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ABSTRACT

During the past century, the proliferation of inva-
sive species has contributed to loss of biodiversity
and ecosystem degradation. In forests, invasive tree
species can alter ecosystem function, but the
underlying mechanisms of these changes are not
fully understood. We use the ongoing invasion of P.
cattleianum on the Island of Hawai'i to test the
hypotheses that invasive structural changes drive
changes to forest evapotranspiration (ET). The aim
of our study is first to quantify the structural
changes to native ‘Ohi‘a -dominated forest im-
pacted by a gradient of P. cattleianum invasion. Our
results suggest that invasive P. cattleianum causes
significant changes to the vegetation density and
structure of native forest on the Island of Hawai’i,
including increased vegetation area index, de-
creased mean leaf height, and decreased structural
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heterogeneity. Second, we strove to understand the
functional implications of structural changes
through a biophysical modeling simulation, testing
the sensitivity of ET to canopy structure under
contrasting scenarios. Modeling the functional im-
pact of structural change, we found that plots with
P. cattleianum invasion importance value (IViny)
above 0.35 have a higher likelihood to increase ET
compared to plots with P. cattleianum invasion less
than 0.35 IVi,,. Modeled increases in ET due to
invasion ranged from 19 and 123% relative to na-
tive transects. The large variation in ET increases is
caused by structural variation because the model-
ing scenarios did not include potential species dif-
ferences in leaf physiology. Diagnostic scenario
modeling shows the effect size of increased leaf
area on modeled ET is constrained by the structural
arrangement, that is vertical distribution, of the
increased vegetation. Thus, invasion structure that
increases vegetation density in taller, more sunlit
forest strata will lead to a greater increase in ET
compared to invasion structure that increases veg-
etation density in the shaded forest understory.
Overall, we conclude the vertical distribution of
vegetation is an important factor shaping the im-
pact of invasive P. cattleianum on the forest water
balance.
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HIGHLIGHTS

e Invasive tree P. cattleianum changes structure and
density of forest vegetation.

e Changes in vegetation may cause forest to release
more water into the atmosphere.

e Invasive foliage in the upper canopy uses more
water compared to the understory.

INTRODUCTION

In the past century, the global, accelerating spread
of invasive species has contributed to biodiversity
loss and ecosystem degradation (McGeoch and
others 2010; Pysek and Richardson 2010; Seebens
and others 2017). One of the most concerning ef-
fects of invasive species is their disruption to
ecosystem function. In the case of invasive plants,
invasion can alter the nutrient cycling, primary
productivity, and hydrology of ecosystems. How-
ever, the nature of these effects depends on the
invasive species’ functional traits and morphology
(Pejchar and Mooney 2009; Ehrenfeld 2010; Vila
and others 2011). Species-specific variation and
methodological limitations make the impacts of
invasive plants on ecosystem function challenging
to assess and hard to predict (Calder and Dye 2001;
Cavaleri and Sack 2010; Vila and others 2011).
Developing approaches to measure invasive traits
and link them to changes in ecosystem function via
modeling is paramount to addressing this global
threat (Ehrenfeld 2010).

This study addresses the functional impact of
invasive species on evapotranspiration (ET), an
ecohydrologic process. In many cases, invasive
plants jeopardize water resources by transpiring
more compared to native vegetation (Calder and
Dye 2001; Pejchar and Mooney 2009). However,
the extent of such functional impacts appears to be
species- and ecosystem-dependent. Understanding
the effect of invasive plants on ET requires in-situ
measurements or a combination of measurements
and validated modeling. Modeling forest ET has
challenges; forest-atmosphere fluxes depend on a
host of interacting conditions, both physical (for
example, climate and soil) and biological (for

example, leaf-level gas exchange and leaf area)
(Calder and Dye 2001; Cavaleri and Sack 2010).
The complexity of modeling ET is exemplified by
disconnects in water use across different scales, that
is, individual tree water use does not scale up to
forest-wide water budgets (Cavaleri and Sack
2010). Therefore, species function other than
physiological water use need to be explored for
their impact on ET. Such assessments help broaden
our understanding of the impact of invasive species
on ecosystem ecohydrology. Our study addresses
these challenges (1) conceptually, by exploring
forest structure as an understudied functional
component of ecosystems influencing changes to
ET and (2) methodologically, by incorporating
empirical measurements of structural complexity
into an ET model (Bonan 2019).

Conceptually, our work posits structure as a
functional component which scales invasive plant
water use to stand-level ET. Structure refers to the
three-dimensional spatial arrangement of stems
and leaves. Although total leaf density is an
essential ecological trait, canopy structure plays a
key, independent role in ecosystem state changes
and mediating carbon, water, and energy fluxes
(Stark and others 2020; Béland and Baldocchi
2021; Frenne and others 2021). Despite structure’s
importance, structural attributes are infrequently
directly measured. Additionally, the relationships
between structural features and forest-atmosphere
interactions are complex (Stark and others 2020;
Murphy and others 2022). Therefore, it is impor-
tant to quantify change in forest structure due to
species invasion and understand the functional
implications this change has on forest ET.

Methodologically, light detection and ranging
(LiDAR) substantially improves the ability to mea-
sure structure and parameterize complex biophys-
ical models (Béland and others 2019). Terrestrial
laser scanning (TLS) deploys LiDAR beneath the
forest canopy, yielding high resolution, detailed
models of the forest. TLS data can be used to esti-
mate vertical arrangement of vegetation density.
The detail provided by the TLS method exceeds that
of more conventional methods to measure struc-
ture. For example, a conventional estimate of
vegetative surface area — basal area — reports the
area occupied by tree stems at 1.37 m height. An-
other, based on measurements of light attenuation
at the ground level, measures leaf area per unit
ground area (that is, leaf area index, LAI) for a
column of vegetation (Buckley and others 1999).
These spatially integrated measurements are well
suited to parameterize conventional ‘‘big leaf”
biophysical models, which estimate ET by simpli-
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fying the forest into a single, functionally
homogenous unit. In comparison, multilayer bio-
physical models require spatially explicit forest
parameters to approximate forest-atmosphere
fluxes. Multilayer canopy models, which incorpo-
rate forest structure (vertical leaf arrangement) in
addition to LAI, produce more accurate predictions
of water and carbon fluxes compared to the big leaf
model (Bonan and others 2021). Thus, TLS mea-
surements allow the integration of structural
complexity (that is, functional trait) into multilayer
models estimating ET (that is, impact to ecosystem
function).

Island systems are particularly vulnerable to
ecosystem change driven by invasive species. For
example, PySek and others (2012) found island
systems in contrast to continents displayed a
greater decrease in species richness due to invasive
plants. Not all ecosystems experience a decrease in
species richness after invasion, but in tropical is-
lands, the combination of frequent introductions
and available niche space due to disharmonic flora
increase the likelihood invasive plants will establish
and spread (Denslow 2003; Kleunen and others
2015; Konig and others 2021; Rojas-Sandoval and
others 2022). Second, ecosystem functioning on
islands tends to be more sensitive to disruption by
invasive species (Reaser and others 2007). For
example, the introduction of fire-facilitated inva-
sive grasses to the Island of Hawai’'i has increased
the frequency and intensity of fire, resulting in a
positive feedback cycle between fire and invasive
species spread (D’Antonio and Vitousek 1992).
Similarly, invasive nitrogen-fixing trees change
nutrient dynamics and tree growth rates (Vitousek
and others 1987). Invasive species are also linked to
disruptions in the hydrologic cycle (Strauch and
others 2017). Invasive plant removal experiments
show stand-level evapotranspiration (ET) signifi-
cantly decreases in the absence of invasive trees
(Cavaleri and others 2014). These latter hydrologic
effects of invasive species are concerning because
isolated islands are dependent on finite freshwater
resources (Giambelluca 2002; Safeeq and Fares
2012).

We use the widespread, ongoing invasion of
Psidium cattleianum (strawberry guava) on the Is-
land of Hawai’i to test hypotheses about the impact
of canopy structure on ET. P. cattleianum converts
open-canopy native forests previously dominated
by Metrosideros polymorpha (‘ohi‘a) into dense,
short-stature thickets (Asner and others 2008;
Strauch and others 2017). P. cattleianum is referred
to as “water demanding”’ and causes decreased,
flashier streamflow in invaded watersheds (Taka-

hashi and others 2011; Strauch and others 2017). P.
cattleianum has the capacity to alter hydrology, but
much P. cattleianum research has emphasized infil-
tration and throughfall rather than species func-
tional traits (Mair and Fares 2010; Strauch and
others 2017; Fortini and others 2020). Function-
ally, carbon isotope data indicate P. cattleianum uses
water inefficiently, but no significant differences in
leat-level gas exchange between P. cattleianum and
M. polymorpha have been confirmed (Ostertag and
others 2009; Giambelluca 2016). One study docu-
menting differences in ET in native and invaded
sites showed a 29% increase in LAI due to invasion
only led to a 6% increase in ET (Giambelluca
2016). The evidence suggests the impacts of P. cat-
tleianum on the water cycle are driven by more
than plant physiology and amount of leaf material.
Thus P. cattleianum invasion offers a scenario to
investigate the role of structure as a driver of eco-
hydrologic change.

The first aim of our study is to characterize and
quantify the structural changes to native ‘oOhi‘a-
dominated forest caused by a gradient of P. cat-
tleianum invasion. Second, we strove to understand
the functional implications of invasive-driven
structural changes. Namely, we incorporated
empirically measured forest structure into a mul-
tilayer biophysical model to estimate forest ET. Fi-
nally, we used these analytical results to design
hypothetical model simulations which tested the
sensitivity of ET to contrasting scenarios of canopy
structure. Research questions aligned with each of
the three study components include: 1) How does
P. cattleianum invasion change forest structure? 2)
How do invasive-driven structural changes func-
tionally affect ET? 3) Does the structural arrange-
ment of P. cattleianum affect ET independent of total
vegetation density and species composition?

METHODS
Study Sites

In December 2020 and January 2021, we sampled
five sites in montane and submontane, mesic, and
wet forests of the Island of Hawai’i (Figure 1).
Study sites spanned elevation and climate gradients
within M. polymorpha’s range to capture site vari-
ability (Adee and Conrad 1990; Table 1). Sites were
located on the windward side of the Island of Ha-
wai’i because the wetter climate provides favorable
conditions for P. cattleianum invasion (Strauch and
others 2017). Within each site, three transects
spanned the site’s range of P. cattleianum invasion.
We differentiated the three transects based on the
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Figure 1. Map of study sites sampled on the windward side of the Island of Hawai'i across a gradient of mean annual
rainfall (Esri and others 2025). Additional site information is provided in Table 1.

relative dominance of native versus invasive tree
species: native species most dominant, that is
“native”’; shared dominance between native and
invasive species, that is “mixed’’; or invasive spe-
cies most dominant, that is ‘““invasive.” Transects
were 40 m X 10 m. To ensure relatively consistent
forest composition, transects sometimes contained
an angle or were broken into two distinct segments,
but the total area sampled was consistently 400 m?.

Field Measurements

At 13 points spaced over the 40 m X 10 m transect,
species-specific basal area was measured using a
basal area prism (BAF = 5), which is a variable-
radius sampling technique widely used in forest

inventory methods (Wensel and others 1980;
Becker and Nichols 2011; Supp. S4; Figure 2). At
each point, canopy species intercept was recorded
(Bonham 2013; Supp. S2; Figure 2); canopy species
present for > 4 points in a transect were considered
a dominant species (Table 1).

Terrestrial Laser Scanning (TLS)

Terrestrial laser scanning (TLS) using a Leica
BLK360 (Leica Geosystems, Heerbrugg, Switzer-
land) produced a point cloud of each transect
cropped to a total area of 40 m X 6 m and thinned
to a point density of 1 per 0.1 m> (Supp. S5). The
point cloud was created from multiple scans spaced
approximately 2.5 m apart, registered, or stitched,
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Table 1. Elevation, Climate, Substrate, and Canopy Species of Study Sites on the Windward Side of the

Island of Hawai'i

Site Elevation Mean annual Mean annual Substrate Dominant
range (m) rainfall (mm) noon canopy species
temperature ZC) Stratum Age (yr)
Kalopa 579-629 2467 £+ 90 21.6 £ 1.6 Hamakua 64,000-300,000 A. angustifolia;
Volcanics M. polymorpha;
P. cattleianum
Laupahoehoe 763-1053 4015 + 131 187 £ 1.4 Laupahoehoe 5,000-11,000 M. polymorpha;
Volcanics P. cattleianum
‘Ola‘a 804-935 5129 £ 155 18.8 + 1.2 Puna Basalt 400-750 M. polymorpha;
P. cattleianum
Cooper 1116-1122 3290 + 153 178 £ 1.3 Puna Basalt 400-750 M. polymorpha;
Center P. cattleianum
Hawai'i 1121-1202 2556 £ 148 179 £ 1.5 Puna Basalt 560-620 M. polymorpha;

Volcanoes NP

M. faya;
P. cattleianum

‘NP’ indicates National Park. Species include Araucaria angustifolia, Metrosideros polymorpha, Morella faya, and Psidium cattleianum (Giambelluca and others 2013, 2014;
U.S. Geological Survey (USGS) 2015; Hawaii statewide GIS program 2021; Sherrod and others 2021).
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Figure 2. Schematic of field sampling design.

together in Recap Pro (Figure 2). The instrument
had 10-mm point spacing at 10 m and full angle
beam divergence of 0.4 mrad. The Leica BLK360
collected photographs with each scan which as-
sisted with point cloud registration and tree density
estimation. Point clouds were normalized, thinned,
and voxelized in R (Supp. S5). The normalized
point density in each 1 m® voxel was used to cal-
culate vegetation area index (VAI), a dimensionless
metric defined by Atkins and others (2018) that
represents vegetative density ranging from 0 to 10

(Figure 3). TLS-derived VAI is not an analogous
measurement to LAI but is used as a proxy for LAI
when appropriately scaled (Almeida and others
2019). The R package forestR was used to extract
canopy structural measurements from TLS-derived
VAL estimates (Atkins and others 2018).

Invasion Gradient

The extent of P. cattleianum invasion, or invasion
gradient, was quantified by the invasion impor-
tance value (IVi,,). The IV;,, for each transect was
calculated using averaged basal area and tree den-
sity estimates, the latter of which was calculated
using a point-quarter method with data derived
from the Leica BLK360 photographs (Supp. S4).
Field-based measurement data were not available
for site Kalopa; therefore, basal area was measured
using the point cloud.

We expressed the P. cattleianum invasion impor-
tance value (IVj,,) at each site:

IViny = (rel denjny + rel bajny) + 2 (1)

where 1Vj,, is the invasion importance value, rel
den;,, is the relative tree density of P. cattleianum,
and rel ba;,, is the relative basal area of P. cat-
tleianum (Eq. 1).

Density and Structural Metrics

Vegetative density was summarized for each tran-
sect with Total VAI, the transect mean of the sum
of VAI for a column of forest per square meter area
(Atkins and others 2018, Figure 3). Then, four



39 Page 6 of 17

T. Seely and others

Height (m)
20/ ) c) 50
E1s|” 15
=
w10 10
T s F
S g ! oy, =N TR S A ARAN B
0 : i 1,
20/ d) e) f)
é 15 - VAI
= i | g 100
o010 i =" = g Pso
)] |
I 5 n : -g "} : | ﬁ 0.0

0 5 10 15 20 25 O
Length (m)

5 10 15 20 25
Length (m)

5 10 15 20 25
Length (m)

Increasing abundance of P. cattleianum

Figure 3. Cross-sections from point clouds of forest structure, 25 m in length and 1 m in depth, derived from terrestrial
laser scanning (TLS) for a low abundance, b moderate abundance, and ¢ high abundance of P. cattleianum. The
corresponding distribution of vegetation area index (VAI) is shown for (d) low abundance (< 10%), e moderate
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structural metrics, quantifying either arrangement
or heterogeneity, were derived from VAI using the
R package forestR (Atkins and others 2018). For
structural arrangement, (1) mean leaf height (m) is
the average height of vegetation and (2) vertical
vegetation distribution is the vertical profile of VAI
through the forest column, normalized by dividing
each strata height by total forest heights. For
structural heterogeneity, (3) rugosity (m) is an
integration of horizontal and vertical variation in
VAI (Hardiman and others 2011) and (4) Gini
coefficient measures the inequality of vertical
vegetation distribution, from 0 (that is even VAI
distribution) to 1 (maximum inequality of VAI
distribution) (Gini 1912; Atkins and others 2018).
Density and structural metrics were quantified for
each 1 m X 6 m crosswise transect slice; For each
transect, 14 slices spaced 3 m apart were averaged
to ensure spatial independence (Supp. S6.1).
Structural metrics were selected for their direct
relationship to forest function. The arrangement
metrics, (1) leaf height and (2) vertical vegetation
distribution, are linked to habitat availability and
influence variation in microclimate through the

forest (Vogeler and others 2013; Jucker and others
2018). The heterogeneity metrics, (3) rugosity and
(4) Gini coefficient, measure horizontal and verti-
cal complexity. Rugosity, or surface roughness, af-
fects the thickness of the boundary air layer
between forest and atmosphere, which affects for-
est fluxes (Baldocchi and others 2000). The Gini
coefficient indicates the skew in the vertical distri-
bution of vegetation, which atfects the distribution
of light and temperature in the forest (Fotis and
Curtis 2017).

Statistical Analyses

To quantify differences in structural metrics (re-
sponse variable) across a gradient of invasion
importance value (explanatory variable), we used
linear mixed effects models. We included the ran-
dom effects of transect nested in site and compared
three alternative specifications of the random ef-
fects: random intercepts, random slopes, and both
random intercepts and random slopes (Table S2).
We used an information theoretic approach to
compare and evaluate models based on their
explanatory power; the null model, which included
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the fixed effect defined by the intercept only, was a
benchmark for assessing the informative value of
the other models (Bumham and Anderson 2002).
The models were first fit using restricted maximum
likelihood estimation and ranked by their Akaike
information criterion with correction for small
sample size (AICc) (Akaike 1974). The model with
the lowest AICc value was considered best fit only
if its AAICc from the model with the second lowest
AICc was > 2. Second, models were fit using
maximum likelihood estimation, to ensure the
models were comparable despite having different
fixed effects. The best-fit models were evaluated
using the marginal 1, or the variance of the fixed
effects, and the conditional r?, or the variance of
both fixed and random effects (Nakagawa and
Schielzeth 2013). For each best-fit model, we re-
port the slope and intercept of the regression,
indicating the fixed effect of invasion importance
value (Table S3).

Biophysical Modeling

A multilayer canopy flux-profile solution described
by Bonan and others (2018) for CLM-ml vO was
used to model ET. The model combined forest, soil,
and climate parameters to calculate 1D fluxes of
heat and energy through discretized forest strata.
Radiative transfer was modeled through strata,
using height-variable leaf area (derived from TLS)
and leaf angles (estimated). In each stratum, the
model partitions radiation into sensible and latent
heat fluxes used to compute the strata’s air tem-
perature, humidity, and leaf temperature. The lat-
ter was used to calculate ET, which is constrained
by strata-specific estimates of stomatal conduc-
tance. Computations occurred separately for sunlit
and shaded leaf fractions, which have different
specifications of stomatal conductance and leaf-
absorbed radiation. Total ET, the primary model
output of interest, was summed for each hour
period.

Model parameters accounted for differences in
soil and climate at the site-level and differences in
structure at the transect-level. Parameters related
to plant physiology were kept consistent between
all transects and sites (Bonan 2023, Supp. S8.1).
For each site, soil and climate variables were
specified using December mean values for each
hour from remote sensing products (Giambelluca
and others 2014). For each transect, averaged VAI
in each 1-m forest height strata was scaled by 0.25
to create a vertically variable estimate of mLAI, the
model input of LAI. Stomatal conductance esti-
mates are based on values from the TRY plant trait

database for M. polymorpha (Kattge and others
2011). The model assumed no physiological dif-
ferences between native and invasive plants for
three reasons: (1) field constraints prevented direct
sampling of stomatal conductance; (2) there is no
evidence of statistically significant differences in
leaf-level water use between M. polymorpha and P.
cattleianum (Kattge and others 2011; Giambelluca
2016); and (3) parameterizing model scenarios
with equivalent physiology isolates the effect of
changes in forest structure on modeled evapo-
transpiration.

Modeling Scenario Selection

After the completion of empirical analyses of TLS
measurements, modeling scenarios were designed
to diagnostically measure the effect size of con-
trasting forest structure on ET. The scenarios iso-
lated the impact of 1) vegetative density and 2)
canopy structure independent of physiology, soil,
and climate variables. Because the structural sce-
narios were informed by TLS measurements,
modeling hypotheses were formulated after TLS
analysis was complete: First, we expected increased
vegetative density to increase ET. Second, we ex-
pected altered structure to influence ET indepen-
dent of the changes in vegetative density.

RESULTS

Structural Changes across the Gradient
of Invasion

In the windward forest of the Island of Hawai’i, the
relative abundance of invasive P. cattleianum had a
profound impact on canopy structure across all
sites. Linear mixed effects models explained vari-
ance well with fixed and random effects (high
conditional r?), but indicated large variance be-
tween sites (low marginal r*:conditional r* ratio)
(Table S3). According to the best-fit fixed effect
model, total VAI increased 36% between native (0
IVihy) and invaded (1 1Vj,,) forest (Figure 4A,
Table S3). The fixed effect model for mean leaf
height projected a 3-m decrease in mean leaf height
between native (0 IVi,,) and invaded (1 IVi,,)
forest (Figure 4B, Table S3). The log of rugosity,
which characterizes structural heterogeneity, de-
creased with increased IVi,, by 59% across the
gradient of invasion (0-1 IV, Figure 4C,
Table S3). Similarly, the Gini coefficient decreased
by 18% across the gradient of invasion (0-1 IVy,,)
(Figure 4D, Table S3). The lowest Gini coefficient
(0.54) corresponded with the most vertically
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Figure 4. The response of forest density and structural metrics in Island of Hawai'i forests to P. cattleianum abundance,
quantified as the invasion importance value (IVi,y). Metrics and corresponding marginal r* (r*m; the variance of the fixed
effects) and conditional r* (r’c; the variance of both fixed and random effects) of the best-fit linear mixed effect model
include A Total vegetation area index (VAI), (r’m = 0.29; r’c = 0.89); B Mean leaf height, (r*m = 0.20; r’c = 0.98); C
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(rm = 0.66; r’c = 0.93); and D Vegetation distribution evenness as measured by the Gini coefficient, (r*m = 0.22;
r’c = 0.94). Standard errors included. Gray lines represent the fixed effect regression line derived from the linear mixed

effects model.

homogenous forest profile and was found in the
Hawai’i Volcanoes National Park (hereafter, Ha-
wai’i Volcanoes NP) invasive transect, visualized in
Figure 5.

Site Specific Differences: The Vertical
Distribution of Vegetation

Although total VAI increased with IV;,,, the verti-
cal distribution of VAI varied by site. P. cattleianum
invasion led to increased vegetation in different
height-normalized forest strata, depending on site
(Figure 5). In the site with the least amount of
invasive-driven structural change (Cooper Center),
invasion increased VAI with little difference in the
vertical distribution of vegetation in comparison
with the native-dominant transect. In the more
dramatic cases of structural change, invasion in-
creased VAI in a concentrated strata that changed
the shape of VAI distribution, as in the Kalopa

invasive transect which increased vegetation in the
middle forest strata compared to the Kalopa native
transect.

Modeled Evapotranspiration

The mixed and invasive transect ET,, exceeded the
native transect ET,, at each site, except for the
‘Ola‘a mixed and Cooper Center mixed and inva-
sive transects (Table 2). Changes in ET,, were not
directly coupled with changes in invasion gradient
or changes in mLAI, the model input LAI. Of the
three invasive/mixed transects with modeled de-
creases in ET,,, only the ‘Ola‘a mixed transect had
decreased model-scaled leaf area index (mLAlI)
compared to native transect mLAI. Cooper Center
mixed and invasive transects had increased mLAI
accompanied by decreased ET,, compared to the
native transect. In the remaining seven mixed and
invasive transects, ET,, increased with mLAI, but
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Figure 5. Vertical distribution of vegetation area index (VAI) by normalized height for native (gray), mixed (green), and
invasive (gold) transects at each site. Curved lines are the locally estimated scatterplot smoothing (LOESS) regression

(Cleveland 1979).

the magnitude of ET,, increase did not consistently
correlate with the magnitude of mLAI increase.
Overall, our modeled evapotranspiration (ET,,)
matched remotely sensed Priestley-Taylor estimates
of ET well, with an average root mean square error
of & 1.74 mm (Priestley and Taylor 1972, Table 2).

Modeling Scenarios

The modeling scenarios were designed to reflect
key observed trends in vegetation amount and
vertical distribution relative to a baseline ‘‘native”
scenario, LAl w_Struct,aive. In  Figure 6A,

LATnigh_Structhaive has the same relative vertical
distribution of vegetation as LAI}yy_Struct,ive but
has a 1.5-fold increase in total mLAI (mLAI =
10.74) compared to LAl,w_Structyaive (mLAI =
7.16); The 1.5-fold increase in mLAI increases
daylight ET,, by 3.01 mm (74.0%) relative to
LA ow_Structyagve ET,, (Figure 7). Scaled to 30-day
estimates, this increased LAI causes a 90.2-mm
increase in ET. In Figure 7B, both scenarios main-
tain the same ““high” mLAI as LAlpigh_Structhative
(mLAI = 10.74), but vertical distribution of
LATpign_Structiny_miq concentrates vegetation in the
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Table 2. Modeled ET and LAI by Corresponding Transect Invasion Level

Site Priestley-Taylor Native Mixed Invasive
ET (mm
( ) Inv. ET,, Inv. ET,, % change from Inv. ET,, % change
grad (mm) grad (mm) native grad (mm) from native
ET,, mLAI ET,, mLAI
Kalopa 3.46 0.10 3.55 0.41 4.38 23% 11.3% 0.78 7.90 123% 8.2%
Laupahoehoe 3.30 0.08 2.59 0.58 3.88 50% 459% 0.66 4.53 75% 30.8%
‘Ola‘a 3.07 0.10 4.91 0.35 2.57 — 48% — 4.5% 0.71 15%
5.67
4.7%
Cooper Center 3.23 0.00 3.54 0.14 2.60 — 27% 17.6% 0.29 —
3.23 9%
30.6%
Hawai’i Vol- 3.31 0.04 4.64 0.23 5.52 19% 38.3% 0.45 5.53 19% 1.0%
canoes NP

Modeled evapotranspiration (ET,,) for native, mixed, and invasive transects in each site during daylight period, hours 6-19. The percent change of modeled evapotranspiration
(ET,,) and model-scaled leaf area index (mLAI) from native transect ET,, and mLAI for mixed and invasive transects demonstrates a decoupling between both variables.
Priestley-Taylor ET calculated from remotely sensed climate variables is provided as a grounding measurement (Priestley and Taylor 1972).
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Figure 6. Vertical distribution of leaf area index used in modeling scenarios (mLAI). Scenario names indicate relative
vegetation amount (for example ‘LAI,,’) and vegetation distribution (for example ‘Struct,.ive’). A In panel A,
LATpjgh_Structy,ve has the same relative vertical distribution of vegetation as LAl ,y,_Structyaive, but a 1.5-fold increase in
total mLAI (mLAI = 10.74 compared to mLAI = 7.16). B In panel B, both scenarios maintain the same ‘“high”” mLAI as
LATpjgh_Structyagve (mLAI = 10.74), but the vertical distribution of LAlyg,_Structi,, miq concentrates vegetation in the
middle forest strata, and LAlIy;gn_Structi,y_jow concentrates vegetation in the low forest strata.
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Figure 7. Modeled 24-h evapotranspiration (ET,,) for all four vegetation scenarios (Figure 6)

middle forest strata, and LAIygn_Structiny_jow €ON-
centrates vegetation in the low forest strata. Over-
all, differences in vegetation distribution mediated
ET,, among the three model scenarios with high
LAI (Figure 7): LAIpign_Structy,ive had the highest
daytime ET,, (7.08 mm) compared to LAlnign_-
Struc‘[invimid (627 mim, —11.40/0) and LAIhigh_'
Structiny jow (6.05 mm, —14.5%). Scaled to 30-day
estimates, the structural modulations in Struct;,,.
mid and Structj,y.jow reduce 30-day ET increases
due to LAl,in by 24.4 mm and 30.9 mm, respec-
tively; therefore, these structural modulations
could lead to differences in annual ET on the order
of 100s of mm.

DiscussioN
Structural Impact of Invasion

The invasion of P. cattleianum consistently increased
the density and changed the structural arrange-
ment of vegetation in forests regardless of site-
specific variation in climate, elevation, and sub-
strate (Figure 4, Table S3). Trends such as increased
VAI (density) and decreased mean leaf height
(structural arrangement) matched previous studies
(Asner and others 2008; Balzotti and Asner 2017).
For example, the 36% increase in total VAI (den-
sity) across invasion was consistent with the 24—
29% increase in LAI in invaded forest compared to
native forest found in previous studies (Takahashi
and others 2011; Giambelluca 2016). Although
proportionally similar, VAI and LAI are difficult to
directly compare because of fundamental differ-
ences in measurements: VAI represents the nor-
malized density of LIDAR returns which includes
leaves and stems (Atkins and others 2018). The 3-
m decrease in mean leaf height (structural
arrangement) across invasion agrees with the 3.7-
m decrease in outer canopy height found in forest

transitioning to P. cattleianum invasion over 9 years
(Balzotti and Asner 2017). Takahashi and others
(2011) similarly recorded a 4-m decrease in height
in invaded forest compared to native M. polymor-
pha-dominant forest.

Across sites, P. cattleianum also had a homoge-
nizing effect on forest structure, demonstrated by
changes in (1) rugosity and (2) Gini coefficient
(Figure 4C, D). (1) The decrease in rugosity with
increased invasion (that is —59% from 0 to 1 IV,,)
aligned with Balzotti and Asner’s (2017) finding
that standard deviation in Laupahoehoe’s outer
canopy height decreased between native and in-
vaded forest by 28%. Decreased rugosity decreases
the boundary layer turbulence at the forest-atmo-
sphere interface, which can decrease the amount of
forest ET (Baldocchi and others 2000). Although
this study’s vertical 1D ET model could not incor-
porate horizontal rugosity, conceptually, a decrease
in rugosity may mitigate invasive-driven increases
in ET. (2) The 18% decrease in Gini coefficient
from 0 to 1 IVy,, suggests invasive species
homogenize the forest vertically. Vertical structural
homogenization affects light attenuation and
eliminates structural niches that provide important
habitat (Arthur Sampson and Smith 1993; Ellison
and others 2005).

Despite invasion’s consistent impact to the den-
sity and structural metrics, the vertical distribution
of invasive vegetation varied by site, which could
be caused by several factors (Figures 1 and 4). Sites
varied in climate, substrate, and elevation; such
attributes” relationships to vertical distribution
were not statistically tested but undoubtedly affect
forest dynamics. For instance, substrate type and
age, produced by gradients of past volcanic activity,
are known to influence invasive and native species
composition (Zimmerman and others 2008).
Additionally, invasion dynamics are tightly coupled
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with disturbance history (for example ungulates,
disease) (Strauch and others 2016; Balzotti and
Asner 2017). Within-site disturbances were as-
sumed to be similar given transect proximity, but
site variation in disturbance history was not
quantified. The maturation of the P. cattleianum
stand likely influences vertical distribution given
evidence invasive trees supplant native canopy
trees over time (Potter and others 2023). Similar to
disturbance, site-specific differences in time since
invasion could not be quantified, but a high inva-
sion gradient and invasive vegetation approaching
the canopy may indicate a relatively older P. Cat-
tleianum stand age (that is, Kalopa invaded transect,
Figure 5). Longitudinal data would be required to
further parse the factors driving site differences in
vertical vegetation distribution.

Importance of Structural Arrangement
Inferred from Modeling Scenarios

The modeling scenarios explore how structural
arrangement affects ET. First, the 74% increase in
ET between LAl versus LAlL,,, under equivalent
vertical distribution (that is, Structyave) represents
a benchmark impact of increased LAI, absent any
structural change. Theoretical and empirical anal-
yses show ET increases with LAI, but ET increases
saturate at high levels of LAI (Baldocchi and
Meyers 1998). For simplicity, we use a single LAI
increase benchmark, but the relative importance of
structural modulation vs. LAI increase may vary
depending on initial LAI. Second, modulating the
structure of LAI mitigated the amount ET increased
under conditions of LAly,,. Concentrating vege-
tation in the mid-forest strata (that is, Structiyy.mid)
and low-forest strata (that is Structiny.iow), in-
creased ET by 54% and 49%, respectively, com-
pared to LAl ,_Struct,ive. Essentially, structural
arrangement exerts an impact on ET, secondary in
magnitude to the impact of LAI on ET. These results
agree with model simulations which found that ET
in structurally ““top-heavy’’ forest consistently ex-
ceeded ET in ‘“‘bottom-heavy’” forest with equiva-
lent LAI, regardless of light or humidity levels
(Banerjee and Linn 2018). These findings under-
score the importance of incorporating vertical dis-
tribution of vegetation into assessments of forest
functional changes due to invasion.

Modeling Mechanisms: Strengths
and Limitations

Assumptions of equivalent stomatal conductance
and net leaf radiation across sites limit the model’s

accuracy but strengthen its capacity to isolate the
effect of site-specific structure on ET. Most impor-
tantly, the model captured the biophysical mecha-
nism driving structural impacts on ET: leaves
located higher in the canopy will be exposed to
more sunlight and transpire at higher rates com-
pared to understory leaves. Remotely sensed esti-
mates of ET validated site-level ETm, but the
resolution of the data (250 m?) was too coarse to
validate transect-level differences in ETm within
each site. The model, as implemented, is more
useful to explore the comparative trends of ETm
between model simulations rather than predicting
precise values of ETm. Still, the model’s multilayer
design reflects the current mechanistic under-
standing of radiation-driven energy fluxes and has
been vetted extensively with empirical measure-
ments (Baldocchi and others 2002; Bonan and
others 2018).

Vertical gradients of canopy characteristics are
notoriously undersampled due to methodological
constraints (Nakamura and others 2017). In the
Island of Hawai’i, we were not permitted to mea-
sure the stomatal conductance of M. polymorpha
due to the associated risks of spreading the Cerato-
cystis sp. fungus known to cause Rapid ‘Ohi‘a Death
(Harrington 2013). Vertical gradients in stomatal
conductance and net leaf radiation in the forest
canopy are well established, but the magnitudes of
the gradients vary by species and environment
(Brooks and others 1997; Baldocchi and others
2002; Wittenberghe and others 2012). A limitation
of the model’s fixed assumptions of stomatal con-
ductance is the inability to incorporate the “‘safety-
efficiency trade-off”” principle of transpiration,
which states that plants maintain a maximum
transpiration rate dictated by species-specific hy-
draulic conductivity (Manzoni and others 2013).

Functional Impact of Invasion

Modeled evapotranspiration, or ET,, increased
with invasion in 70% of mixed and invasive tran-
sects—evidence that supports the assertion that P.
cattleianum uses more water compared to native
forest (Strauch and others 2017; Table 2). How-
ever, the P. cattleianum invasion gradient appeared
to be decoupled from ET,,: In Kalopa, a 0.68 in-
crease in Ivy,, led to 123% increase in ET,,, but in
‘Ola‘a, nearly the same Iv;,, increase (0.61) led to
just a 15% increase in ET,,. The range of ET,, in-
creases (15-123%) exceeds previous research
finding P. cattleianum invasion increases ET be-
tween 27 to 53% relative to native forest
(Giambelluca and others, University of Hawai'i at
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Manoa, written communication, 2008). Since the
model did not incorporate species-specific physiol-
ogy, variation in ET,, results from the variation in
vertical arrangement of vegetation (Figure 5).
Structure likely mediates the relationship between
invasion and ET increases, but additional empirical
calibration is needed to investigate constraints on
the upper bound of ET increases. In three transects
with a relatively low P. cattleianum invasion gradi-
ent (0.14-0.35), ET,, was estimated to decrease
following invasion, and only ‘Ola‘a mixed (—48%
ET,,) was accompanied by a decrease in mLAI
(—4.5%). Under conditions of low invasion
(IViny < 0.35), a decrease in ET may coincide with
a net increase in LAI if densification of LAI occurs
in the shaded understory and exceeds an accom-
panying reduction in canopy LAI as observed in
Cooper Center mixed and invasive transects.
Therefore, although the model results support the
theory that P. cattleianum invasion may lead to in-
creased evapotranspiration in a heavily invaded
forest, the effect on ET in sites with lower relative
abundance of P. cattleianum is more ambiguous.

Independent of invasion level, structure influ-
enced the nonlinear relationship observed between
mLAI and ET,,. For example, the Kalopa mixed
transect had an 11.3% increase in mLAI and a 23%
increase in ET,, while Kalopa invasive transect had
an 8.2% increase in mLAI and a 123% increase in
ET,,. The structural arrangement of both transects
is dramatically different, with Kalopa invasive
increasing vegetation in the middle third of the
forest and Kalopa mixed distributing increased
vegetation relatively more evenly, with the
exception of a spike in the 0-1-m understory strata.
The comparative differences in height of mLAI in-
creases explains why Kalopa invasive had a much
higher ET,, increase compared to Kalopa mixed,
despite having less overall vegetative increase.
These results fit with previous research and our
scenario modeling: Leppd and others (2020) found
tree transpiration in a peatland forest decreased
nonlinearly with decreases in forest LAIL scenario
modeling highlighted the mediating role vertical
vegetation distribution plays in the relationship
between LAI and ET.

Management and Research Implications

Invasive species are known to reduce overall plant
diversity, but invasive impacts to ecosystem func-
tion are less generalizable (McKinney and La Sorte
2007; Cavaleri and Sack 2010). Our study demon-
strates that structure is an important underlying
mechanism to consider when evaluating invasive-

driven changes to forest function. This study
highlights structural scenarios that cause the largest
modeled ET increases compared to pre-invasion
scenarios: heavily invaded stands (IViy, > 0.35) in
which vegetation density increases within taller,
sun-exposed forest strata. Resource managers could
develop plans targeting invasive stands consistent
with this structural configuration to reduce impacts
of P. cattleianum on water resources. Management
approaches typically must balance multiple objec-
tives; our study results can be used to inform
management efforts aimed at mitigating impacts of
invasion on ET but do not address additional forest
management needs. The invasive structures we
modeled were based on data from our study sites,
which were limited to invasion between 0.1 to 0.8
IViny (Figure 4). Additional data describing the
structure of monotypic, canopy-replacing P. cat-
tletanum (that is IVj,, = 1) would be needed to
represent the upward bounds of invasion (Potter
and others 2023).

Additional research is needed to fully understand
the impacts of P. cattleianum invasion on forest ET.
In the state of Hawaii, area with P. cattleianum trees
increased by 22.9% between 2010 and 2019 from
5954 to 7318 km? (USDA 2024). Additionally,
forest disturbances can affect the pace of invasion.
In particular, dieback events, Rapid ‘Ohi‘a Death,
and the presence of invasive pigs create light-filled
forest gaps rapidly colonized by fast-growing inva-
sive species (Jacobi 1983; Strauch and others 2017;
Fortini and others 2020). The increase in invasion
area will magnify the net effect of P. cattleianum on
the water cycle. For example, when scaled to a 25-
km? watershed, a 4.35 mm increase in daily ET
(that is, modeled in Kalopa invasive) yields a 3.3 X
10° m’ loss in water over a 30-day period. Given
current pressure on water resources in Hawaii
coupled with long term trends of decreasing rainfall
and increasing drought, it is imperative to address
invasive-driven changes to the ecohydrology of
native forests (Frazier and Giambelluca 2017; Fra-
zier and others 2022).

We identify three opportunities for additional
research that could improve understanding of ef-
fects of P. cattleianum invasions on native forests:
resolving species-specific physiology, scaling the
modeling, and exploring other forest variables.
First, P. cattleianum is theorized to have higher de-
mand for water than native species, but results to
date do not confirm significant differences in leaf-
level water use (Kattge and others 2011; Giambel-
luca 2016). Our work demonstrates that structural
differences due to invasion lead to changes in ET
independent of physiological differences. However,
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physiological differences, such as differences in
hydraulic conductivity, can impose constraints on
plant transpiration (Manzoni and others 2013).
Research verifying physiological differences in
water use between species could improve model
parameterization and yield more insightful results.
Second, this study’s multilayer canopy model
approximates only the vertical flux of water and
energy, and ET was validated at the site, rather
than transect, level. Empirical measurements of ET
that match the fine spatial scale of the model are
required to quantify model uncertainty. Addition-
ally, a 3D model could scale results to the water-
shed level and incorporate invasive impacts to the
boundary layer. Finally, this study ecologically
simplifies P. cattleianum as the main competitor to
M. polymorpha. In many cases, forest stands on the
Island of Hawai’i are invaded by multiple invasive
species which are likely to affect forest function and
alter inter-species interactions (Hughes and Den-
slow 2005). More accurately capturing the diversity
in functional and structural complexity could im-
prove model results.
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