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Abstract

1. Precipitation channelled down tree stems (stemflow) or into drip points of
‘throughfall’ beneath trees results in spatially concentrated inputs of water and
chemicals to the ground. Currently, these flows are poorly characterised due to
uncertainties about which branches redirect rainfall to stemflow or throughfall
drip points.

2. We introduce a graph theoretic algorithm that ‘prunes’ quantitative structural
models of trees (derived from terrestrial LIDAR) to identify branches contributing
to stemflow and those contributing to throughfall drip points. To demonstrate the
method's utility, we analysed two trees with similar canopy sizes but contrasting
canopy architecture and rainfall partitioning behaviours.

3. For both trees, the branch ‘watershed’ area contributing to stemflow (under con-
ditions assumed to represent moderate precipitation intensity) was found to be
only half of the total ground area covered by the canopy. The study also revealed
significant variations between trees in the number and median contribution areas
of modelled throughfall drip points (69 vs. 94 drip points tree™, with contributing
projected areas of 28.6 vs. 7.8 m? tree L, respectively). Branch diameter, surface
area, volumes and woody area index of components contributing to stemflow and
throughfall drip points may play a role in the trees' differing rainfall partitioning
behaviours.

4. Our pruning algorithm, enabled by the proliferation of LiDAR observations of
canopy structure, promises to enhance studies of canopy hydrology. It offers
a novel approach to refine our understanding of how trees interact with rain-
fall, thereby broadening the utility of existing LiDAR data in environmental

research.
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1 | INTRODUCTION

Setting the boundaries of a research system is crucial, especially
when studying environmental systems. This is evident in the water-
shed boundary concept, a key example, which has been integral to
water-related environmental research for centuries (Dalton, 1802). By
demarcating the land area over which precipitation ultimately drains
to the stream discharge point, the watershed boundary concept en-
abled significant advances in our understanding of streamflow and
its chemical, physical and biological characteristics (Druschke, 2018;
Peel & McMahon, 2020; Smith, 2019). Remote sensing has played piv-
otal roles in delineating and monitoring ecohydrological boundaries
across scales, from boundaries of watersheds (Fortin et al., 2001) and
local-scale wetlands that are critical to the study of hydrology and
ecosystem science (Jeziorska, 2019; Zhang et al., 2022), to bound-
aries of individual tree canopies in forests that are critical to the
study of forest ecology and management (Qin et al., 2022; Reitberger
et al, 2009). Since the precise delineation of a system's water-
capturing boundaries has broadly aided to advance ecological re-
search, surely remaining uncertainties in such boundaries can hinder
the refinement and expansion of our understanding across numerous
disciplines. Investigations without well-constrained boundaries are
prone to encompassing an excessive array of related variables and,
thereby, risk concluding that variability in an observed system pro-
cess is governed by an exceptionally complex interplay among these
variables. This fundamental principle dates back to the philosophi-
cal inquiries of Aristotle (in Metaphysics, Book V, 1022a4-5) and the
methodological rigour suggested by Euclid (in Elements, §l, def. 13)
that laid the early groundwork for what would evolve into systems
theory (Von Bertalanffy, 1950). We posit that the understanding of
water movement via throughfall and stemflow through tree canopies
(Sadeghi et al., 2020; Stubbins et al., 2020), the start of the rainfall-to-
runoff pathway in forests, is limited by unclear boundaries.

Throughfall is the fraction of rainfall that reaches the ground
through gaps in the canopy or by dripping from the surfaces of the
canopy, whereas stemflow is the portion of precipitation that ad-
heres to the plant canopy and ultimately drains down the branches
to the stem, then to the ground. A portion of precipitation does
not reach the ground, being stored on, or evaporated from, can-
opy elements—this is referred to as interception (Coenders-Gerrits
et al., 2020; Klamerus-lwan et al., 2020). Throughfall and stemflow
create significant spatiotemporal variability in precipitation in-
puts to the surface (Fischer-Bedtke et al., 2023; Voss et al., 2016;
Zimmermann et al., 2009). This variability is influenced by factors
like plant species identity, canopy structure, and rainfall attributes
(Van Stan, Hildebrandet, et al., 2020). For example, localised through-
fall inputs (at the meter scale) generally range from ‘dry’ spots,
which receive very little precipitation below the canopy, to areas
below branch ‘drip points’ that can receive up to tenfold the amount
of open precipitation (Cavelier et al., 1997; Shuttleworth, 1989;
Zimmermann et al., 2009). Similarly, stemflow from different trees
can vary greatly, from <1% to >30% of precipitation in a single storm
(Van Stan & Gordon, 2018).

Strong mechanistic inferences into the drivers of this spatio-
temporal variability in stemflow and throughfall have been elusive;
however, this understanding is relevant to a host of environmen-
tal processes and functions, for example, plant nutrient uptake
and leaching (Aubrey, 2020), litter decomposition (Qualls, 2020),
surface runoff (Gotsch et al., 2018; Ji et al., 2022), soil erosion
(Dunkerley, 2020), subsurface flows (Friesen, 2020) and plant mi-
crobiome composition and function (Van Stan, Morris, et al., 2020).
Nonetheless, when reviews scrutinise the factors impacting these
fluxes—which are numerous and growing—they typically draw at-
tention to the frequently conflicting findings between studies
(Levia & Frost, 2006; Levia & Germer, 2015; Parker, 1983). These
conflicting findings are then interpreted to bolster the current the-
ory on throughfall and stemflow dynamics, despite its predictive
limitations, by underscoring the ‘complex relationships’ that exist
among these numerous factors and the variability of throughfall or
stemflow (Carlyle-Moses et al., 2018; Levia & Frost, 2006; Levia &
Germer, 2015; Van Stan et al., 2014; Zhang et al., 2020). However, the
bulk of these studies focus on the use of observational, regression-
based analyses (potentially overburdened by these many variables).
We propose a ground up approach and ask: can we reduce the neb-
ulous ‘complexity’ underlying these idiosyncratic results? Could it be
that the current theoretical understanding of the factors controlling
throughfall and stemflow is missing something crucial: appropriate
boundaries?

New opportunities to delineate the boundaries of canopy
drainage areas are made possible by recent advancements in re-
mote sensing, particularly terrestrial LIDAR observations that in-
form canopy structural models (Atkins et al., 2018; Brede et al.,
2022; Hackenberg et al., 2021; Lau et al., 2018). These tools excel
at reconstructing branches and forming architectural networks. As
stemflow and concentrated throughfall (drip points) largely result
from branch-mediated rainfall capture and redistribution (Van Stan
etal., 2021), using these remote sensing techniques can help identify
branch network components specific to stemflow and drip points. In
turn, delineation of these branch ‘watersheds’ will allow acquisition
of new knowledge about characteristics of both rainfall and the can-
opies that mediate flows of rainfall through trees. Current studies
often assume the entire canopy's area (or volume) as their system's
boundary (see reviews by Levia et al., 2011; Levia & Germer, 2015;
Sadeghi et al., 2020). While this might be valid for continuous forest
cover, it can obscure the physical interactions between rainwater
and canopy structures that ultimately determine the pathways and
volumes of throughfall and stemflow. Studies focused on smaller
scale interactions (e.g. sub-canopy scale) often link throughfall's
area to the collector's area (Levia et al., 2011; Sadeghi et al., 2020,
and references therein), while an individual tree's stemflow area is
equated to the 2D projected canopy area (Levia & Germer, 2015;
Van Stan & Pinos, 2023, and references therein). With rainwater
being directed in different ways by branches of various dimensions
and angles, these assumptions about the relevant boundaries may
be erroneous often enough for concern. Throughfall, therefore, may
come from as small an area as a canopy gap or a vast branch-leaf
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network (Zimmermann et al., 2009). Likewise, a single tree's stem-
flow might originate from a few branches in one instance but from
most of the canopy in another (Herwitz, 1986).

Ecohydrological research would greatly benefit from advanced
remote sensing techniques that can quantitatively identify canopy
drainage areas for hotspots of rainfall flow out of tree canopies, in-
cluding stemflow and throughfall drip points. This study introduces
a new approach that employs graph-based models to analyse quan-
titative structural models (QSMs) of tree canopies that are derived
from terrestrial lidar scans. Through this remote sensing method, we
aim to identify the boundaries of branch systems that contribute to
rainwater drainage, specifically focusing on stemflow and through-
fall drip points in isolated trees. Due to the rapidly growing collec-
tion of terrestrial lidar data in forested systems (Calders et al., 2020;
Dassot et al., 2011; Disney, 2019) and the nascency of tools for an-
alysing trees in lidar point clouds, there is widespread potential for
our QSM-pruning approach to advance hydrology and its integration
into other disciplines, like forest ecology and management.

2 | METHODS FOR DELINEATING
THROUGHFALL AND STEMFLOW CANOPY
DRAINAGE AREAS

2.1 | Terrestrial lidar scanning and quantitative
structural modelling

Quantitative structural models of two trees, representing different
stemflow production (low and high), were derived using terrestrial
lidar scanning in the winter leafless season at Secrest Arboretum,
Wooster OH, USA (40°46'41.9” N 81°55'06.2” W, 311 m a.s.l.). Trees
studied were Celtis occidentalis L. (common hackberry) and Ulmus
americana L. (American elm). Both trees were planted in a dem-
onstration plot of potential ‘shade trees’, with sufficient gaps be-
tween plantings that both focal tree canopies were isolated from
their neighbours, with no branch overlap. They were selected due
to their similar size (Table 1) but visually distinct branch architecture
(see QSMs in Figure 1) and stemflow production (Lewis et al., 2022).
Across 34 rain events, U. americana produced 851L of stemflow

compared to 102L by C. occidentalis. The C. occidentalis tree only

TABLE 1 Comparison of traits for
each study tree estimated from the
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produced stemflow during storms >6.5mm event™®; while the U.
americana tree produced stemflow during storms as small as 1.4 mm
event™.

3D point clouds of each tree were obtained with a BLK360 scan-
ner (Leica Geosystems, USA). With its range of 0.5-45m and mea-
surement rate up to 680,000 points s %, three scans were taken for
each tree from locations oriented ~120° from each other, at 6-8m
from the stem. Care was taken to ensure that scans were performed
in orientations intended to maximise branch exposure to the scanner
and during optimal weather conditions to minimise occlusion of fea-
tures due to noise or movement generated by wind. All scans were
performed using the ‘high density’ setting (5mm point spacing at
10m range scanY). Scan co-registration was done in Leica's Cyclone
Register 360 software, resulting in overall co-registration errors of
0.005-0.011m. Co-registered point clouds for each study tree were
manually trimmed in this software, removing points of surrounding
objects to isolate points representing the tree.

The trimmed point clouds were imported into CompuTree 5.0
(http://computree.onf.fr/) and analysed using the SimpleForest
plugin (https://gitlab.com/SimpleForest/computree) to develop
QSMs (Hackenberg et al., 2021). Resulting tree QSMs contain aggre-
gate tree attributes, with each branch ‘cylinder’ containing details
like: (a) grouping variables based on allometric structures, for exam-
ple segment id, branch id and branch order; (b) relationship indica-
tors between cylinders, for example parent-child branches, parent
segment and parent branch; (c) 3D spatial coordinates (x, y, z) of cyl-
inder poles; and (d) physical attributes of the cylinders, for example
length, radius and volume. For further QSM details, see Hackenberg
et al. (2021). The diameter range for the most distal branch orders
in the QSMs, 2.5-4.9 mm (mean=3.8mm), compared favourably to
branches physically measured for a separate project 2.6-5.9mm

(mean=4.1mm).

2.2 | Derivation of graph models from QSMs

Our methodology applies techniques from graph theory, a concept
rooted in 150years of mathematical study (Cayley, 1857), to eluci-
date hydrologic connectivity in tree canopy QSMs. Graph modelling
applications in geosciences are diverse (Phillips et al., 2015) and, as

Total canopy Stemflow watershed

lidar-derived quantitative structural Traits (units) C. occidentalis  U.americana C. occidentalis U. americana
models for the total canopy and stemflow-
contributing branch components (i.e. the DBH (cm) 0.31 0.29 0.31 0.29
stemflow watershed). Height (m) 12.3 12.2 12.3 12.2
Projected canopy area (m?) 89.3 82.3 49.0 44.3
Projected branch area (m?) 42.9 21.4 14.4 71
Woody area index (m?>m™) 0.48 0.26 0.29 0.17
Branch surface area (SA, m?) 303.8 120.8 96.1 52.0
Branch volume (V, m®) 4.7 1.5 4.1 1.3
Branch SA:V (m*m™) 64.2 79.5 23.2 40.3
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a result, a robust codebase exists for creating, storing and analysing
graph models, with NetworkX (Hagberg et al., 2008) being a notable
example. Using the NetworkX python library, we represented each
QSM in an undirected graph consisting of a collection of nodes con-
nected by edges (Figure 2). The anatomy of these graph models is

defined as follows:

e Each edge of our graph represents a cylinder (of a tree branch) in
the QSM, each node a point in space where two cylinders meet.

e Edges are directional, having a start node (or tail) and end node (or
tip).

e One may traverse a graph's nodes via edges, evaluating and label-
ing edges in sequence. A set rules for choosing each subsequent
node is referred to as a traversal algorithm.

e While traversing a graph, a given edge only allows traversal from
its tail (starting node) to its tip (end node).

e A component of a graph is an unordered subset of its nodes and
edges.

e We define a drip node as a node that has no out-edges (that is not

the tail of some edge).

2.3 | Graph model approach and interpretation

Each edge of our graph is said to generate an amount of flow pro-
portional to the area of its corresponding cylinder. One can imag-
ine these flows traversing a tree-graph, taking any available in-flow
edge, mingling with each other on increasingly shared paths before

FIGURE 1 Quantitative structure
models showing the vertical profiles of the
example study trees, (a) Celtis occidentalis
L. (common hackberry) and (b) Ulmus
americana L. (American elm), alongside
the horizontal canopy profiles for the (c)
hackberry and (d) elm.

arriving at a node with no out-edges, eventually dripping to the
ground and contributing to throughfall or arriving at a stem-node
and flowing down to the root-node. This is the basis for a traversal
algorithm that may be used to identify the stemflow and throughfall
contributing portions of the canopy; as defined by path and multi-
path components. In this way, we may identify: (i) subgraphs contain-
ing edges that correspond to either stemflow generating branches or
throughfall generating branches and (ii) points on branches in space
where excess precipitation falls to the ground. When using our
‘branch pruning’ algorithm (described below) to define subgraphs of
our model and identify these components (Figure 2), the character-
istics of each tree graph are combined with assumptions about the
behaviour of water intercepted by the tree. These assumptions are

as follows:

o Water droplets intercepted by a given section of a tree are as-
sumed to travel toward the stem unless a section with a 210°
slope away from the stem (i.e. <-10°) is encountered. The corre-
sponding edges in our graph model are hereafter referred to as
‘drip edges’. The direction of these edges is accordingly directed
away from the stem, with their tip defined as a drip node.

e When a flow, consisting of water intercepted by a set of branches,
reaches a node with no out-edges, all of the water in said flow is
assumed to fall directly to the ground without being intercepted
by other sections of the tree.

e The tree's surface is assumed to be fully saturated so that no flow
volume is lost due to water absorbed by the bark. Therefore, inter-
cepted water is only lost through dripping to become throughfall.
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FIGURE 2 Conceptual schematic demonstrating the pruning operation employed here to delineate stemflow and dripflow components in
a tree graph model, G. An inset is provided showing the angle used for analysis.

e The tree stem (whose corresponding edges may be referred to as (21 _ Zo)
m, = . )

\/("1—)‘2)2 - ()’1—)’2)2

the stem of the graph) is assumed to consist entirely of non-drip

edges.
e Theroot node of our graph is the unique stem node in a tree graph

with no out-edges. By defining edge slope in this manner, edges with m_ <10,
though not necessarily drip edges, correspond to branches which
Under these assumptions, water intercepted by its correspond- angle downward away from the stem component (i.e. toward the
ing branch has a changing flow direction dependent first on the branch tip), while the opposite is true for edges with a positive
slope of its edge (e), and then of the branches it encounters on its slope. Each edge of the graph model is then assigned a direction
path to the stem. For a given e this slope (m,) is calculated as shown and categorised as having ‘out-flow’ if it is a drip edge and ‘in-flow’

in Equation (1) below otherwise. The cut-off angle above which edges are considered to
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have in-flow is configurable and may be selected based on an ob-
servational or theoretical justification. As the authors are unaware
of past work reporting observed cut-off angles for branchflows, a
cut-off angle was experimentally determined from lab simulations
on branch analogues (wooden dowels) of diameters representative
of a range of tree QSMs (Bhatt & Van Stan, 2022). Briefly, Bhatt
and Van Stan (2022) found that applied water flows (100 mLmin™)
remained attached to the dowels, across a diameter range of
8-51 mm, without dripping until -10°. This cut-off angle has been
adopted for the method's application as detailed in subsequent
sections. To aid users in assessing theoretical justifications in the
absence of observational branchflow data, the code was used for
a sensitivity analysis (also to be described and demonstrated in the

following section).

2.4 | Algorithm for identifying graph models of
stemflow and throughfall ‘dripflow’ components

Let G be the complete digraph model for a given tree (Figure 2).
Our assumptions regarding the behaviour of intercepted rainwater
imply that the flow generated by an edge of G will traverse G in
the direction of its edges until it either encounters a drip node or a
stem node. To this end, we consider the subgraph G, of our graph
model which consists of only non-drip edges. By assumption, all
the edges corresponding to sections of the tree's stem have in-
flow and, therefore, all stem edges lie in the same component of
G,, Likewise, if a path of only inflow edges can be drawn from
some non-stem edge to these stem edges, then said edge lies in
this same connected component. The component containing the
stem edges and all the other edges connected to them via paths
with only inflow is defined as G

Gstem
with outflow. In this way, only flow generated by edges in G

Any edge in G, that is not in

stem*

must be separated from G via one or more branch edges

stem

stem

contributes to stemflow; thus, the edges of G correspond to

stem
the complete stemflow generating area of the tree. Edges that are

notin G_,__ contribute to throughfall, falling to the ground at some

stem
drip node. Figure 2 illustrates that a tree may have many such drip
nodes, that each node has some group of edges (Cdrip) draining to
it and how these components can be collectively considered some
antithesis of G, —therein labelled Gdrip.

The python library, NetworkX provides the bulk of the function-
ality to label all drip edges, a remove_edges function to remove drip
edges and generate G,, and a connected_components function finds
the connected component G, in G,,. From there, the remove_edges
from G, and the

connected_components function identifies the subgraphs of G whose

stem

function identifies G, by removing edges of G,
edges generate drip throughfall. We use these subgraphs to aggre-
gate the physical characteristics of branches contributing to stem-
flow and throughfall at each drip node. As this process relies almost
entirely on dictionaries and generator functions, a thirty-thousand-
cylinder QSM can be processed in <5min. This leaves room for

future work to add functions to quantify the density of the stemflow
generating area (in terms of branching frequency), the interception
of throughfall by branches vertically aligned with drip points and to
consider implications of many other graph theoretic metrics to dif-
ferentiate canopy structures.

A sensitivity analysis was conducted to evaluate variability in
our model output given different cut-off angles for branchflow. The
model was run for 40 regularly spaced cut-off angles spanning from
-1.5 radians up to 1.5 radians (roughly -85° to 85°). This span was
chosen because there is little-to-no change in drip point location
and stemflow watershed boundaries beyond these points. The sen-
sitivity analysis on the QSMs of two trees (Figure 3) systematically
examines the cut-off angle's impact on delineating stemflow wa-
tersheds and throughfall drip node areas. The open circles in the
figure panels represent the stemflow perimeter length, which re-
mains relatively consistent until a sharp decline beyond the exper-
imentally derived cut-off grade (-10°), indicated by a vertical line.
Concurrently, the mean contributing surface area for throughfall
drip nodes rises with increasing cut-off angles, diminishing in vari-
ability near this critical juncture. This point of inflection, observed
in C. occidentalis (Figure 3a) and U. americana (Figure 3b), precedes
a significant decrease in stemflow perimeter length and coincides
with the plateauing of throughfall drip areas, indicating a shift in the
distribution of branch contributing areas at sufficiently large cut-
off angles. At this point, large portions of stemflow areas begin to
fracture, resulting in drip flows. After a point the canopy becomes
dominated by small, low-flow drip points that are inconsistent
with field observations except in high intensity rainfall (Van Stan,
Hildebrandt, et al., 2020).

Moreover, while a single cut-off angle is applied in the demon-
stration of the method in the following sections, the overlap in
stabilisation (i.e. lower variability) range for the stemflow perim-
eter and throughfall drip area, which differs between the two ex-
ample trees (approximately -15° to -10° for C. occidentalis vs. -25°
to -10° for U. americana), suggests the possibility of user discre-
tion in representing diverse conditions. For example, more intense
rainfall might call for a steeper branch inclination cut-off, accom-
modating potential overflow along branches with milder inclina-
tions under different precipitation intensities. Notably, the extent
of this range varies with canopy architecture, being broader for U.
americana (down to -30° in Figure 3b) as opposed to C. occidenta-
lis, which stabilises only past -15° (Figure 3a). The differences in
this stabilisation range may be a trait itself, describing the sensi-
tivity of stemflow or throughfall responses to increasing rainfall
intensity or to bark morphology. Hypothetically, smooth bark may
facilitate greater branchflows at shallower angles, while rougher
bark might disrupt branchflows at comparatively steeper angles
(sensu, Van Stan & Levia, 2010).

The Code and Data Accessibility Statement contains a link to the
GitHub repository where the code for this algorithm is stored, as
well as a link where the data used to create and evaluate this model

has been made publicly available.
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FIGURE 3 Scatterplots showing results from a sensitivity analysis for the cut-off grade within the stemflow and throughfall delineation
algorithm, applied to two tree models: (a) Celtis occidentalis and (b) Uimus americana. The analysis tracks the stability and subsequent decline
of stemflow perimeter length (open circles) as the cut-off angle increases, with a notable decrease occurring beyond -10°. Concurrently, the
mean contributing surface area to throughfall drip nodes, shown by filled circles, escalates with wider cut-off angles and plateaus near the
same -10° threshold. This plateau signifies a state where the increase in contributing throughfall areas stabilises, illustrating the algorithm's
capability to identify a cut-off angle that optimises the demarcation between branches affecting stemflow and throughfall. Example outputs
below and above the cut-off angle selected for our demonstration are provided in Figure S1 (stemflow areas and throughfall drip maps).

2.5 | Traits derived from graph models of whole
canopy, stemflow and dripflow

Ten branch traits commonly hypothesised to influence water flux
variations in throughfall and stemflow (Levia et al., 2017; Levia &
Germer, 2015; Parker, 1983; Sadeghi et al., 2020) were extracted
from this algorithm's results. (1) 2D projected canopy area and (2) di-
ameter at breast height (DBH) were calculated to measure tree size.
The 2D projected areas for the (3) stemflow-contributing branch
component—'stemflow watershed'—and (4) branch component con-
tributing to throughfall drip points—‘dripflow watersheds’ are also
reported. Alpha shapes were used to provide precision-enhanced
boundaries around these watersheds (Edelsbrunner et al., 1983).
This method, long used in fluid dynamics (Weatherill, 1992), de-
fines a convex hull representing the area it covers. Here, a curva-
ture (alpha value) of 2.2 was chosen to return the tightest possible,
still contiguous boundary. Within these 2D projected areas, we
calculated each cylinder's woody (5) surface area, (6) volume, (7)
radius and (8) angle. Woody surface area was calculated as the 3D
surface area, excluding the top and bottom circular areas of each
cylinder as the end-areas of adjoining cylinders do not represent
a branch surface. The (9) ratio of woody surface area-to-volume
(SA:V) and (10) woody area index (WAI) were also reported. WAI
was estimated as half of the 3D surface area of all branches per
unit of horizontal ground surface area. Descriptive statistics and
histograms were computed for each component.

3 | EXAMPLE APPLICATION: A TALE OF
TWO TREES

3.1 | Canopy trait extraction

Toillustrate how refined drainage area boundaries may yield insights
into stemflow and throughfall, we compare two trees. The follow-
ing example serves solely as a semi-quantitative exploration of the
method's application to explore common hypotheses, without any
intention to quantitatively analyse or specify statistical relationships
between the mentioned variables. These trees are (i) within close
proximity to each other and (ii) have no neighbour tree near enough
to limit their canopy's access to rainfall. Both have similar ‘size’
traits, with their diameter at breast height (DBH) being ~30cm, total
projected canopy areas being 89 versus 82 m? tree™?, and heights
being 12.2 versus 12.3m (Table 1). A common hypothesis posits that
greater tree size corresponds to increased rainwater capture area,
and thus, more stemflow (Aboal et al., 1999; André et al., 2008; Van
Stan, Hildebrandt, et al., 2020; Van Stan & Levia, 2010; Zimmermann
et al., 2015). Despite similar DBH and projected canopy areas,
stemflow from these trees over 34 storms was markedly different.
Median stemflow volumes from C. occidentalis were 2.7L event™®
(interquartile range of 1.5-6.8), resulting in stemflow yields <1% of
rainfall across its canopy area. In contrast, U. americana median (IQR)
stemflow volumes were much greater, 24.0L event™* (5.3-58.5), gen-
erally accounting for yields ~5% (Lewis et al., 2022). Given that only
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select branches contribute to stemflow (i.e. the stemflow watershed)
(Figure 4), size metrics and total canopy area measures are unlikely
to provide insight into the observed stemflow disparities.

The projected area of the alpha shape enclosing the stemflow
watershed for both trees represented a similar fraction of the total
projected canopy area: 49% (Table 1; Figure 4a,b). Variability in
stemflow-contributing area among individual trees has been hy-
pothesised to exert a major influence over stemflow generation
(Herwitz, 1986; Levia et al., 2011); this hypothesis is also not sup-
ported in this tale of two trees.

Another longstanding hypothesis proposes that branch angle
affects stemflow generation (Riegler, 1881). But our model re-
veals nearly identical branch angle distributions between both
trees (Figure 4c). In contrast, an analysis of branch projected
area metrics (Table 1), and branch diameter distributions within
the stemflow watershed reveals notable differences between
the two trees (Figure 4d). Due to U. americana's smaller branch
diameters (Figure 4d), this tree had nearly double the surface
area-to-volume ratio (40.3m?m™°) compared to C. occidentalis
(23.2m?m™).

Thus, the greater surface area relative to branch volume within
U. americana's stemflow watershed, despite having similar pro-
jected area fractions, may allow this tree to capture greater rainfall
and to more efficiently channel rainwater to the stem compared
to C. occidentalis. This hypothesis requires testing with a broader
dataset.

Delineating stemflow watersheds within canopies facilitates
more robust estimates of stemflow yields and fractions, and as-
sists in standardising stemflow measurements, depending on the
research focus. Stemflow yield (Lm™ tree™®, or mm) is typically

calculated by dividing volume by the total projected canopy area.

(@ (b)

Researchers have explored other surface area variables to nor-
malise stemflow volumes, accommodating different perspectives
(Allen & Van Stan, 2021; Carlyle-Moses et al., 2020; Van Stan &
Allen, 2020). Some standardisations focus on stemflow as a soil
input, using variables like the stem base area (Herwitz, 1986) or
the potential infiltration area of stemflow rivulets (Carlyle-Moses
etal,, 2018). The modelled stemflow watershed projected area may
more accurately calculate yields, connecting stemflow to its can-
opy drainage area, like the watershed-stream discharge concept.
This may help address concerns about the under-representation
of stemflow due to its modest rainfall fractions in many forests
(Carlyle-Moses et al., 2018, 2020; Van Stan & Gordon, 2018). The
stemflow yields from our two study trees doubled when using the
stemflow watershed's projected area. Ulmus americana's stemflow
fractions rose from 1%-5% to 2%-9% using this method, with
peaks of 13% for most storms >15mm. However, the interquartile
range for stemflow fraction from C. occidentalis was <1% whether
applying the stemflow watershed area (0.2%-0.7%) or the total
canopy projected area (0.1%-0.3%).

The number of throughfall drip nodes was 3000-4000 per
tree but was greater for U. americana than C. occidentalis (Table 2).
Note that variability in the number of drip nodes and their loca-
tion within the canopy may be seen in the supplemental mate-
rials (Figure S1). Some drip nodes amass rainwater from a small
component of the branch network and thus are not traditionally
defined ‘drip points’: spots experiencing more throughfall per unit
area than open rainfall (Keim & Link, 2018; Van Stan, Hildebrandt,
et al., 2020). In the algorithm, users may determine which ‘drip
points’ refer to ‘drip nodes’ by setting a threshold in contribution
area—for example, Figure 5 plots the throughfall drip points when
the threshold is set to the 98th percentile of all drip nodes. In this

FIGURE 4 Comparison of the total
projected canopy area (light grey) and the
projected stemflow-contributing branch
area (dark grey) for (a) Celtis occidentalis
L. (common hackberry) and (b) Ulmus
americana L. (American elm). The areas
shown in panels (a and b) are reported

in Table 1. In the stemflow watershed,
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the distribution of (c) branch angles was
nearly identical; however, (d) the branch
radii distribution obviously differ.
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TABLE 2 Traits for all drip nodes

in the canopy and for the drip points

(representing the top 98th percentile of Traits
projected drip-related drainage area).
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All drip nodes (>0.001m?) Drip points (>98th percentile)

C.occidentalis  U.americana  C. occidentalis  U. americana

Number (n) 3128 4253 69 94
Projected branch area (m?) 64.2 20.4 28.6 7.8
Branch volume (V, m®) 4.62 0.47 1.57 0.15
Branch surface area (SA, m?) 214.3 77.6 87.1 30.4
Branch SA:V (m?m™3) 46.4 165.2 20.7 202.5

(@) (b)
‘ : 10

arca{(my)

Projected contribution:
—

Distance (m)

0 2 4 6 8 10 12

Distance (m)

FIGURE 5 Panels showing drip point maps for (a) Celtis occidentalis L. (common hackberry) and (b) Uimus americana L. (American elm),
where the shade of each dot indicates the amount of contributing projected branch area. Plotted drip points are the top 98th percentile of

all drip nodes.

example, distinctive throughfall redistribution patterns are ap-
parent for C. occidentalis (Figure 5a) and U. americana (Figure 5b).
Interestingly, U. americana, with higher stemflow and has more and
smaller (contributing projected area) drip points than C. occidenta-
lis (Figure 5; Table 2). This difference potentially suggests an in-
trinsic variation in water drainage between the trees. The reduced
stemflow in C. occidentalis suggests that more water shedding
must occur at drip points.

Maps like Figure 5a,b (and Figure S1), if validated across diverse
sites and storms, could guide throughfall monitoring network design.
Throughfall patterns are difficult to effectively monitor using funnels
or troughs at reasonable labour and costs (Van Stan, Hildebrandt,
et al., 2020; Zimmermann et al., 2010, 2016) and throughfall sam-
pling efforts often fall short of the theoretical optimum protocols
suggested (see Voss et al., 2016; Zimmermann et al., 2010, 2016;
Zimmermann & Zimmermann, 2014). Ex-ante human inference re-
garding these patterns (i.e. where drip and dry spots may occur) is
currently unfeasible. Yet, knowing potential (modelled) drip points
might enable optimal sampling with fewer gauges. If these maps
align with field observations, they may help explore how throughfall
affects soil moisture and biogeochemistry—a significant knowledge
gap (Coenders-Gerrits et al., 2013; Fischer-Bedtke et al., 2023; Ma
etal., 2014).

4 | LIMITATIONS OF THE CURRENT
MODEL

Our current model bears limitations. First, it uses leafless scan
data, overlooking the impact of leaves on stemflow and through-
fall patterns. While leaves generally shield branches from rain-
fall, seasonally decreasing stemflow (Herbst et al., 2008; Pypker
et al., 2011), it is conceivable that inclined leaves may also channel
rainwater toward branches. Relevant contributions of rainwater
to stemflow, however, is rarely reported (Biddick et al., 2018).
Still, leaf contributions to the boundaries and projected areas of
stemflow (and to a lesser extent, drip) watersheds is likely to be
minimal, as leaves add a few square centimetres to the overall
10°-10'm? projected area enclosing these branch components.
Second, analysing evergreen trees introduces another challenge.
Although algorithms can distinguish between leaves and wood in
the lidar data (Stovall et al., 2021), such workflows have limita-
tions (e.g. the most distal, thin branches will not be well resolved).
Third, our model depends on another underlying algorithm, the
SimpleForest algorithm that converts lidar point clouds to canopy
QSMs. This implies that the potential variability in derived cylin-
der models from different scans or interpretations of the same
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tree requires careful consideration of model representativeness.
Despite meticulous planning, occlusion remains an inherent chal-
lenge in terrestrial lidar scanning (Mathes et al., 2023), yet our
methodology minimises its impact, ensuring a high degree of accu-
racy in our tree models. Finally, though scanning every individual
tree is not feasible, our method forms a base for scalable models.
For example, data-driven (i.e. machine learning) models could be
trained to map remotely sensed observations (e.g. crown diameter,
canopy height and land cover class) to effective canopy area met-
rics derived from our method. Therefore, if adequately sampled,
the outputs from our method could be harnessed to create predic-
tive models for effective canopy areas, optimising the model's util-
ity in broader canopy precipitation partitioning research. Despite
the model's insights, its constraints underscore the importance of
adapting and refining the approach across diverse tree species and

conditions.

5 | CONCLUSIONS

This study presents a graph theoretic model, derived from terrestrial
lidar scanning, to delineate branch drainage areas for stemflow and
throughfall in isolated tree canopies. Addressing the current gap in
defining mechanistic boundaries for throughfall and stemflow re-
search, our model provides enhanced insights, especially evident in
the comparative study of Celtis occidentalis and Ulmus americana—
trees with similar size but varying canopy architecture and stemflow
outputs and throughfall drip patterns. Our findings suggest that the
commonly-applied boundary for stemflow research, total projected
canopy area, likely includes a substantial number and area of non-
contributing branches. Our model enables refined understanding
of the stemflow-contributing area within canopies, potentially al-
lowing for more accurate and robust estimates of stemflow yields
and fractions. It further outlines the spatial variability in through-
fall drip points (and potential volumes) that would be expected to
be derived from branch traits (e.g. angles and diameters) that are
known to be highly variable within and between different tree cano-
pies. Thus, we expect application of our graph theoretic model will
improve throughfall monitoring techniques and mechanistic stud-
ies of throughfall variation. When substantiated by comprehensive
field studies across diverse trees and environments, this model can
bridge knowledge deficits, especially linking throughfall, stemflow,
and the cycling of water and elements in soil. Thus, we encourage
the research community to utilise our open-source model and con-
tribute to our Zenodo repository. This endeavour may revolutionise
hydrometeorological studies and provide a foundation for the devel-
opment of informed conservation strategies grounded in nuanced
knowledge of canopy trait-specific hydrological processes.
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Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1: Algorithm outputs for stemflow areas (dark grey) and drip
points (circles with collection area per drip point indicated by circle
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radius) at varying cut-off angles for Ulmus americana (left) and Celtis

occidentalis (right).
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