon inventories rely on allometric equations that use easily
measured tree variables (typically diameter at breast height and total height) to produce above-
ground biomass (AGB) estimates-the total dry mass of all living and dead organic matter above
the soil surface, including the stem, branches, bark, and foliage-which are then converted to
carbon (Chave et al. 2014; McPherson et al. 2016; Arseniou et al. 2023). These allometric
relationships are often developed for trees grown in forest stands, where competition, canopy
structure, and management differ fundamentally from those in urban environments. Urban trees
usually grow in open conditions with reduced competition, they experience pruning and
infrastructure conflicts and can exhibit an architecture with distinct height—diameter
relationships, all of which can alter biomass allocation patterns and violate the assumptions
embedded in forest-derived allometries (Zhou et al. 2015; MacFarlane and Kane 2017; Arseniou
and MacFarlane 2021; Muscas et al. 2023). Empirical comparisons demonstrate that biomass
predictions can vary substantially when equations developed outside urban contexts are applied
to urban trees, with variability exceeding 300% at the individual tree scale in some cases,
underscoring the need for more direct, structure-based approaches or urban-specific calibration

(McHale et al. 2009).

The i-Tree Eco 1s a peer-reviewed urban forest assessment software developed by the
United States Forest Service and partners within the i-Tree suite, which uses urban forest field

inventories to estimate tree biomass, carbon storage, and other ecosystem services using a
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published methods framework (Nowak 2024). In i-Tree Eco, crown light exposure (CLE) is used
to determine whether a biomass adjustment factor (BAF) is applied. CLE is a categorical index
ranging from 0 to 5 that quantifies the number of sides of a tree’s crown receiving direct sunlight.
Trees recorded with a CLE class 4 or 5 (i.e., crowns receiving sunlight from all sides, typical of
open-grown urban trees) receive a 0.8 BAF multiplier applied to biomass estimates, while other
trees are estimated without that reduction (Nowak 2024). This CLE-based adjustment is intended
to account for the premise that many biomass equations are derived from natural forests and tend
to overestimate the biomass of open-grown urban trees (McPherson et al. 1994; McHale et al.
2009). Yet the underlying ecological premise is unlikely to be uniform across species, sizes, and
architectural forms, and the urban-specific validity of a single multiplier factor remains an open
question, particularly when independent structure-based estimates are available for

benchmarking (McHale et al. 2009; Kiikenbrink et al. 2021; Krause et al. 2023).

Even if biomass could be perfectly estimated, converting biomass to carbon introduces
additional uncertainty because carbon concentration (the proportion of dry biomass that is
carbon) is often assumed to be constant (approximately 50%) in many carbon accounting
workflows, including i-Tree software (Doraisami et al. 2024; Nowak 2024). Large syntheses
show that woody tissue carbon concentration varies substantially across species, biomes, and
taxonomic groups, with reported values spanning a broad range (e.g., 28—-65% of woody biomass
in a global compilation), implying that a universal 50 % carbon concentration can create
systematic bias (Martin et al. 2018). Similarly, wood density is a key conversion factor in
biomass estimation when wood volume is known. It is frequently sourced from global wood trait
databases rather than measured locally, even though density can vary among species, and within

trees and sites. i-Tree documentation provides extensive wood density values derived from
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global compilations, illustrating both the operational dependence on published densities and the
importance of understanding how those values influence carbon estimates (Chave et al. 2009;

McPherson et al. 2016; Nowak 2024).

Terrestrial laser scanning (TLS) offers a complementary approach to estimating tree
structure by acquiring high-density three-dimensional point clouds of trees. TLS is an active
remote sensing technology that emits laser energy and measures backscattered returns to map
trees in 3D, producing point clouds in which each return has X, Y, Z coordinates (Wilkes et al.
2017; Calders et al. 2020). Most TLS instruments estimate range using either time-of-flight
(pulse travel time) or phase-shift (phase difference of modulated signals), enabling rapid

collection of millions of points per scan (Calders et al. 2020).

Quantitative structure models (QSMs) reconstruct tree architecture from TLS point
clouds by fitting geometric primitives (e.g., cylinders), providing explicit estimates of woody
volume and branching topology that can be used to quantify tree-component biomass and carbon
biomass. TreeQSM is one of the most widely used QSM algorithms (Raumonen et al. 2013). It
requires that input point clouds contain only woody points and limited noise because leaves can
be misinterpreted as woody surfaces and bias the reconstructed wood volumes (Raumonen et al.
2013; Calders et al. 2015). Importantly, TLS has repeatedly produced accurate, non-destructive
AGB estimates with quantifiable uncertainties, outperforming standard allometries (Disney et al.
2018; Calders et al. 2022; Arseniou et al. 2023). Many TLS-based studies have used published
wood density values for volume to biomass conversion, although wood density varies within and
among trees and across growing conditions (Arseniou et al. 2023; Krause et al. 2023; Demol et

al. 2021).
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Extracting increment core samples is an effective method to measure actual wood density
with minimal impact on trees (Williamson and Wiemann 2010). The same core samples can be
combusted in an elemental analyzer, which quantifies woody core carbon concentration as a
percentage of its biomass (Bird et al. 2017). Using measured wood density together with
measured carbon concentration enables accurate conversion of TLS-derived volume to total
above-ground carbon biomass (AGC, kg), reducing reliance on published density values and the

default 50% carbon concentration when higher accuracy is required.

Beyond estimating total above-ground carbon biomass, TLS can be used to quantify how
trees allocate carbon biomass within their above-ground structure, partitioning in between the
main stem and branches, and across different branch orders, branch size classes, and crown
heights (Lau et al. 2018; Arseniou et al. 2021). This is important from both ecological and
methodological perspectives because carbon biomass allocation reflects life history strategies,
constraints to growth, and crown architecture patterns, while the size distribution of woody
structure components (stems and branches) often determine modelling uncertainty (Calders et al.
2015; Demol et al. 2022a; Morhart et al. 2024). These insights are particularly valuable for urban
forest biomass and carbon assessment, where destructive sampling of urban trees is typically
infeasible due to safety concerns, permitting requirements, public acceptance, and logistical
constraints (McHale et al. 2009; Lee et al. 2025). In this context, TLS provides a practical non-
destructive alternative for deriving detailed, tree-level carbon estimates, helping overcome
limitations of allometries developed largely from rural forest trees and reducing reliance on

destructive approaches (Weiskittel et al. 2015; Disney et al. 2018; Arseniou et al. 2023).

In this study, we integrated TLS-derived measurements with direct measurements of

wood properties (wood density and carbon concentration) to quantify above-ground urban tree
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carbon biomass. Specifically, we aimed to: (i) assess how conversion approaches affect TLS-
derived total above-ground carbon estimates, (ii) quantify how urban trees allocate carbon
biomass in their above-ground components, and (iii) compare TLS-based carbon biomass
estimates with i-Tree-based estimates. By addressing these objectives, our study provides new
insights into urban tree carbon allocation that can be used to refine urban forest carbon
accounting through improved allometric models that guide the application of urban forest carbon

estimation methods.

3.2 Materials and Methods

3.2.1 Study Area

The study was conducted in Auburn, Alabama, USA. We sampled 90 urban trees across
three species, with 30 trees representing each species: Southern red oak (Quercus falcata),
overcup oak (Quercus lyrata), and bald cypress (Taxodium distichum). Within each species,
individuals were chosen to represent a wide range of stem diameters at breast height (DBH) and
total tree heights (see Table 3.1). All sampled trees were healthy, with no visible disease, pest, or

structural defects (e.g., decay).

Table 3.1 Summary statistics of the size of study trees.

Species Height(m) (mean [min, max]) DBH (m) (mean [min, max])
Quercus falcata 18.58 [7.18, 29.15] 0.67[0.21, 1.35]
Quercus lyrata 12.51[7.75, 18.89] 0.51[0.32,1.13]

Taxodium distichum 12.32 [5.90, 27.51] 0.38 [0.21, 0.82]
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3.2.2 Wood density and carbon content calculation from cores

For every study tree, a 5.15 mm diameter increment core was extracted at breast height
(1.37 m) using an increment borer. The samples were then immediately placed in sealed, labeled
bags to prevent moisture loss. The diameter of the cores was measured using a caliper with
0.01mm precision, and the length with a standard engineer’s ruler. The green volume of each
core sample was then calculated assuming a cylinder’s volume. Allcores were oven-dried at
100°C for 24 hours and weighed to measure dry mass. Basic wood density (p) was calculated

using equation (1).

oven dry mass of increment core sample (g)

P = ,
measured — green volume of increment core sample (cm?3)

We determined the carbon concentration (C%) of each wood core through elemental
analysis. Each dried core was divided into three segments along its radius: near the pith, the
middle of the core, and near the bark. From each segment, a ~2—3 mg subsample of wood was
encapsulated in a tin capsule. Carbon content (C% by mass) was measured using a FlashSmart
CHNS/O elemental analyzer, which combusts the sample at high temperature and quantifies C%

via a thermal conductivity detector (Bird et al. 2017).

Because bark can have a different carbon concentration than wood, we calculated a
weighted average carbon concentration for each core, combining wood and bark contributions.
Using species-specific bark volume fractions from Miles and Smith (2009), we weighted the

carbon concentrations of wood versus bark as:
Cmeasured (%) = (Cwood X %VOZwood) + (Cbark X %VOZbark) (2)
where,
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Cmeasurea = Weighted average carbon concentration of a woody core,

Cwood = average carbon concentration at the core center and pith,

Chrark = carbon concentration of the bark,

% Volwood = percentage of wood volume [80% for T. distichum; 78% for Q. falcata and Q. lyrata

(Miles and Smith 2009)]

% Volpark = percentage of bark volume [20% for T. distichum; 22% for Q. falcata and Q. lyrata

(Miles and Smith 2009)]

3.2.3 Terrestrial Laser Scanning (TLS) and Quantitative Structure Models Generation

All study trees were scanned using a FARO Focus Premium terrestrial laser scanner
(FARO Technologies, 2024). Each tree was scanned in leaf-on and leaf-off conditions to evaluate
the influence of foliage state on carbon biomass estimation. Scans were conducted under mild

wind conditions to reduce noise and occlusion due to swaying stems and branches.

Each tree was scanned from 4—6 positions, with scan locations distributed across multiple
angles to minimize occlusion (Wilkes et al. 2017). We began with two close-range scans from
opposing directions to capture detailed stem and primary branch geometry. We then conducted
two additional scans on perpendicular direction to the initial pair at a distance that allowed a
clear view of the entire tree crown. Additional scans were collected for large trees with dense

crowns.

To enable co-registration of scans acquired from multiple positions, four identical
spherical targets were placed around each tree so that they were visible across adjacent scans. All

individual scans were co-registered to create a single point cloud per study tree with FARO Scene
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2023.1.0. Individual tree point clouds were isolated from the surrounding environment. Finally,
we removed noise from the individual tree point clouds using the statistical outlier removal tool

in CloudCompare v2.13.2 (http://www.cloudcompare.org/).

For leaf-on point clouds, it is necessary to virtually remove the leaf component before
generating QSMs to produce wood volume estimates. The GBSeparation algorithm was applied
to the leaf-on point clouds to separate the leaf and wood components (Tian and Li 2022). It is a
graph-based algorithm that uses shortest-path graph theory to identify cylindrical or linear
features as woody structures in point clouds and separate them from the leaf component. In
experiments, GBSeparation consistently outperformed other widely used leaf separation

techniques for both broadleaf trees and conifers (Arrizza et al. 2024; Chen et al. 2025).

Quantitative structure models (QSMs) were generated from leaf-off and leaf-removed
point clouds using TreeQSM 3.4.1. The algorithm first partitions the point cloud into small
surface patches using a cover-set strategy that groups points by proximity and local surface
geometry (Raumonen et al. 2013; Calders et al. 2018). The model then identifies the main stem
(e.g., dominant vertical axis with low curvature) and reconstructs the branching topology by
tracing connectivity among components (Arseniou et al. 2021). Cylinders are subsequently fit to
the stem and branches by least-squares optimization, proceeding from the base upward while
enforcing continuity and biological tapering. Due to the inherent stochasticity of the TreeQSM
algorithm, multiple reconstructions are produced for different parameter settings, and the optimal

QSM reconstruction is selected (Raumonen et al. 2013).

Inherent limitations of terrestrial laser scanning, like laser beam divergence, occlusion,
and co-registration errors, prevent the accurate reconstruction of small branches and twigs

(Morales and MacFarlane 2025a). Due to these limitations, QSMs tend to overestimate the

70



volume of small branches and twigs, resulting in a substantial overestimation of total above-
ground wood volume (Demol et al. 2022b). To address this issue, Morales and MacFarlane
(2025b) proposed a new method, rTwig, which integrates species-specific twig radius
measurements to model biologically accurate branch tapering. Hence, in this study, optimal
QSMs were allometrically corrected using »Twig. After applying rTwig, the final QSM provided

the volume of each tree’s woody components (main stem and branches).

From each QSM, we extracted the volume of the main stem and all branches to analyze
carbon biomass allocation in these components. Branches are hierarchically categorized in a
QSM. (Order 1: first-order branches that are directly attached to the main stem; Order 2: second-
order branches that are attached to first-order branches, and so on). Furthermore, for every
branch in a QSM, we can retrieve its base diameter and the height of its origin on the tree. This
analysis allowed us to quantify how carbon was distributed by branch size and branching order,

as well as vertically within the tree’s crown.

3.2.4 TLS-based total above-ground carbon estimates

We computed each tree’s above-ground carbon biomass (AGC) by multiplying TLS-based
above-ground volume by basic wood density and the carbon concentration. To explore the effect
of the conversion parameter, we estimated TLS-based carbon biomass under four different

scenarios:

i.  Scenario A: Published basic wood density (ppypiisnea) (Miles and Smith 2009) and 50%
carbon concentration (0.50 C)
ii.  Scenario B: Published basic wood density (0pupiishea) (Miles and Smith 2009) and

measured carbon concentration (Cpeqsured)
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iii.  Scenario C: Measured basic wood density (pmeasureq) @nd 50% carbon concentration
(0.50 C)
iv.  Scenario D: Measured basic wood density (peasureq) and measured carbon
concentration (Cpeqsured)
The last scenario, where all conversion parameters were measured, should provide the most

accurate estimate of a tree’s carbon biomass, so we treated it as a reference.

3.2.5 i-Tree Carbon Estimation

For each study tree, we recorded species, DBH, and total height following the standard i-
Tree Eco inventory protocols (Nowak 2024). We also visually assessed the Crown Light
Exposure (CLE) for each tree on a 1-5 scale, where 1 indicates that the crown receives direct
light from only one side and 5 indicates unobstructed light capture from above and all four sides.

Using i-Tree Eco v6.0.36, we generated two carbon biomass estimates for each study tree:

(1) i-Tree without CLE: For trees classified as open-grown (CLE class = 4 or 5), biomass was
estimated using allometric equations, with no adjustment factor applied for open-grown tree

structure.

(i1) i-Tree with CLE applied: For trees classified as open-grown, biomass estimates were

multiplied by 0.8 to account for open-grown tree structure.

In both cases, i-Tree converts the estimated biomass to carbon biomass by multiplying by
0.5 (Nowak 2024). These two scenarios allowed us to examine i-Tree’s sensitivity to the CLE

adjustment.
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3.2.6 Statistical analyses

We compared TLS-based leaf-on and leaf-off total above-ground tree carbon biomass
(AGC) estimates using simple regression analysis, performed both before and after applying the
rTwig allometric correction. Agreement between leaf-on and leaf-off AGC estimates was evaluated
using Pearson’s correlation coefficient () and the concordance correlation coefficient (CCC),
calculated separately for each species and for all species combined, both with and without »7wig

correction. For each tree, the AGC difference was calculated as:
d; = AGCleaf—off,i - AGCleaf—on,i

where AG Ci,tofr; 1 the leaf-off TLS-derived AGC estimate for the tree i, and AG Cicyf.on i
is the corresponding leaf-on TLS-derived AGC estimate. Based on these differences, the following

error metrics were calculated:

e Mean relative difference (MRD; %):

e Root mean square error (RMSE; kg):

e Percent RMSE (%RMSE):
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%RMSE = RMSE x 100
’ B AGCleaf-off. mean

where n is the number of trees and AGCieatoff mean 1S the mean leaf-off AGC estimate for
the group being analyzed. All other analyses used leaf-off, rTwig-corrected TLS-based AGC

estimates unless specified otherwise.

To quantify the influence of conversion parameters on TLS-derived carbon biomass, we
treated Scenario D (measured basic wood density and measured carbon concentration) as a
reference. Bias induced in Scenarios A—C was quantified as a within-tree percent difference

relative to Scenario D:

A (%) = Ace (:;C);C_ égc D) 100% x €{4,B,C} (3)

where,

AGC (x) = Total above-ground carbon biomass estimated under scenario x (i.e., scenarios A-C)

AGC (D) = Total above-ground carbon biomass estimated under scenario D

All conversions in the remaining analyses were performed using the measured parameters

(Scenario D) unless otherwise specified.

To quantify how trees allocate above-ground carbon biomass in their main stem and
branches, we examined the relationship between total branch carbon biomass and main stem

carbon biomass using simple linear regression.

To evaluate differences in mean branch carbon biomass among branching classes, we
grouped branches by TreeQSM branch order and branch-base diameter class and summarized

branch-level carbon biomass. Because variances differed among classes, we used Welch’s one-way
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ANOVA applied to tree-level analyses. Group-wise distributional assumptions were evaluated

using Q—Q plots, and statistical significance was assessed at @ = 0.05.

To examine the relationship between i-Tree and TLS-based carbon biomass estimates, we
used linear regression and calculated Pearson’s correlation coefficient (r). Agreement between the
two methods was quantified using the concordance correlation coefficient (CCC). To further
compare the two types of tree carbon biomass estimates the following error metrics were

calculated:

AGC difference for each tree (d; kg):

d= AGCrps — AGCi_ryee

Mean relative difference (MRD; %):

MRD — 100 | d; |
T on AGCrps);
i=1
e Root mean square error (RMSE; kg):
RMSE =
e Percent RMSE (%):
%RMSE RMSE x 100%
0 Y —— 0
AGCTLS.mean

where, AGCr;s denotes the TLS reference carbon biomass estimate (Scenario D), AGCrrs mean
denotes its mean value across trees, AGC;_r,¢. 15 the i-Tree-based carbon biomass estimate (with

CLE or without CLE, depending on the comparison).
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All comparisons were computed separately for i-Tree estimates generated with CLE and
without the CLE parameter. Finally, all statistical analyses were done in R version 4.3.1 (R Core

Team, 2023).

3.3 Results

3.3.1 Measured Wood Properties

Increment core analyses showed clear species differences in the two conversion
parameters that link TLS-derived woody volume to above-ground carbon biomass (AGC) (see
Table 3.2). Both oak species had high basic wood density (mean ppeqsyreqa = 0.62—0.63 g cm™),
whereas 7. distichum had substantially lower density (mean p,,eqsurea= 0.41 g cm3). Published
wood density values from Miles and Smith (2009) differed from these measurements: the

published value for both oaks was lower (0pypiisnea= 0.56 g cm™), while the published wood

density value for T distichum was higher (ppypiisnea= 0.44 g cm™) (see Table 3.2).

Measured carbon concentration also differed from the common 50% of dry biomass

assumption: the oak trees averaged 45.5-45.7% C, while T. distichum averaged 49.8% C.

Table 3.2 Summary of wood trait values used for TLS volume to carbon conversion.

Species meazg/l:nnzl%c;sured Pz,gu/bczlilslg;d mean(Co'/ :)n)easured
Quercus falcata 0.62 £0.05 0.56 45.52 +0.53
Quercus lyrata 0.63 +0.04 0.56 45.67+0.70

Taxodium distichum 0.41 £0.04 0.44 49.82 £ 0.66

Note:
Basic wood density (0pmeasureq): computed from increment cores as oven-dry mass / green volume (g cm™).
Carbon concentration (Cpeqsureq): percent carbon by dry mass measured via elemental analysis (CHNS/O).

Published density (Ppypiishea): SPecies-average basic wood density from Miles and Smith (2009); used to represent a “published
default” parameterization.
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3.3.2 Effect of conversion parameters on TLS-based AGC

AGC estimates derived from TLS were sensitive to the selected conversion parameters, with
both the direction and magnitude of bias varying across species. (see Figure 3.1). Compared
with the reference scenario that used measured wood density and measured carbon concentration

(Scenario D), the alternative parameterizations resulted in the following mean differences:

e Quercus falcata: Scenario C (Pmeasurea & 50% C) estimated 9.8% more AGC; Scenario
B (ppubtishea & %Cmeqsurea) €stimated 9.1% less AGC; Scenario A (ppubiished & 50% C)

showed the smallest deviation from Scenario D, estimating 0.2% less AGC.

e Quercus lyrata: Scenario B and Scenario A estimated 10.5% and 2.1% less AGC

respectively, while Scenario C estimated 9.4% more AGC.

o Taxodium distichum: All alternative scenarios estimated more AGC. The greatest over
estimation occured under Scenario A (+14.2%), followed by Scenario B (+9.1%), while

Scenario C produced the smallest (+4.7%).

Overall, these patterns indicate that the effects of the conversion parameter were species
dependent. Importantly, the relatively small deviation of Scenario A from Scenario D in the two
oak species should not be interpreted as evidence that this published parameterization was
accurate; rather, it reflects counter-balancing errors, whereby the lower published wood density

offset the upward bias introduced by the 50% carbon concentration.
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Figure 3.1 Species-specific sensitivity of TLS-derived above-ground carbon biomass (AGC) to
conversion parameters. Points show the mean percent difference in AGC, with standard
deviations, for Scenarios A—C relative to Scenario D (measured wood density and measured

carbon concentration). The dashed vertical line indicates zero difference from Scenario D.

3.3.3 Leaf-off versus leaf-on TLS-based carbon estimates and rTwig correction

Across species, Pearson’s correlation coefficients remained high with and without rTwig,
but CCC, RMSE, and MRD revealed that systematic differences between leaf-on and leaf-off
AGC estimates persisted (see Table 3.3). Applying r7wig did not substantially alter the overall
linear relationship between leaf-on and leaf-off estimates, but it reduced the upper-end spread in

AGC values (see Figure 3.2). Across all species combined, »7wig reduced RMSE, RMSE(%),
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and MRD(%), indicating improved overall error relative to the uncorrected models, while CCC

remained unchanged. The effect of »Tivig was, nevertheless, species dependent. For Q. falcata

and T distichum, rTwig generally improved the comparison with leaf-off estimates, whereas for

Q. lyrata the effect remained mixed: RMSE was reduced, but concordance and relative error

metrics did not improve consistently. Leaf-off TLS-based AGC estimates remained higher than

leaf-on estimates for Q. lyrata and T. distichum, regardless of whether »Tivig was applied,

whereas the difference between scan conditions was smaller for Q. falcata (see Figure 3.2).
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Figure 3.2 Leaf-on vs leaf-off TLS-based above-ground carbon (AGC) estimates with and

without rTwig correction, shown for all species combined and by each species separately. Points

indicate individual trees; red color indicates the use of rTwig, blue color indicates no use of
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rTwig. Solid lines represent linear regressions with 95% confidence intervals plotted around

them. The dashed line indicates the 1:1 relationship.

Table 3.3 Comparison of leaf-on versus leaf-off TLS-derived above-ground carbon biomass

(AGC) estimates with and without rTwig correction for each species and across all species

combined
Quercus falcata Quercus lyrata Taxodium distichum Combined
Metric with without with without with without with without
rTwig rTwig rTwig rTwig rTwig rTwig rTwig rTwig
RMSE (kg) 438.44  653.52  378.40  502.74 78.26 111.99 337.41  480.41
RMSE(%) 32.62 36.48 50.64 45.70 33.62 36.02 43.55 45.00
MRD(%) 20.38 19.63 33.32 33.84 30.47 32.54 28.06 28.67
CCC* 0.90 0.88 0.55 0.63 0.90 0.85 0.90 0.90
Pearson's r* 0.91 0.90 0.82 0.84 0.97 0.95 0.93 0.92

* All CCC and Pearson’s r values were statistically significant (p<0.01).

3.3.4 Total above-ground carbon biomass in main stem and branches

In this analysis, TLS-based AGC estimates were generated from leaf-off tree point

clouds. Across all species, total branch carbon biomass increased with main stem carbon biomass

(see Figure 3.3). For all species combined, the main stem accumulated more carbon biomass than

branches. Species-level relationships differed, with Q. lyrata showing higher branch carbon

biomass relative to main stem carbon biomass as opposed to Q. falcata and T. distichum (see

Figure 3.3).
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Figure 3.3 Relationship between main-stem carbon biomass and total branch carbon biomass for
all species combined and for individual species separately. The 95% confidence interval is

plotted around the regression lines. Dashed lines indicate the 1:1 relationship.

3.3.5 Carbon biomass distribution in branches

We also examined how branch carbon biomass is distributed within tree crowns, with
respect to branch order, branch-base diameter, and the vertical position of branch origin, all
derived from QSMs. Branch carbon biomass differed among branch orders across all study

species combined and for each species separately (p<0.05; Figure 3.4). Carbon biomass was

81



mainly allocated in lower branch orders, and this carbon biomass distribution was positively
skewed, with a small number of low-order branches containing most of the carbon biomass (see

Figure 3.4). Specifically, first- and second-order branches accounted for the largest share of total

branch carbon biomass, while higher-order branches accumulated less carbon biomass.
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Figure 3.4 Distribution of branch carbon biomass per branch order for all species combined and

for individual species.

Branch carbon biomass differed significantly among branch-base diameter classes when
all species were combined and when each species was analyzed separately (p < 0.001; Figure

3.5). The distribution of carbon biomass by branch-base diameter was positively skewed: small
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diameter classes contained many branches with relatively low carbon biomass, whereas mid- and

large-diameter classes had fewer branches but disproportionately higher carbon biomass. Both

oak species exhibited much larger branch-base diameters and a marked increase in carbon

biomass in the upper diameter classes (particularly >25 cm). In contrast, 7. distichum trees had

smaller branch-base diameters (< ~22 cm) and showed a unimodal distribution, with peak branch

carbon biomass occurring in medium branch diameters (~8—12 cm).
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Figure 3.5 Distribution of branch carbon biomass across branch base diameter classes, shown for

all species combined and for each species separately.
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We also examined the relative vertical distribution (branch base height divided by total

tree height) of branch carbon biomass (proportion of total branch carbon biomass) within

crowns. We found that relative branch carbon biomass was unevenly distributed along the

vertical profile of tree crowns, showing a parabolic distribution (see Figure 3.6). Across all

species, relative branch carbon biomass was mainly concentrated in the lower to mid-crown

levels, with reduced accumulation toward the upper crown.
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3.3.6 i-Tree versus -TLS-based carbon biomass estimates

We found a strong positive relationship between TLS-based and i-Tree-based carbon
biomass estimates across all species (see Figure 3.7). However, the effect of the Crown Light
Exposure (CLE) adjustment on agreement with TLS-based AGC estimates was inconsistent

across species (see Table 3.4).

All species combined Quercus falcata
5,000 5,000
® ® 2 ® ]
y=46.1+0.789 x R*=0.84 P<0.001 y=126+0.807 x R?=0.79 P <0.001
y=455+0.986 x R°=0.84 P<0.001 y=110+1.02x R“=0.80 P<0.001
4,000+ 4,000
3,000 4 3,0004
2,000 4 2,000+
£ 1,000 Lo
n
172}
©
£
K<) 04
o 04
(=3 T T T T T T T T
_8 0 1,000 2,000 3,000 0 1,000 2,000 3,000
=
8 Quercus lyrata Taxodium distichum
- 7
o} L’
@ y=-39.8+0696x R°=0.91 P<0.001 3 15004 y=12+1.26x R*=0.90 P<0.001
-09)3.000- y=-54.7+0872x R*=0.91 P<0.001 y=12.3+1.57x R*=092 P<0.001
o
'_
&
2,000+ 10005
1,000 4 5004
O- T T T O- T T T
1,000 2,000 3,000 250 500 750

TLS-based Carbon Biomass (kg)

- i-Tree with CLE =@ i-Tree without CLE

Figure 3.7 Regression comparisons of above-ground carbon biomass estimate from i-Tree versus
TLS-derived estimates shown for all trees combined and by species. Blue points and lines

indicate i-Tree estimates without the CLE adjustment; red points and lines indicate i-Tree
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estimates with the CLE adjustment. Solid lines are fitted linear regressions with 95% confidence

intervals plotted around them. The dashed black line indicates the 1:1 relationship.

Table 3.4 Comparison statistics between TLS-based above-ground carbon (AGC) and i-Tree-
based AGC estimates, with and without the Crown Light Exposure (CLE) adjustment.

Quercus falcata Quercus lyrata Taxodium distichum Combined
Metric with without with without with without with  without
CLE CLE CLE CLE CLE CLE CLE CLE

RMSE (kg)  368.97  451.67 41472  279.56 74.73 139.51 32338 317.08
MRD (%) 18.98 22.65 36.47 24.29 19.27 39.37 2491 28.77
RMSE (%) 27.63 33.82 48.71 32.84 32.32 60.35 40.12 39.34
CCC* 0.92 0.91 0.78 0.91 0.93 0.82 0.91 0.93
Pearson’s r* 0.93 0.93 0.95 0.95 0.96 0.96 0.93 0.94

* All CCC and Pearson’s r values were statistically significant (<0.01).

When all species were analyzed together, Pearson’s correlation coefficients remained
high regardless of whether CLE was applied ( = 0.94 without CLE; » = 0.93 with CLE; p <
0.01), but concordance was slightly lower with CLE (CCC = 0.93 without CLE; CCC = 0.91
with CLE), indicating that the CLE adjustment did not improve overall agreement. For Q.
falcata, Pearson’s r was unchanged ( = 0.93; p <0.01), and CCC increased only slightly with
CLE. For Q. lyrata, Pearson’s r remained high (» = 0.95; p <0.01), but CCC declined
substantially when CLE was applied, indicating poorer agreement with TLS. In contrast, for 7.
distichum, Pearson’s r also remained high (» = 0.96; p <0.01), and CCC increased with CLE,
indicating improved agreement for that species. Overall, these results show that the influence of
CLE on i-Tree-based AGC estimates was species dependent and did not consistently improve

agreement with TLS-based estimates across the dataset.
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3.4 Discussion

3.4.1 Implications of wood density and carbon concentration for AGC estimation

This study demonstrates that even when using precise, structure-based TLS-based
methods, the accuracy of total above-ground carbon (AGC) estimates in urban trees remains
highly contingent on the accuracy of the underlying conversion parameters: wood density and
carbon concentration (Demol et al. 2021; Guo et al. 2024). By isolating the effect of these
parameters, our results show that improvements in quantifying tree structure do not necessarily

yield an unbiased carbon estimate when generic wood property values are used.

The deviation of published wood density values from our measured values drives the bias
in scenarios that relied on these defaults. This is consistent with the well-established fact that
wood density is not a fixed species constant, but varies across climatic gradients, geographic
locations, and local growing conditions (Wiemann and Williamson 2002). This issue is especially
relevant in urban environments, where trees experience altered thermal, hydrological, and
management conditions relative to forest stands, and recent evidence shows that wood specific
gravity can differ both among urban site types and from forest-grown reference values (Pretzsch
et al. 2017; Sonti et al. 2025). Consequently, published species means such as those compiled by
Miles and Smith (2009) are useful operational reference values, but they may not adequately

represent local urban wood properties when the goal is high-precision carbon estimation.

The common assumption that wood biomass contains 50% carbon remains widespread in
carbon accounting, but studies show that woody tissue carbon concentration varies substantially
among species and tissues (Thomas and Martin 2012; Doraisami et al. 2022). In this study, the

measured carbon concentrations for the two oak species were substantially lower than 50%,
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while 7. distichum (49.8%) was very close to it. This distinction is biologically plausible because
conifer wood often has a higher carbon concentration than hardwood, partly owing to higher

lignin content (Lamlom and Savidge 2003; Thomas and Martin 2012).

The species-specific bias in the scenario analysis was caused by the combined effects of
wood density and carbon concentration. For the oak species, Scenario A used a published wood
density that was lower than the measured value, which resulted in lower AGC estimates. At the
same time, it used a fixed 50% carbon concentration that was higher than the measured value,
which resulted in higher AGC estimates. Because these two errors acted in opposite directions,
they partly canceled each other, and Scenario A showed only a small mean difference from
Scenario D. However, this should not be interpreted as evidence that the default parameterization
was accurate. Instead, the apparent agreement was caused by counter-balancing errors. This
pattern is not reliable and would not necessarily occur for other species, sites, or combinations of
wood traits. This is illustrated by T distichum, where Scenario A produced the largest
overestimation because the same two factors no longer offset each other. Therefore, Scenario A
may appear accurate in some cases, but that accuracy is only coincidental, making it unsuitable

as a generally reliable approach for mixed-species urban carbon estimation.

An additional point is that Scenario C produced less dispersed deviations relative to the
reference scenario despite remaining systematically offset. This suggests that retaining measured
wood density preserved an important source of biologically meaningful variation among trees,
whereas replacing measured carbon concentration with a fixed percentage imposed a more
uniform scaling. The implication is methodological: a formulation can appear comparatively
stable while remaining biased. Similar concerns have been raised in the allometric literature,

where limited calibration or incomplete representation of key sources of variation can yield
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outputs that appear coherent but remain systematically inaccurate, especially for larger trees

(Duncanson et al. 2015)

These findings have a clear practical implication. While TLS effectively addresses the
architectural uncertainty associated with allometric equations for open-grown urban trees
(McHale et al. 2009; Tanhuanpii et al. 2017; Kiikenbrink et al. 2021), our work shows that this
structural precision does not guarantee an accurate carbon estimate. The remaining uncertainty
shifts from tree form to wood properties. Therefore, when employing TLS as a high-accuracy
reference method, for example, to calibrate urban allometries or to quantify carbon stocks in
large, high-value trees, locally representative wood density and carbon concentration should be
treated as part of the measurement framework (Demol et al. 2021; Kiikenbrink et al. 2021). This
point is further supported by Chapter 2 of this thesis, which indicates that wood carbon
concentration can vary not only among species but also within urban settings, likely in response
to differences in local site conditions and stress exposure. While not without its own limitations,
using increment cores to measure wood density and carbon concentration represents a substantial
improvement over relying on generic, often geographically mismatched, published values (Sonti

et al. 2025; Demol et al. 2021).

3.4.2 Leaf-on versus leaf-off AGC estimates

The strong relationship between leaf-on and leaf-off AGC estimates indicates that both
scan conditions captured the major structural differences among trees, even though leaf condition
can influence QSM reconstruction and biomass estimation from TLS data (Arseniou et al. 2023).
However, the degree of agreement between the two scan conditions depended on how
completely the woody structure could be captured and retained from leaf-on point clouds. In

leaf-on workflows, woody volume may be reduced both because foliage occludes stems and
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branches and because leaf—~wood separation algorithms can remove points belonging to fine
twigs and distal branches (Hartley et al. 2024; Chen et al. 2025). Recent studies show that QSM-
based biomass derived from leaf-removed leaf-on point clouds often underestimates reference
biomass relative to both destructive measurements and leaf-off reconstructions, indicating that
leaf removal improves the usability of leaf-on scans but does not fully eliminate underestimation

bias (Chen et al. 2025).

The species-specific patterns in our study are consistent with these mechanisms. For Q.
lyrata and T. distichum, leaf-off AGC was higher than leaf-on AGC, whereas this pattern was
less evident for Q. falcata. Q. lyrata has broader leaves and large scaffold branches (Solomon
1990), which likely increase crown occlusion during leaf-on scanning and may also increase the
chance that woody points adjacent to leaves are removed during the separation step. In contrast,
0. falcata generally has narrower leaves and more often maintains a longer trunk with major
branches that are more widely spaced (Jensen 1989). A crown architecture with broader internal
branching likely increases self-occlusion during leaf-on scanning, thereby reducing the

completeness of woody surface capture (Hartley et al. 2024; Chen et al. 2025)

T’ distichum, as a deciduous conifer with needle-like foliage closely associated with fine
woody elements, presents a structurally intricate outer crown in which leaves and woody axes
are difficult to separate cleanly from leaf-on TLS data (Gilman and Watson 1994; Chen et al.
2025). This is particularly relevant for graph-based separation approaches, which rely on
geometric connectivity and shortest-path relationships within the point cloud to identify woody
structure; when needles and fine shoots are closely associated, true woody points may be more
difficult to retain (Chen et al. 2025; Tian and Li 2022). Recent studies support this interpretation,

showing that leaf—~wood separation generally performs less effectively in coniferous trees than in
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broadleaved trees and that biomass estimates from leaf-removed conifer point clouds are more
sensitive to classification error (Chen et al. 2025). Thus, in 7. distichum, the lower leat-on AGC
likely reflects loss of fine woody structure during the separation stage rather than crown

occlusion alone.

The application of the »Twig correction reduced the upper range of AGC estimates and
improved overall error across all species combined, indicating that correction of inflated small-
branch radii enhanced the consistency of leaf-on estimates with the leaf-off reference. Small
branches and twigs lie close to the effective resolution limit of TLS because beam divergence,
point density limitations, scattering, and co-registration error all reduce the reliability of fine-
scale reconstruction, making distal cylinders especially prone to radius inflation in QSMs
(Wilkes et al. 2017; Disney et al. 2018). Morales and MacFarlane (2025b) developed rTwig
specifically to address this problem by using measured twig diameters to model realistic taper
along branch paths, and their validation showed a major improvement in biomass estimation
after correction. This matters because small-branch errors accumulate across many distal
cylinders throughout the tree (Millan et al. 2024). Demol et al. (2022b) showed that branches < 5
cm diameter accounted for more than 80% of branch volume overestimation in destructively

validated ash trees and produced whole-tree overestimation of 38—52%.

The leaf-removal algorithm can affect the performance of »7wig. The correction can only
be applied to the woody structure that remains after leaf removal and QSM reconstruction. If the
leaf-removal step removes distal twig points together with leaves, then rTivig is effectively
applied lower on the branch system, at a thicker point below the missing twigs (Morales and
MacFarlane, 2025a). Under those conditions, »7Twig cannot recover the lost distal structure;

instead, it may further reduce the estimated volume of the retained distal branch segment by
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imposing taper below the true twig position. Collectively, these results suggest that leaf-on TLS
can preserve relative differences among trees but may be less consistent than leaf-oft TLS for

AGC estimation when leaf-removal errors reduce the retention of fine woody structure.

3.4.3 Stem-branch carbon allocation

The study result showed strong species-specific divergence in branch versus stem carbon
biomass allocation, even though the overall relationship indicates that the main stem accumulates

more carbon biomass than the branch.

The greater branch carbon biomass allocation in Q. lyrata aligns with previous studies
showing that open-grown trees may allocate more biomass in their branches due to their squat
form (short trunk and large crown), allowing them to optimize light capture and maintain their
balance against wind loads in urban settings (MacFarlane and Kane 2017). However, the
observed pattern for Q. falcata and T. distichum was unexpected, given their open-grown form.
For Q. falcata, higher stem carbon biomass likely reflects species-specific architecture together
with the relatively large DBH of the sampled individuals. This species typically maintains a
straight, prominent bole with major branches that are relatively well (Jensen 1989). Because
woody biomass scales strongly with diameter, the comparatively large DBH of these trees would
increase stem cross-sectional area and bole volume, reinforcing carbon biomass accumulation in
the main stem. For 7. distichum, stem dominance is mostly explained by its excurrent form. This
species maintains strong apical dominance compared to broadleaf species (Brown et al. 1967),
and this apical control suppresses lateral branch growth, thereby increasing the stem fraction of
above-ground biomass (Wilson 2000). In addition, 7. distichum trees typically develop basal
buttressing that further increases stem biomass (Walsh and Dawson 2014; Pietrzykowski et al.

2015). In urban settings, these inherent species differences may be reinforced by management,
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because routine pruning can reduce branch biomass and alter branch—stem allometry over time

(Speak and Salbitano 2023).

The accumulation of carbon biomass in a small number of large, low-order branches is
consistent with the fractal-like organization of tree crowns and can be interpreted through
theories of tree form and resource transport (Arseniou et al. 2021). Pipe model theory proposes
that proximal woody axes must contain sufficient conductive and supporting tissue to supply the
distal foliage they subtend, so branch cross-sectional area should increase toward the crown base
where each axis supports a larger downstream crown system (Shinozaki et al. 1964; Lehnebach
et al. 2018). The West—Brown—Enquist framework extends this logic by viewing trees as
hierarchically organized, self-similar transport networks in which branch size, path length, and
resource flux scale systematically across branch orders (West et al. 1997). Together, these
frameworks suggest that first- and second-order branches should contain disproportionate woody
volume and carbon biomass because they integrate the hydraulic and mechanical demands of
much larger distal subnetworks, whereas higher-order branches become progressively smaller

and contribute less carbon biomass per branch.

This interpretation also matches the vertical pattern in our data. Branches originating in
the lower to mid-crown are more likely to represent persistent scaffold axes supporting large
crown subnetworks, whereas upper-crown insertions are more often composed of shorter, higher-
order branches that are younger and less woody, so their contribution to total branch carbon
biomass is smaller (Ishii and Mcdowell 2002). It is also consistent with TLS-based studies of
urban trees, which show that branch allocation varies with branch order, branch-base diameter,
branch-base height, structural complexity, and path-length distributions (Zheng et al. 2025;

Parhizgar et al. 2025; Arseniou et al. 2021).
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3.4.4 TLS versus i-Tree-based carbon estimates

Across all trees, TLS- and i-Tree-based AGC estimates were strongly correlated,
indicating that both approaches captured relative differences in carbon biomass among
individuals. However, absolute agreement varied by species and by whether the open-grown
Crown Light Exposure (CLE) adjustment was applied. This pattern is consistent with previous
studies showing that urban-tree biomass estimates can differ substantially depending on the
allometric equations used, particularly because equations developed from forest-grown trees may
not always represent the architecture of open-grown urban trees well (McHale et al. 2009;

Aguaron and McPherson, 2012).

The CLE adjustment in i-Tree Eco assumes that open-grown trees generally have less
above-ground biomass than forest-grown trees because open urban growing conditions often
promote broader crowns, larger branches, and shorter, more spreading forms (McHale et al.
2009; MacFarlane and Kane, 2017). Our results suggest that this generalized adjustment is too
simplistic for consistent use across species. Although i-Tree and TLS remained strongly
correlated regardless of whether CLE was applied, the inclusion of CLE did not improve overall
agreement across the full dataset. McHale et al. (2009) reported that forest-derived equations
could overpredict urban-tree biomass in some cases and underpredict it in others, demonstrating
that the bias is not constant enough to be corrected reliably with a single fixed reduction factor.
Therefore, while a 20% reduction may be reasonable as a broad average assumption, it is

unlikely to be appropriate for all species or tree forms.

The pattern observed for 7. distichum is especially important for interpreting the CLE
adjustment. This species showed the clearest improvement when CLE was applied, yet 7.

distichum generally maintains an upright, excurrent crown form with strong apical dominance,
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even in open-grown settings, rather than developing the broad, spreading architecture that the
CLE correction is intended to approximate (Gilman and Watson, 1994; Brown et al. 1967,
Wilson, 2000). Thus, the species showing the clearest apparent benefit from CLE was not the one
for which the biological rationale of the correction is strongest. This weakens the argument for
treating CLE as a generally applicable open-grown biomass adjustment and suggests instead that
its effects are species dependent and not consistently explained by the crown-form mechanism it

is intended to represent.

More broadly, these findings highlight a general limitation of allometric biomass
estimation in urban trees. Urban carbon models often rely on forest-derived equations or
compiled literature values rather than on destructively sampled, open-grown urban trees that
span the wide range of crown forms and size classes found in cities (McHale et al. 2009;
McPherson et al. 2016). This matters because allometric bias is not constant across tree size, and
model error can increase substantially when large trees are poorly represented in calibration
datasets (Duncanson et al. 2015). Recent work has similarly emphasized that urban biomass
equations should be developed from datasets spanning broad size distributions and urban
growing conditions, because stem and branch allocation vary strongly within species and across

urban settings (Lee et al. 2025; Parhizgar et al. 2025).

Accordingly, 1-Tree Eco remains valuable for operational, city-scale inventories because
it is accessible, standardized, and widely used, and published sensitivity analyses confirm that its
outputs respond strongly to several tree- and crown-related inputs, including CLE (Lin et al.
2021; Lin et al. 2020). However, the present results indicate that the current allometric
formulations and generalized CLE-based correction remain a limitation when higher-accuracy

AGC estimates are needed for large, structurally complex urban trees. In such cases, TLS
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provides a practical non-destructive reference because it measures tree structure directly and can
support the development and validation of urban-specific allometries without requiring

destructive harvest (Kiikenbrink et al. 2021; Krause et al. 2023; Parhizgar et al. 2025).

3.5 Conclusions

This study demonstrates that TLS, combined with locally measured wood density and
carbon concentration, provides a reliable non-destructive reference for estimating above-ground
carbon (AGC) in urban trees and for quantifying carbon allocation between stems and crowns.
This is particularly valuable for large urban trees, which dominate city-scale carbon stocks but
are rarely represented in destructive datasets used to develop biomass allometries. Our findings
also show that the use of published wood density values and a fixed 50% carbon concentration
can introduce species-dependent bias, highlighting the importance of locally measured wood
traits when high-precision estimates are required. Although i-Tree Eco captured relative variation
in AGC well, the CLE open-grown adjustment did not consistently improve agreement with
TLS-based estimates across species. Taken together, these results provide little support for CLE
as a general biomass correction for urban trees and instead emphasize the need for species-
specific urban allometries or TLS-based calibration datasets when greater accuracy is required.
Future work should expand TLS reference datasets to include a broader range of species, tree
sizes, and management histories to strengthen urban forest carbon estimation across spatial and

temporal scales.
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CHAPTER 4

OVERALL DISCUSSION AND CONCLUSIONS

4.1 Discussion

The main question addressed in this thesis was how aboveground carbon storage in urban
trees is shaped by both biological variation and methodological choices, and how these sources
of variation can be integrated to improve carbon accounting. The results show that accurate
carbon estimation in urban trees cannot rely on a single simplification, whether that is a forest-
derived allometric equation, a published wood density value, or a fixed assumption that dry
biomass is 50% carbon. Instead, urban tree carbon reflects the combined effects of tree
architecture, wood properties, species identity, and growing environment. This is particularly
important in urban forests because open-grown trees often differ structurally from forest-grown
trees, and urban site conditions can alter both growth and wood traits in ways that generalized
methods do not capture (McHale et al. 2009; Weiskittel et al. 2015; Kiikenbrink et al. 2021)

A key synthesis from this work is that urban tree carbon storage depends on both the
amount of woody structure produced and the carbon concentration of that structure. Chapter 2
showed that species and growing environment influenced wood carbon concentration, growth
through time, and xylem anatomical traits. Chapter 3 showed that carbon estimates remained
sensitive to the wood density and carbon concentration values used to convert TLS-derived
volume into carbon biomass. Together, these findings indicate that uncertainty in urban tree
carbon estimates does not end with biomass estimation; it continues through the full volume-to-

carbon conversion chain. In this sense, the study extends the usual view of carbon estimation as
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mainly a biomass problem and shows that it is also a wood-trait problem, especially in mixed-

species urban forests and across heterogeneous urban sites.

The biological findings further indicate that growing environment matters not only because
it influences tree size, but also because it affects how trees function. Park trees generally
accumulated more carbon biomass over time than street trees, and the anatomical results for the
two oak species suggest that this difference is linked to contrasting hydraulic strategies. Park-
grown oaks exhibited vessel traits associated with greater hydraulic efficiency, whereas street-
grown oaks exhibited traits associated with greater hydraulic safety. This pattern is consistent
with the well-established efficiency—safety trade-off in xylem structure, in which larger conduits
increase water transport efficiency and potentially support greater carbon gain, while smaller
conduits reduce cavitation risk under chronic stress (Hacke et al. 2017; Rissanen et al. 2025).
The importance of this result is not that xylem anatomy alone fully predicts carbon storage, but
that it provides a physiological explanation for why trees growing in constrained urban sites may

store less carbon even within the same species.

This interpretation also clarifies the relationship between tree growth and carbon content.
Trees growing in more favorable urban environments are not simply larger because they have
more space or time; they may also maintain hydraulic systems that better support stomatal
conductance, carbon assimilation, and sustained wood formation. In contrast, trees exposed to
stronger urban stress may shift toward safer but less efficient hydraulic strategies, which can
limit long-term carbon accumulation. This interpretation agrees with broader evidence that urban
stressors such as restricted soil volume, compaction, impervious cover, and altered water supply

can suppress growth and modify wood formation (McHale et al. 2009; Sonti et al. 2025). Urban
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carbon storage, therefore, should not be viewed only as a consequence of tree size, but as the

outcome of linked structural and physiological responses to site conditions.

From a methodological perspective, this thesis confirms that terrestrial laser scanning
(TLS) represents a major advance for urban tree carbon estimation because it measures tree
structure directly. This is especially valuable for urban trees, whose open-grown architecture
often differs markedly from that of forest-grown trees. Previous studies have shown that biomass
estimates based on equations developed outside urban environments can vary substantially, with
error at the individual-tree level sometimes exceeding 300% (McHale et al. 2009). By contrast,
TLS-derived biomass estimates have shown strong agreement with destructive reference data for
urban trees and have consistently outperformed conventional allometric approaches (Kiikenbrink
et al. 2021; Arseniou et al. 2023). The present study supports that broader conclusion and
extends it by showing that TLS not only improves whole-tree carbon estimation but also reveals
how carbon is distributed among stems and branches within urban tree crowns.

At the same time, improved structural measurement does not automatically produce an
unbiased carbon estimate. Once woody volume is measured more accurately, the remaining
uncertainty shifts to the factors used to convert volume to biomass and biomass to carbon. This is
why the scenario analysis in Chapter 3 is important. It showed that even when the same TLS-
derived volume was used, carbon estimates changed meaningfully depending on whether wood
density and carbon concentration were measured directly or taken from published defaults. This
pattern is consistent with earlier work showing that wood density varies within and among trees
and that using published values can affect TLS-based biomass estimation (Demol et al. 2021;
Arseniou et al. 2023). It is also consistent with broader evidence that carbon concentration varies

among species and can change with tree size and age, meaning that a fixed carbon concentration
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may introduce systematic bias (Lamlom and Savidge 2003; Thomas and Martin 2012). The main
methodological contribution of this thesis, therefore, is not only to show that TLS is useful, but
to show that it is most effective when paired with biologically realistic wood-trait information.
The species-specific sensitivity of carbon estimates to wood density and carbon concentration
has important implications for urban inventories. For the two oak species in this study, measured
carbon concentration was substantially lower than the commonly assumed 50%, whereas 7.
distichum was much closer to that value. This pattern is consistent with syntheses showing that
conifers often have higher wood carbon concentrations than angiosperms, partly because of
differences in lignin chemistry and tissue composition (Thomas and Martin 2012). In practical
terms, this means that a fixed carbon concentration may appear reasonable for some species
while producing systematic over- or underestimation for others. The same logic applies to wood
density. Sonti et al. (2025) showed that wood specific gravity in urban-grown hardwoods can
vary across urban site types and may differ from values reported for forest-grown trees. Generic
defaults are therefore most problematic in the very conditions that characterize urban forests:

mixed-species populations, heterogeneous site conditions, and structurally atypical trees.

The component-level analyses in Chapter 3 add another important layer to this synthesis
by showing that carbon biomass allocation within urban trees is highly uneven and strongly
influenced by architecture. A relatively small number of large, low-order branches contained a
disproportionate share of total branch carbon biomass, and branch carbon biomass was
concentrated mainly in the lower to mid-crown. This matters because open-grown urban trees
often invest heavily in large scaffold branches, which are structurally and hydraulically
important but are not represented explicitly in traditional allometric approaches. These patterns

are broadly consistent with the logic of pipe model theory, which links supporting stem tissue to
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the foliage and branch systems it supplies (Shinozaki et al. 1964), while also aligning with later
work showing that such relationships vary with ontogeny and environment rather than following
a universal constant form (Lehnebach et al. 2018). Likewise, branching-network theory suggests
that tree structure is shaped by transport and biomechanical constraints, but that real trees often
deviate from idealized symmetrical forms (West et al. 1997). In this thesis, these theories are
most useful not as strict predictive laws, but as conceptual frameworks for understanding why
branch carbon biomass accumulates disproportionately in the large scaffold structures that

organize the urban crown.

The comparison with i-Tree Eco places these findings in a more applied context. The
strong correlations between TLS- and i-Tree-based carbon estimates indicate that i-Tree captures
relative differences among trees reasonably well, which helps explain its value for city-scale
inventories and broad ecosystem-service assessments. However, the fact that agreement changed
depending on species and on whether the Crown Light Exposure (CLE) adjustment was applied
shows that a single generalized multiplier cannot fully represent the diversity of open-grown
urban tree forms. This is consistent with earlier critiques of applying generalized biomass
corrections to urban trees, particularly when forest-derived allometries are used for species with
distinct crown architecture and branching patterns (McHale et al. 2009; Kiikenbrink et al. 2021).
The broader implication is that operational models such as i-Tree Eco remain useful for
screening and inventory purposes, but they should not be assumed to provide equally accurate
estimates across all urban species and forms. TLS is especially valuable in this context because it
provides an independent, non-destructive reference against which such models can be evaluated

and improved.

109



Overall, the findings support a broader shift in urban forest carbon accounting: from
generic, equation-driven estimates toward integrated, context-sensitive estimation frameworks.
Such a shift does not require destructive sampling of every tree or the abandonment of inventory
tools. Rather, it requires recognizing that urban trees are both biologically and structurally
diverse, and that methods should reflect that diversity where it matters most. For city-scale
planning, generalized tools may still be appropriate. However, for calibrating urban allometries,
evaluating large high-value trees, benchmarking carbon inventories, or improving policy-
relevant estimates, direct structural measurements and locally representative wood traits are
increasingly important. This is especially relevant as urban forests are more frequently included
in climate mitigation strategies, greenhouse gas accounting, and ecosystem-service valuation
frameworks (Weiskittel et al. 2015; Kiikenbrink et al. 2021).

The management implications of this work are equally clear. If urban site conditions
influence both growth and wood properties, then improving urban carbon storage is not simply a
matter of planting more trees. It also requires creating conditions that allow planted trees to
realize high-carbon growth trajectories over time. Street trees often grow in the very places
where cooling, air-quality improvement, and climate adaptation benefits are most needed, yet
they also face the strongest structural and physiological constraints. The results therefore support
management strategies that increase rooting volume, reduce soil compaction, improve infiltration
and water availability, and account for species-specific performance across urban settings. More
broadly, reliable urban carbon accounting depends not only on how much wood a tree has, but

also on how urban conditions shaped that wood and the physiology behind its formation.
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4.2 Limitations and Future Research

This thesis provides an integrated assessment of urban tree carbon storage and estimation;
however, several limitations should be acknowledged. The study was conducted in a single city
and focused on only three species. While these species represent contrasting wood traits and
ecological strategies, they do not capture the full functional diversity of urban tree populations.
Expanding this work across more species, cities, and climatic regions will be necessary to
determine how broadly these findings apply, particularly for diffuse-porous hardwoods,
evergreen broadleaves, and other conifer taxa that may respond differently to urban stress and

differ in branch architecture or wood chemistry (Weiskittel et al. 2015; Kiikenbrink et al. 2021).

Wood density and carbon concentration were measured from increment cores extracted at
breast height. This approach is practical and minimally destructive, but it does not capture the
full within-tree variation in these traits. Both wood density and carbon concentration can vary
radially, vertically, and among organs, and this variation may influence biomass-to-carbon
conversion when high precision is required. Previous work has shown that vertical variation in
basic wood density can affect TLS-based biomass estimation, and syntheses of carbon
concentration have also highlighted variation among tissues and tree sizes (Thomas and Martin
2012; Ma et al. 2020; Demol et al. 2021). Future studies should therefore evaluate whether multi-
height or multi-organ sampling improves urban carbon estimation enough to justify the added

effort.

The anatomical analysis in this thesis was limited to the two ring-porous oak species. That
focus was appropriate given the biological differences between vessel-bearing angiosperms and
conifers, but it means that the mechanistic relationship between hydraulic design and carbon

accumulation was not tested for 7. distichum. Because conifers rely mainly on tracheids rather
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than vessels, future work should examine whether tracheid dimensions, wall reinforcement, or
related anatomical traits provide similar mechanistic insight into carbon accumulation across

contrasting urban environments.

TLS-based estimation still has methodological limitations even when it outperforms
traditional allometric approaches. Occlusion, fine-branch reconstruction error, co-registration
uncertainty, and the need for leaf~wood separation in leaf-on scans can all affect QSM-derived
volume estimates. Recent studies have shown that TLS-derived estimates are especially sensitive
to the treatment of fine branches and to the performance of leaf~wood separation algorithms,
particularly in trees with structurally complex crowns or conifer-like foliage arrangements
(Arrizza et al. 2024; Chen et al. 2025). The use of rTwig in this study helped reduce
overestimation of small branches, but continued improvement in fine-branch representation, scan
registration, and classification methods remains important if TLS is to serve as a calibration

standard for urban carbon accounting.

The comparison with i-Tree Eco was necessarily limited to the structure of the model and
the parameterization available to the user. Because i-Tree combines multiple embedded
allometries and standardized assumptions, it is difficult to isolate all sources of disagreement
with an independent structural method such as TLS. The results should be interpreted as
evidence that species- and architecture-specific bias can remain when broad operational models
are applied to structurally diverse urban trees. Future work could build on this by using larger
TLS reference datasets to test model behavior across more species, crown forms, and
management histories, and to evaluate whether urban-specific corrections can outperform

generalized CLE-based adjustments.
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Several research directions follow directly from these limitations. A first priority is the
development of larger multi-city TLS datasets paired with locally measured wood traits. Such
datasets would allow testing whether wood density, carbon concentration, and carbon biomass
allocation vary consistently across urban climates, soils, and management regimes. A second
priority is linking component-level carbon biomass allocation to post-removal carbon pathways,
since branch and stem fractions may differ in utilization, decomposition, and long-term carbon
residence. A third priority is work that combines repeated TLS scanning with tree-ring and
anatomical measurements to evaluate how drought, heat, pruning, and site modification alter
both tree structure and wood properties over time. Together, these directions would move urban
tree carbon accounting from static estimation toward a more mechanistic and dynamic

understanding of urban tree carbon cycling.

4.3 Conclusions

This thesis demonstrates that accurate estimation of aboveground carbon biomass in urban
trees requires an integrated approach that accounts for both structural and biological sources of
variation. Species identity, growing environment, wood density, carbon concentration, and tree
architecture all influenced carbon storage in this study, showing that urban tree carbon biomass
cannot be represented adequately by generalized allometric equations or fixed biomass-to-carbon
conversion factors alone.

Urban site conditions influenced carbon storage not only through differences in growth,
but also through differences in wood chemistry and hydraulic structure. At the same time, the
methodological result shows that TLS is a powerful non-destructive tool for quantifying woody
volume and carbon biomass allocation in urban trees, particularly in large, open-grown

individuals that are poorly represented by conventional allometries. However, structural
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precision alone is not sufficient. The conversion of woody volume into carbon biomass remains
sensitive to assumptions about wood density and carbon concentration, and those assumptions
can introduce species-dependent bias when generic values are applied. The most reliable
estimates were therefore obtained when TLS-derived volume was paired with locally measured
wood traits.

From an applied perspective, the thesis supports a two-level approach to urban tree carbon
accounting. Broad-scale inventory tools such as i-Tree Eco remain useful for describing broad
patterns across urban tree populations, but TLS combined with measured wood traits provides a
stronger reference framework when higher accuracy is required. More broadly, improving urban
forest carbon storage depends not only on planting trees, but also on maintaining growing
conditions that allow trees to survive, grow efficiently, and accumulate substantial woody carbon
over time.

In summary, urban tree carbon estimates are most reliable when they reflect both how trees

are structurally built and how urban environments shape their wood properties and growth.
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