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RESEARCH ART ICLE

Tradeoffs in access to light and root networks of
established host trees for restoration planting of the root
hemiparasite Santalum paniculatum
Emily C. Thyroff1,2 , James B. Friday1, Travis W. Idol1, Michael A. Szuter3, Douglass F. Jacobs2,3

Restoration of root hemiparasite trees, such as Hawaiʻi’s endemic Santalum species (ʻiliahi), may benefit from underplanting in
stands of suitable hosts like the nitrogen-fixing native tree, Acacia koa (koa). At a pasture site on Hawaiʻi Island previously
reforested with koa, we underplanted seedlings of the island-endemic sandalwood species, Santalum paniculatum, to examine
the tradeoff between access to an established root network (distance to the nearest koa tree) under variable overstory shading
(8.8–90.1% canopy openness range) during regeneration establishment.We hypothesized that there is an optimal parasite–host
spacing and canopy openness that balance parasitic resource transfer with light availability. ʻIliahi seedling survival was 96%
with no survival treatment differences. ‘Iliahi seedling growth was positively related to canopy openness but negatively related
to the distance to the nearest koa tree, and the slope of these relationships increased over time. Leaf photosynthetic light
compensation points, light saturation points, and stomatal density mostly followed similar trends as growth. These results
demonstrate that ‘iliahi can be successfully underplanted in an established koa stand, which benefits ‘iliahi plantings and con-
tributes to diversifying initial restoration and reforestation plantings. There appears to be a significant tradeoff in planting
distance between benefits from and competition with the host; however, the improvement in growth with increased canopy
openness appeared to be much greater than the effect of planting distance. Underplanting into an established host stand with
sufficient canopy openness can help restore functionally compatible and abundant ‘iliahi regeneration into forests.

Key words: Acacia koa, Hawaiian sandalwood, ‘Iliahi, host plants, mixed species plantings, nitrogen-fixation, tropical forest
restoration, underplanting

Implications for Practice

• Underplanting Santalum paniculatum (and potentially
other sandalwoods or hemiparasitic trees) in established
stands of suitable host trees is recommended for access
to well-established root systems.

• Established host roots with sufficient canopy openings
provide an optimal tradeoff between benefits and compe-
tition from the host.

• While planting ‘iliahi under host trees younger than the
10-year-old koa in our study will provide more light
availability, such stands will have less of an established
root network, so the distance to the nearest host may be
more important to consider. For planting under older
hosts, less light may be available, so thinning the host
stands to create gaps may be necessary to increase light.

Introduction

Silvicultural and ecosystem restoration techniques such as
underplanting, using nurse trees, and enrichment plantings are
used to diversify planted forests and to restore forest species
with limited natural regeneration (Paquette et al. 2006; Rose
et al. 2019;Messier et al. 2022). Specifically, underplanting, that
is, the planting of seedlings under an existing forest or canopy

cover, may benefit seedlings that thrive later in succession, are
shade-tolerant, or are susceptible to browsing by ungulates
(Dey et al. 2012; Maltoni et al. 2019; Thyroff et al. 2019).
Facilitative interactions, which underplanting promotes, are
known to be ecologically important and relevant in development
of ecosystem restoration prescriptions (Brooker et al. 2008). The
complexity of interactions, and potential cascading effects,
between nurse plants (or existing canopy trees) and parasitic
beneficiaries implores further investigation of plant community
relationships (Melfo et al. 2020).
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Approximately 1% of all angiosperms are parasitic, and most
are root hemiparasites (Heide-Jørgensen 2013; Matthies 2017).
Hemiparasitic plants are capable of photosynthesis yet rely on
their hosts to acquire resources such as water and nutrients to
ensure their long-term survival (Bell & Adams 2011;
Matthies 2017). Studies have found that hemiparasites photo-
synthesize at intermediate or relatively comparable rates to
non-parasitic plants (Sandquist & Cordell 2007; Těšitel, 2016).
Since hemiparasites can photosynthesize at comparable rates,
the rate may change under varying light levels and affect
performance of planted seedlings. Additionally, there is evi-
dence suggesting that hemiparasites have relatively lower plant
water potential to maintain a favorable flow of resources from
the host to themselves (Radomiljac et al. 1999; Sandquist &
Cordell 2007). Stomatal density may be one way to maintain
lower water potential, in addition to stomata size and stomatal
conductance. Root hemiparasites physically connect their roots
to the roots of other plants with specialized root organs called
haustoria (Bell & Adams 2011). Planting hemiparasites under
established host plants, rather than planting hemiparasites and
hosts simultaneously, may allow the hemiparasites to connect
more quickly to host root systems and increase the capacity of
resource supply from hosts. There may be tradeoffs, however,
between the benefits of resource transfer from the host root
system and competition with the host, especially for light
(Matthies 1995). Beyond this hemiparasitic perspective, there
is a diverse collection of literature regarding the intricate
tradeoffs between competition and facilitation between plants
in ecosystem restoration settings (G�omez-Aparicio et al. 2004;
Brooker et al. 2008; Löf et al. 2014; Fagundes et al. 2023).

When underplanting, it is necessary to consider the balance
between early access to the host root network and competition
with the host, such as competition for light, water, and soil
nutrients. For light competition, distance to the nearest host tree
must be balanced with the overstory condition and resulting
understory light level for the root hemiparasite. Adequate under-
story conditions depend at least partially on the ecophysiology
of the underplanted species (Soto et al. 2017; Rose
et al. 2019). Furthermore, shade tolerance of underplanted
hemiparasitic trees may be dynamic; for example, a Indian
sandalwood (Santalum album L.) study reported a range of light
environments as seedlings progressed through early develop-
ment (Barrett & Fox 1994). Seedlings in the highest shade
treatment (80% shade) had greater survival and adaptive charac-
teristics to sustain in shaded environments such as thinner,
longer, and wider leaves with more chlorophyll than seedlings
in the full sun treatment (Barrett & Fox 1994). Phenotypic
plasticity, both physiological and morphological, is an adaptive
strategy and important in understanding mechanisms that lead to
regeneration and restoration success. As ʻiliahi is hemiparasitic,
gas exchange and stomata plasticity may relate to photosynthetic
capability and water potential maintenance (Benito-Garz�on
et al. 2013; Lawson & Michler 2014; Cavender-Bares &
Ramírez-Valiente 2017; Löf et al. 2019).

Hemiparasitism in Hawaiian forests has been minimally
studied, yet hemiparasitism was likely a major forest relation-
ship based upon large estimated historical ranges of endemic

Santalum spp. (Price et al. 2012), locally known as ‘iliahi
or Hawaiian sandalwood. Santalum spp. occur throughout Oce-
ania, with approximately a quarter of all Santalum spp. endemic
to Hawai‘i (Wagner et al. 1999; Harbaugh et al. 2010; Teixeira
da Silva et al. 2016). Internationally, including in Hawai‘i,
Santalum spp. have been overharvested as valued sources of
sandalwood oil and wood (Thomson et al. 2011). ‘Iliahi was
historically abundant in dry forests, but this forest type in
Hawaiʻi has been reduced by 90% with only dispersed parcels
remaining (Medeiros et al. 2014). Natural regeneration is
uncommon due to depleted seed banks, limited remaining forest
parcels, lack of seed dispersers, seed predators, and non-native
herbivores. Given this deforestation legacy in Hawai‘i and the
unique hemiparasitic relationship, reforestation of ‘iliahi at
degraded tropical dry forest sites also requires supporting host
plant communities.Within the broader underplanting framework,
‘iliahi are anecdotally described as having poor tolerance of high
shade levels, but young seedlings may benefit from moderate
shade until strong parasitic root connections are made (Merlin
et al. 2006). Increased light often encourages the establishment
of species in wet forests of Hawaiʻi, but in drier forests, full
sun may be detrimental due to increased temperatures and high
evapotranspirational demands (Cordell et al. 2002; Inman-
Narahari et al. 2013).

Due to its history and value, including cultural and ecological
services and functions, there is significant local interest in restor-
ing native Hawaiian forests, including regenerating ‘iliahi. One
native plant that ‘iliahi species often pair well with is Acacia
koa A. Gray (koa) (Merlin et al. 2006; Thomson et al. 2011;
Thyroff et al. 2023). Acacia spp., overall, are identified as suit-
able nitrogen-fixing hosts for other Santalum spp. (Tennakoon
et al. 1997; Brand et al. 2003; Nge et al. 2019). Koa’s nitrogen
fixation, fast growth, high water-use-efficiency, presence across
large rainfall gradients, and tolerance to many abiotic factors
(Gugger et al. 2018; Rose et al. 2019) increase its potential as
a host for ʻiliahi. Koa is highly valued culturally and economi-
cally, and it is also planted widely to increase native bird habitat
in forests previously converted to pastures (Friday et al. 2006;
Pejchar & Press 2006; Gugger et al. 2018). Koa is often planted
at reforestation and restoration sites due to its rapid early growth
and ability to overtop remnant pasture grasses and herbaceous
weeds (Scowcroft et al. 2008; Funk & McDaniel 2010;
Scowcroft & Yeh 2013). Despite casting relatively low shade
through its canopy, in part due to the orientation of mature
phyllodes, koa is a light-demanding species (Baker et al. 2009;
Rose et al. 2019); therefore, the ability of underplanted seedlings
to capture available light is of interest. Due to pressures from inva-
sive grasses, without intervening practices such as grass manage-
ment or underplanting, planted koa in abandoned pastures will
likely remain koa and grass with little other diversity (Scowcroft
et al. 2008; Rehm et al. 2023). When other limiting factors are
accounted for (e.g. removing ungulates), underplanting can be a
successful method for diversifying initial reforestation efforts.
Specifically, mature koa have relatively sparse canopies, which
can be ideal for future underplanting of native species.

While hemiparasitism has been researched for other Santalum
spp., literature on ‘iliahi is limited. We aimed to improve the
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survival and establishment of planted ‘iliahi (Santalum panicu-
latum Hook. & Arn., endemic to Hawai‘i Island) seedlings by
better understanding how ‘iliahi performs when planted under
established host canopies. We hypothesized that there is a
tradeoff between canopy openness above the seedling and dis-
tance from ʻiliahi to the nearest host tree that would affect early
parasitic resource transfer and shading of the seedling. With a
denser overstory canopy and closer distance to the nearest host,
competition for light, water, and nutrients may offset the
increased opportunities for resource transfer via root parasitism.
By contrast, lighter overstory canopy and farther distance to the
nearest host may result in a less dense root network and expo-
sure to environmental elements that reduces opportunities for
root parasitism and increases site stressors. Thus, we predicted
‘iliahi underplanted among established koa with an intermediate
canopy openness range, and intermediate distance to the nearest
koa, will have better survival and growth due to access to koa
roots and increased access to resources such as light availability,
water, and nutrients. We also predicted that leaf gas exchange
parameters and stomatal density would positively align with
growth responses, as the physiological parameters would be a
mechanism supporting seedling growth.

Methods

Experimental Site

The experiment was conducted at Kealakekua Mountain
Reserve, an approximately 3900 ha property designated for
forest restoration and sustainable forestry where harvesting, pas-
ture establishment, and grazing have historically inhibited natu-
ral regeneration of native forest species, including ‘iliahi and
koa. Kealakekua Mountain Reserve is within the ahupua‘a (land
division usually extending from the uplands to the sea) of
Kealakekua in the Kona moku (district) of Hawai‘i mokupuni
(island) on the leeward slopes of Maunaloa (one of the five
shield volcanoes comprising Hawai‘i Island), 1,450 m above
sea level (Ulukau 2022). This area is considered seasonal mesic
to moist mesic lower montane dry forest (Asner et al. 2005;
Price et al. 2012), with summer mean daily high and low temper-
atures of 28.3 and 21.1�C, respectively; winter mean daily high
and low temperatures of 24.6 and 10.1�C, respectively; and
approximate annual precipitation of 730–830 mm, with a
distinct wet season during the summer and dry season during
the winter (Giambelluca et al. 2013; U.S. Climate Data 2021).
In December 2022, strong winds from a kona low storm
(Otkin & Martin 2004) bent and bowed many ‘iliahi. Only a
few koa had downed branches. Soils at this site are Puukala
medial silt loams: amorphic, isomesic Lithic Haplustands,
which are shallow and well-drained soils that formed in basic
volcanic ash over p�ahoehoe lava (Natural Resources Conservation
Service 2021).

In July 2010, a 0.81 ha plot (19.4981�N, 155.8082�W)within
an actively grazed area (under previous land stewards) was
fenced to exclude livestock and planted with koa seedlings for
both native bird habitat and for ranches to have valuable native
trees to potentially diversify future income. Pasture grass

(Cenchrus clandestinus Hochst. ex Chiov.) was uniformly pre-
sent in the fenced area.Within the fenced enclosed area, planting
rows were sprayed with herbicide prior to the koa planting to
control the pasture grass. Two hundred and seventy-one koa
seedlings grown from local seed sources were planted on an
irregular grid along the rows of controlled grass. Koa survival
was 77% after the first year. Mortality was attributable to 2010
being one of the driest years on record for Hawai‘i Island
(Frazier et al. 2022). Ten years after planting (August 2020),
koa survival was 59%. Koa seedling mortality resulted in vary-
ing canopy gap sizes, creating a matrix of canopy openness, and
resulting understory micro-environments. Anecdotally, pres-
ence of native birds at this specific site, especially ʻapapane
and ʻamakihi, is an indication of successfully supporting native
bird habitat through the establishment of koa stands in open
pasture grasses. Of the 160 surviving koa, height and diameter
(DBH, taken at 1.37 m) were measured for 68 individual koa
(42.5% of all koa trees in the plot). Mean (� SE) koa DBH
was 17.9 � 0.59 cm and mean height was 10.1 � 0.20 m.
Overall, most of the 10-year-old koa trees were uniform in
diameter and height as reflected in the small standard errors
and were similarly spaced apart.

Plant Material and Experimental Design

Nine-month-old ‘iliahi seedlings grown in 760-cm3 rectangular
containers (028PIFD, Proptek, Belleville, MI, U.S.A.) were
underplanted in the koa stand in August 2020. Seedlings
were obtained from H�aloa ʻ�Aina Reforestation Project nursery
in Kealakekua, Hawaiʻi and grown from a local seed source.
From baseline morphology analysis (n = 20), mean (� SE)
seedling root-collar diameter was 5.5 � 0.2 mm, height was
31 � 1.0 cm, and root-to-shoot dry mass (g) ratio was
0.49 � 0.02. Seedlings were sorted prior to planting and ran-
domly assigned a planting site. Seedlings were hand planted with
planting bars.

The underplanting resulted in a gradient of canopy openness
above the seedlings. ‘Iliahi seedlings were planted on a precise
grid, offset from the irregular koa planting grid, in 18 rows, each
with 18 seedlings in a rectangular design with exactly 4.5-m
spacing within and between rows (324 total seedlings; Fig. S1).
To maintain planting density and intra-specific seedling competi-
tion, a perimeter of buffer ‘iliahi seedlings was planted 4.5 m
from the research seedlings around the plot. Each ‘iliahi was an
independent experimental unit and randomly assigned to a plant-
ing site. Pasture grass that had sufficiently grown back from the
2010 herbicide site preparation for koa planting wasmechanically
cut back using brush saws and hand clippers before planting and
then every 3 months afterward for the first year after ʻiliahi seed-
lings were planted. A circle with a diameter of approximately
0.3 m was hand cleared around each seedling.

Measurements

At every seedling planting site, canopy openness was quantified
by taking hemispherical photos with a Sony Mirrorless Digital
Camera NEX Series camera (Sony Corporation, Tokyo, Japan)
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using a Madoka 180 hemispherical lens (Yasuhara, Hiroshima,
Japan). All photos were taken 1 m above the ground, at a
zero-degree zenith, oriented north, using a tripod-mounted
level under homogeneous diffuse sky conditions. Photographs
were analyzed with CIMES software (Gonsamo et al. 2011) to
determine percent canopy openness. Additionally at each seed-
ling planting site, the distance (m) from ‘iliahi to the nearest
koa was recorded.

‘Iliahi seedling ground line diameter (mm) and height to the
base of the apical meristem (cm) were recorded at the time of
planting (August 2020) and every 6 months for 2.5 years
(February 2023). Length of the main stem was used for the
height at 2.5 years. At each measurement point ‘iliahi survival
was recorded as a binary response; “alive” included seedlings
with any number of green leaves.

Seedlings were assigned to one of five categories of canopy
openness: 0–20, 20–40, 40–60, 60–80, or 80–100%. A subsam-
ple of 16 seedlings in each category of canopy openness was
randomly selected for physiological measurements, resulting
in 80 total sampling units.

Leaf gas exchange and stomatal density were measured
1 year after planting (August 2021). Leaf gas exchange was
measured with a portable LI-6800 (LI-COR Biosciences,
Lincoln, NE, U.S.A.) to create light response curves. One
upper-canopy, fully expanded, recently mature leaf per tree
was measured between the 10:00 and 14:00 hours. Light
response curves were determined by measuring net CO2 assim-
ilation from 0 to 1600 μmol m�2 s�1. Infrared gas analyzers of
the LI-6800 (IRGAs; reference and sample) were matched at
the beginning and end of each light curve measurement.
Relative humidity (approximately 60%), vapor pressure deficit
(<3.0 kPa), and temperature (leaf and block) were monitored
for consistency. The gas exchange data point was taken after
sample gas values (H2O and CO2) and net CO2 assimilation
were stable, based on coefficient of variation. If ‘iliahi leaves
did not completely fill the 3 � 3 cm LI-6800 leaf chamber, gas
exchange measurements were adjusted for actual leaf areas. Leaf
areas were determined from a photo of the leaf in the chamber
using ImageJ (National Institutes of Health, Bethesda, MD,
U.S.A.). Light response curves were created by plotting net
CO2 assimilation (AN, μmol CO2 m

�2 s�1) against photosyn-
thetically active radiation (PAR). The curves were fitted to a
non-rectangular hyperbola (SigmaPlot V11.0, Systat Software,
San Jose, CA, U.S.A.). Methodology to calculate final parame-
ters from the model followed Chartier and Prioul (1976). Final
parameters were used to calculate light compensation and light
saturation points (μmol m�2 s�1).

Stomatal density was calculated for the same 80 ‘iliahi seed-
lings used for gas exchange measurements using the same
upper-canopy, fully expanded, recently mature leaf. Impres-
sions of the adaxial and abaxial leaf surfaces were made in the
middle of each leaf, midway between the midrib and the leaf
margin. Leaf impressions were made on microscope slides using
cyanoacrylate. Five leaf impression images (DCM 900 micro-
scope CMOS Camera, Oplenic Optronics, Hangzhou, China)
were taken of a 0.19 � 0.14 mm (0.0266 mm2) area under
40� magnification using a microscope (BH-2 Microscope,

Olympus, Tokyo, Japan). Stomatal counts were conducted using
ImageJ and the cell counter plug-in (Kurt De Vos, University of
Sheffield). For unbiased counting, all whole stomata were
counted within the impression image area and stomata partially
within the image were only counted on the top and right sides of
the image area. Stomatal density (mm�2) was calculated by
dividing the number of stomata in the image by the image area.
Leaf gas exchange and stomatal density parameters can provide
insight to performance metrics and in cases increased parame-
ters suggest better viability.

Statistical Analyses

All data were analyzed with R software version 4.2.0 (R Core
Team 2022). Polynomial regression models were initially used
for growth and physiological measurements with canopy open-
ness as the continuous independent factor and distance to nearest
koa as a covariate. Only the first linear terms were significant;
therefore, linear models were subsequently used. Height and
diameter were analyzed using linear mixed-effects models
(lme function from the nlme package; Pinheiro et al. 2018) with
canopy openness by time as a continuous independent variable,
distance to the nearest koa by time as a continuous covariate, and
individual tree identity as the random variable. For light com-
pensation, light saturation, and stomata density, linear models
were used with canopy openness as the independent variable
and distance to nearest koa as the covariate. For survival,
Kaplan–Meier was used to estimate the survival of seedlings
over time. We note that with high survival at every time point,
there were few mortality events to incorporate into the
Kaplan–Meier estimate.

Fitted curves for each response variable were used to estimate
the nature and significance of the relationship at α = 0.05 level.
Residuals from all response variables were tested to ensure nor-
mality and homogeneity of variance. Due to the use of continu-
ous independent variables, a linear mixed-effects model was
used to evaluate the effect of canopy openness and koa distance,
instead of a repeated measures analysis of variance (ANOVA).
The assumption of sphericity was not met for the data, but we
concluded it was acceptable to proceed with the analysis
because sphericity is not considered to be strictly necessary for
mixed models, but compound symmetry is the more important
aspect (Armstrong 2017; Muhammad 2023). Linear mixed-
effects models allow for specification of the covariance structure
to meet the assumption of compound symmetry. For our model,
we specified a hierarchical covariance structure with time nested
within subjects, allowing for analysis of the changes of treatment
effect over time.

Results

Plot Characteristics

Canopy openness derived from the hemispherical photographs
had a mean value of 35.9%, median value of 25.7%, and a range
of 8.8–90.1%. Most seedlings in the canopy openness, espe-
cially the higher percent canopy openness, received direct
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overhead sunlight; therefore, they received higher rates than a
typically understory would receive. Canopy openness varied
throughout the underplanting grid (Fig. 1); however, there were
more instances of lower canopy openness indicated by skewness
of the distribution of canopy openness (Fig. S2A). The mean dis-
tance of ‘iliahi planting sites to the nearest koa was 3.3 m, median
was 2.8 m, and with a range of 0.4–13.0, with a similar skewness
of closer distances of ‘iliahi to the nearest koa (Fig. S2B). Canopy
openness and distance to the nearest koa were highly correlated
with an r2 of 0.67 (F[1,322] = 666.2, p = <0.001; Fig. 2). This col-
linearity between the fixed effects may cause some reduction in
statistical power. However, we believe this is mitigated by the
high number of planting sites (i.e. seedlings) in our study. Addi-
tionally, our models were within an acceptable range of variance
inflation factor levels and our model estimators ran adequately.

Seedling Performance

Initial height and diameter of planted ‘iliahi were similar across
canopy openness (Table S1). Over time, a relationship emerged
between ‘iliahi growth and both canopy openness and distance
to the nearest koa (Table S1). Canopy openness became a signif-
icant predictor of seedling diameter 1 year after planting; dis-
tance to nearest koa became a significant predictor of both
height and diameter 2 years after planting (Table S2). Most
notably, the model canopy openness coefficients were positive,
while the distance to the nearest koa coefficients were negative
(Table S1). These significant predictors are illustrated in
Figure 4 with the final measurements taken 2.5 years after
underplanting ʻiliahi seedlings. After 2.5 years, ‘iliahi survival
was 96.0%; that is, of the 324 planted, only 13 died with no treat-
ment differences for either canopy openness or distance to the
nearest koa (z = 0.11, p = 0.920; z = �0.50, p = 0.610). After
2.5 years, height ranged from 22 to 359 cm (mean of 154 cm)
and ‘iliahi diameter ranged from 4.5 to 48.2 mm (mean of
18.2 mm) with significant relationships for both canopy open-
ness and distance to the nearest koa (Table S2; Figs. 3 & S3).

Physiology Measurements

For gas exchange parameters, there were significant positive
linear relationships for both light compensation (F[2,72] = 11.64,
p = 0.001) and light saturation points (F[2,72] = 51.69,
p < 0.001) with canopy openness (Fig. 4). Though both were
significant, the relationship was relatively stronger for light sat-
uration point (r2 = 0.41) and weaker for the light compensation
point (r2 = 0.13). For the light compensation model, the dis-
tance to the nearest koa covariate did not significantly contribute
to the model (p = 0.986), whereas for the light saturation
model, the covariate did significantly contribute to the model
(p = 0.052). Light response curves followed a similar trend
(Fig. 5). From the leaf impressions, there were detected stomata
on the abaxial (i.e. lower) leaf surface and stomatal density ran-
ged from 7 to 33 mm2. There were no detected stomata on the
adaxial (i.e. upper) leaf surface. There was a significant positive
relationship between stomatal density and canopy openness
(F[2,72] = 11.64, p = 0.001, r2 = 0.40; Fig. 6). For the stomatal
density model, the distance to nearest koa was on the margin of
being a significant covariate (p = 0.069).

Discussion

Our research demonstrates that ʻiliahi, a hemiparasitic tree, can
be successfully underplanted in a reforested stand of koa trees
as indicated by overall high survival and growth rates. Variation
in canopy openness due to koa mortality provided opportunities
to plant ‘iliahi under conditions that favor rapid early growth.
Koa stands have a relatively sparse canopy, canopy architecture
with vertically oriented leaves, and low leaf area index
(Pearson & Vitousek 2001; Denslow et al. 2006; Scowcroft
et al. 2008). This could help to explain high survival even in
the densest part of the experimental stand. Nevertheless, our
results suggest that higher light environments facilitate greater
‘iliahi growth.

Research with Santalum album suggested shade is beneficial
for early survival with mixed effects on growth (Barrett &
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Figure 1. Heat map of the field site. Each square represents an ‘iliahi
seedling. Canopy openness ranged from 8.8 to 90.1% with darker squares
representing lower canopy openness and lighter squares representing higher
canopy openness. The “1,” “6,” “12,” and “18” axis labels reference the
ʻiliahi planting design of 18 rows with 18 ʻiliahi seedlings per row.
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Figure 2. Scatterplot of distance to nearest koa (m) by canopy openness (%).
The resulting r2 value was 0.67 and linear equation of y = 0.08�x + 0.30.
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Fox 1994). Barrett and Fox (1994) hypothesized this was from
less water loss due to reduced leaf temperature, transpiration,
and soil evaporation. Merlin et al. (2006) also anecdotally sug-
gested that the shade and protection from high temperatures pro-
vided by nearby established trees would benefit ʻiliahi until
strong parasitic root connections could be made. Our results,
however, showed linear growth and increased physiological
responses with canopy openness. The increased growth, even
in high canopy openness, may be due to the presence of an
abundant and relatively uniform host root network, although
the negative effect of the koa distance covariate indicated that
proximity to the host is beneficial and dampens the positive

relationship with canopy openness. Similar to other studies,
seedlings were able to increase both photosynthesis and growth
by using the increased available resources associated with
increased canopy openness (G�omez-Aparicio et al. 2006; Soto
et al. 2017; Thyroff et al. 2019).

Despite an assumed uniform host root network, when model-
ing canopy openness and koa distance together, we found that
height, diameter, light saturation, and stomatal density increased
significantly when ‘iliahi were planted closer to koa hosts. This
effect of koa distance within the height and diameter models was
not significant until the seedlings were 2 years old, 1 year longer
than the detection of a significant relationship between ‘iliahi
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Figure 4. (A) Light compensation and (B) saturation points (μmol CO2 m
�1 s�1) by canopy openness (8.8–90.1%) of ‘iliahi seedlings 1 year after planting. Gray

shading indicates 95% CI. Gray points represent individual seedlings.
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Figure 3. (A) Height (cm) and (B) diameter (mm) measured at 2.5 years after planting in relation to the distance to nearest host plant and canopy openness.
The gray planes represent the least-squares regressions.
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growth and canopy openness. This may suggest “early” parasitic
root connections still require more than a year to become impor-
tant enough to affect growth. This could also be due to reduced
statistical power because of the collinearity between host
distance and canopy openness. The significant physiological
parameter differences after 1 year, when the growth parameters
were not yet significant, may indicate treatment effects were
already impacting seedling physiology, which in turn contrib-
uted to the significant seedling growth differences after 2 years.
Similar trends in the beneficial effect of closer planting distance
with a host on ʻiliahi growth were observed in a simultaneous
‘iliahi and host planting study (Thyroff et al. 2023). Underplanting
within a well-established stand of koa seemed to mitigate this
tradeoff between increased resources in higher canopy openness
yet less root availability. ‘Iliahi, therefore, performed like most

tree species by increasing growth with increasing light availabil-
ity (Walters & Reich 1996; Sevillano et al. 2016; Rose
et al. 2019). Koa is a notably fast-growing Hawaiian forest spe-
cies (Scowcroft et al. 2007; Baker et al. 2009), which may rap-
idly provide a large and uniform enough root network for
haustoria connections. Additionally, root hemiparasites are
strong belowground resource competitors but appear to be rela-
tively weak competitors for light (Atsatt & Strong 1970;
Matthies 1995).With parasitic root connections, we hypothesize
that the limiting factor for ʻiliahi seedling growth when under-
planted shifted from belowground resources to primarily light-
limited.

Physiology measurements also followed a linear response to
canopy openness with higher light compensation, light satura-
tion, and stomatal density with increased canopy openness,
which supports the growth results. In particular, increased light
saturation and stomatal density provided greater photosynthetic
potential. This demonstrated plasticity could be beneficial for
‘iliahi to acclimate to different underplanting environments.
Plasticity can also promote survival under environmental
changes, particularly for sub-tropical and tropical broad-leaf
evergreen trees (Lusk et al. 2008; Cavender-Bares & Ramírez-
Valiente 2017). Underplanted ‘iliahi from this experiment had
similar Anet (μmol m�2 s�1) to ‘iliahi surveyed at a lowland
dry forest site (Sandquist & Cordell 2007). Detection of stomata
only on the abaxial leaf surface aligns with the results of
Stemmermann (1980), who reported on several ‘iliahi species
and varieties. S. album growing in western Australia also only
had abaxial leaf surface stomata. In contrast to our results,
Barrett and Fox (1994) found significantly more stomata for
S. album in shaded treatments. Our growth and physiology
results support other studies of successful seedling establish-
ment in tropical dry forest canopy gaps likely due to ameliorated
dry conditions (Lieberman & Li 1992; Cordell et al. 2002;
Yelenik et al. 2015). We also acknowledge that had this study
occurred over a time of water stress or drought rather than over
a typical rainfall period (Jared et al. 2021), water relationships,
including competition for water, may have been an important
factor of consideration.

There are many other potential contributing factors to under-
planting success, such as the age and development of the host
canopy. For example, we recognize that canopy openness
changes over time, so the effect of the gap that ‘iliahi experi-
ences likely also changes over time.

In western Australia, Santalum spicatum was successfully
established with 1- to 2-year-old Acacia acuminata (Brand
et al. 2000). With a much younger host, the host canopy effects
and host root development could become the primary limiting
factor for establishment of planted seedlings. Naturally regener-
ated koa stands reached peak leaf area index around the age of
the established koa in this study (Pearson & Vitousek 2001);
therefore, koa hosts older than 10 years (as in our study at time
of planting ‘iliahi) likely would not alter the observed effect on
the planted seedlings as much as younger hosts would. The rea-
sons for koa mortality in this stand are unknown. Drought was
most likely a factor for the early koa mortality, given the dry
period during the year the koa were planted (Giambelluca
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et al. 2013; Frazier et al. 2022). These rocky soils likely vary in
stoniness and depth, which would affect water-holding capacity
and thus susceptibility to drought. Wind also could have
affected koa mortality given strong wind patterns in this area,
especially during Kona low storms and in open grass pastures
with no wind breaks. Even with mature koa, ʻiliahi seedlings still
suffered from strong windstorms. Being underplanted could
have exacerbated the effects of wind due to rapid growth and
potentially lower root-to-shoot ratios because of rapid height
growth in the understory.

As natural and artificial regeneration of koa can be very dense
(Scowcroft et al. 2007; Friday 2011; Hamilton et al. 2021),
underplanting ‘iliahi in a koa stand with little overstory mortality
may result in uniformly low canopy openness. In this situation,
to address just how dense koa can regenerate, another approach
to establishing ‘iliahi under koa could be to pre-commercially
thin the koa before underplanting ‘iliahi. This has been evalu-
ated to improve productivity of selected koa trees (Scowcroft
et al. 2007; Baker et al. 2009; Idol et al. 2017). ʻIliahi could then
be planted in the canopy gap near released crop trees to optimize
planting distance with canopy openness. This approach,
however, requires determining harvesting logistics and likely a
group selection final harvest to reduce potential damage.

Similar to results with S. album (Das 2021), ‘iliahi appears to
grow well under partial shade during the establishment phase of
regeneration. Root parasites and even root hemiparasites, such
as Santalum (sandalwood) spp., can also weaken and kill the
host, so it is common when establishing sandalwood plantations
to plant multiple hosts, including at least one “intermediate host”
that is not expected to live more than a few years (Radomiljac
et al. 1999; Page et al. 2012). This may be another benefit of
underplanting a root hemiparasite, as the much larger host
should be able to survive parasitic resource transfer for many
years and share the burden among a number of hosts as the root
hemiparasite grows. Two and a half years after planting, our
results indicate that relatively low canopy openness may be
suitable to establish ʻiliahi, yet higher canopy openness
promotes early growth. Proximity to host trees also appears to
be beneficial and indicates a balance between light availability
and access to host root networks is required for underplanting
hemiparasitic seedlings. It will be interesting to follow whether
‘iliahi can tolerate shade in later establishment stages, as does
S. album (Das 2021). To relate our underplanting results to a
control (i.e. ‘iliahi not underplanted), we can tentatively draw
comparisons to Thyroff et al. (2023). In that study, only 250 m
away from this underplanting study, ‘iliahi seedlings of a similar
size were planted simultaneously with koa seedlings at different
distances. The second-year mean measurements for ‘iliahi seed-
lings simultaneously planted with koa seedlings across distances
were lower at 78% survival, 79 cm height, and 9.6 mm diameter
than the second-year measurements of this underplanting study
at 98% survival, 118 cm height, and 12.5 mm diameter. This
anecdotal comparison lends further support to underplanting as
an effective silvicultural technique for establishing Santalum
paniculatum and other ʻiliahi in Hawaiʻi.

Our study results contribute to a better understanding of
‘iliahi establishment within gaps of established hosts and help

improve silvicultural efforts to restore functionally compatible
and diverse native forests in Hawaiʻi. The contrasting positive
canopy openness and negative koa distance effects help illus-
trate the complexity of hemiparasitism. These effects, as well
as many other potential variables in this study, make specific
planting recommendations more complex. However, our results
suggest that underplanting ʻiliahi would be successful and
appropriate in many naturally and artificially regenerated koa
stands, particularly for those persisting in an overly simple
koa and grass system (Scowcroft et al. 2007; Friday 2011;
Hamilton et al. 2021). By planting ʻiliahi under established trees
with an abundant root network to connect to, the focus can turn
toward increasing the amount of light reaching ʻiliahi. Planting
ʻiliahi can begin the diversification process, and if one of the
goals is to support ʻiliahi, identification and planting of other
beneficial hosts would continue to increase diversity.

Acknowledgments

Mahalo (thanks) to Kealakekua Mountain Reserve (KMR)
staff, in particular to G. Hendrickson, W. Rice, K. Haserot,
R. Helzer, and A. Conti for logistical and planning assistance.
Mahalo to Hiki Ola director, K. ʻikanoe Mahi, for assistance in
communication and outreach activities. Mahalo to L. Todero,
K. Pacheco, B. Hozaki, C. Briere, Q. Moon, T. Speetjens, and
T. Senegal for their valuable assistance with fieldwork, labwork,
and/or statistical analyses. Mahalo to Dr. L. Pejchar, collabora-
tors, and volunteers for planting the koa seedlings in 2010 for
native bird habitat and supporting the underplanting of ‘iliahi
10 years later. Additionally, mahalo to Drs. C. Muir and
K. Heyduk (School of Life Sciences, University of Hawaiʻi at
M�anoa) for lending their LI-6800 and the Muir Lab for the use
of their microscopy setup. Mahalo to the coordinating editor,
Dr. S. Yelenik, and two anonymous reviewers for their feed-
back and suggestions for improving this manuscript. Funding
support was provided by Tropical Hardwood Tree Improvement
and Regeneration Center, Greenwood Research Inc., Kealakekua
Mountain Reserve, U.S. Department of Agriculture McIntire-Sten-
nis Cooperative Forestry Program (Accession: HAW01152-M to
the University of Hawaiʻi at M�anoa and IND90000830MS
to Purdue University), Phipps Conservatory and Botanical
Gardens Botany in Action Fellowship, and National Institute of
Food and Agriculture U.S. Department of Agriculture subaward
number G181-21-W7902 through the Western Sustainable
Agriculture Research and Education program. USDA is an equal
opportunity employer and service provider. Any opinions,findings,
conclusions, or recommendations expressed in this publication are
those of the authors and do not necessarily reflect the view of the
U.S. Department of Agriculture.

LITERATURE CITED
Armstrong RA (2017) Recommendations for analysis of repeated-measures

designs: testing and correcting for sphericity and use of manova and mixed
model analysis. Ophthalmic and Physiological Optics 37:585–593. https://
doi.org/10.1111/opo.12399

Asner GP, Elmore AJ, Hughes RF, Warner AS, Vitousek PM (2005) Ecosystem
structure along bioclimatic gradients in Hawai‘i from imaging

Restoration Ecology8 of 11

Tradeoffs of underplanting a root hemiparasite

 1526100x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14180, W

iley O
nline L

ibrary on [22/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/opo.12399
https://doi.org/10.1111/opo.12399


spectroscopy. Remote Sensing of Environment 96:497–508. https://doi.
org/10.1016/j.rse.2005.04.008

Atsatt PR, Strong DR (1970) The population biology of annual grassland
hemiparasites. I. The host environment. Evolution 24:278–291. https://
doi.org/10.1111/j.1558-5646.1970.tb01761.x

Baker PJ, Scowcroft PG, Ewel JJ (2009) Koa (Acacia koa) ecology and
silviculture. United States Department of Agriculture General Technical
Reort PSW-GTR-211. Department of Agriculture, Forest Service, Pacific
Southwest Research Station, Albany, California

Barrett DR, Fox JED (1994) Early growth of Santalum album in relation to shade.
Australian Journal of Botany 42:83–93. https://doi.org/10.1071/BT9940083

Bell TL, AdamsMA (2011) Attack on all fronts: functional relationships between
aerial and root parasitic plants and their woody hosts and consequences for
ecosystems. Tree Physiology 31:3–15. https://doi.org/10.1093/treephys/
tpq108

Benito-Garz�on M, Ha-Duong M, Frascaria-Lacoste N, Fern�andez-Manjarrés J
(2013) Habitat restoration and climate change: dealing with climate
variability, incomplete data, and management decisions with tree transloca-
tions. Restoration Ecology 21:530–536. https://doi.org/10.1111/rec.12032

Brand JE, Crombie DS, Mitchell MD (2000) Establishment and growth of
sandalwood (Santalum spicatum) in south-western Australia: the influence
of host species. Australian Forestry 63:60–65. https://doi.org/10.1080/
00049158.2000.10674814

Brand JE, Robinson N, Archibald RD (2003) Establishment and growth of san-
dalwood (Santalum spicatum) in south-western Australia: Acacia host tri-
als. Australian Forestry 66:294–299. https://doi.org/10.1080/00049158.
2003.10674924

Brooker RW, Maestre FT, Callaway RM, Lortie CL, Cavieres LA, Kunstler G,
et al. (2008) Facilitation in plant communities: the past, the present, and
the future. Journal of Ecology 96:18–34. https://doi.org/10.1111/j.1365-
2745.2007.01295.x

Cavender-Bares J, Ramírez-Valiente J (2017) Physiological evidence from
common garden experiments for local adaptation and adaptive plasticity
to climate. American live oaks (Quercus section Virentes): implications
for conservation under global change. Pages 107–135. In: Oaks physiolog-
ical ecology. Exploring the functional diversity of genus Quercus L.
Springer International Publishing, Cham, Switzerland. https://doi.org/10.
1007/978-3-319-69099-5_4

Chartier P, Prioul JL (1976) The effects of irradiance, carbon dioxide and oxygen
on the net photosynthetic rate of the leaf: a mechanistic model. Photo-
synthetica 10:20–24.

Cordell S, Cabin RJ, Hadway LJ (2002) Physiological ecology of native and alien
dry forest shrubs in Hawai’i. Biological Invasions 4:387–396. https://doi.
org/10.1023/A:1023669530782

Das SC (2021) Silviculture, growth and yield of sandalwood. Pages 111–138. In:
Pullaiah T, Das SC, Bapat VA, SwamyMK, Reddy VD, Murthy KSR (eds)
Sandalwood: silviculture, conservation and applications. Springer Nature
Singapore Pet Ltd., Singapore. https://doi.org/10.1007/978-981-16-0780-
6_7

Denslow JS, Uowolo AL, Flint Hughes R (2006) Limitations to seedling estab-
lishment in a mesic Hawaiian forest. Oecologia 148:118–128. https://doi.
org/10.1007/s00442-005-0342-7

Dey DC, Gardiner ES, Schweitzer CJ, Kabrick JM, Jacobs DF (2012) Under-
planting to sustain future stocking of oak (Quercus) in temperate deciduous
forests. New Forest 43:955–978. https://doi.org/10.1007/s11056-012-9330-z

Fagundes MV, Mazzochini GG, Ganade G (2023) The role of plant diversity and
facilitation during tropical dry forest restoration. Journal of Ecology 111:
1231–1241. https://doi.org/10.1111/1365-2745.14091

Frazier AG, Giardina CP, Giambelluca TW, Brewington L, Chen Y-L, Chu P-S,
et al. (2022) A century of drought in Hawaiʻi: geospatial analysis and
synthesis across hydrological, ecological, and socioeconomic scales.
Sustainability 14:12023. https://doi.org/10.3390/su141912023

Friday JB (2011) Farm and forestry production and marketing profile for koa
(Acacia koa). Pages 251–284. In: Elevitch C (ed) Specialty crops for Pacific
Island agroforestry. Permanent Agriculture Resources, Holualoa, Hawaii

Friday JB, Yangida JF, Illukpitiya P, Mamiit RJ, Edwards Q (2006) Characteris-
tics of Hawai‘i’s Retail Forest Industry in 2001. Economic Issues EI-8.
College of Tropical Agriculture and Human Resources Cooperative
Extension Service, University of Hawaiʻi at M�anoa, Honolulu.

Funk JL, McDaniel S (2010) Altering light availability to restore invaded forest:
the predictive role of plant traits. Restoration Ecology 18:865–872. https://
doi.org/10.1111/j.1526-100X.2008.00515.x

Giambelluca TW, Chen Q, Frazier AG, Price JP, Chen Y-L, Chu P-S,
Eischeid JK, Delparte DM (2013) Online rainfall atlas of Hawai‘i. Bulletin
of the American Meteorological Society 94:313–316. https://doi.org/10.
1175/BAMS-D-11-00228.1

G�omez-Aparicio L, Valladares F, Zamora R (2006) Differential light responses of
Mediterranean tree saplings: linking ecophysiology with regeneration
niche in four co-occurring species. Tree Physiology 26:947–958. https://
doi.org/10.1093/treephys/26.7.947

G�omez-Aparicio L, Zamora R, G�omez JM, H�odar JA, Castro J, Baraza E (2004)
Applying plant facilitation to forest restoration: a meta-analysis of the use
of shrubs as nurse plants. Ecological Applications 14:1128–1138. https://
doi.org/10.1890/03-5084

Gonsamo A, Walter J-M, Pellikka P (2011) CIMES: a package of programs for
determining canopy geometry and solar radiation regimes through
hemispherical photographs. Computers and Electronics in Agriculture 79:
207–215. https://doi.org/10.1016/j.compag.2011.10.001

Gugger PF, Liang CT, Sork VL, Hodgskiss P, Wright JW (2018) Applying land-
scape genomic tools to forest management and restoration of Hawaiian koa
(Acacia koa) in a changing environment. Evolutionary Applications 11:
231–242. https://doi.org/10.1111/eva.12534

Hamilton NP, Yelenik SG, Durboraw TD, Cox RD, Gill NS (2021) Understand-
ing grass invasion, fire severity, and Acacia koa regeneration for forest
restoration in Hawaiʻi volcanoes National Park. Land 10:962. https://doi.
org/10.3390/land10090962

Harbaugh DT, Oppenheimer HL, Wood KR, Wagner WL (2010) Taxonomic
revision of the endangered Hawaiian red-flowered sandalwoods Santalum
and discovery of an ancient hybrid species. Systematic Botany 35:
827–838. https://doi.org/10.1600/036364410x539899

Heide-Jørgensen HS (2013) Introduction: the parasitic syndrome in higher plants.
Pages 1–18. In: Parasitic Orobanchaceae: parasitic mechanisms and control
strategies. Springer-Verlag, Berlin; Heidelberg, Germany. https://doi.org/
10.1007/978-3-642-38146-1_1

Idol TW, Morales RM, Friday JB, Scowcroft PG (2017) Precommercial release
thinning of potential Acacia koa crop trees increases stem and crown
growth in dense, 8-year-old stands in Hawai‘i. Forest Ecology andManage-
ment 392:105–114. https://doi.org/10.1016/j.foreco.2017.02.029

Inman-Narahari F, Ostertag R, Cordell S, Giardina CP, Nelson-Kaula K, Sack L
(2013) Seedling recruitment factors in low-diversity Hawaiian wet forest:
towards global comparisons among tropical forests. Ecosphere 4:1–19.
https://doi.org/10.1890/ES12-00164.1

Jared M, Cleveland SB, Dodge M II, Lucas MP, Longman RJ,
Giambelluca TW, Jacobs GA (2021) Building a portal for climate
data—mapping automation, visualization, and dissemination. Concur-
rency and Computation Practice and Experience 35:e6727. https://doi.
org/10.1002/cpe.6727

Lawson SS, Michler CH (2014) Afforestation, restoration and regeneration – not
all trees are created equal. Journal of Forest Research 25:3–20. https://doi.
org/10.1007/s11676-014-0426-5

Lieberman D, Li M (1992) Seedling recruitment patterns in a tropical dry forest in
Ghana. Journal of Vegetation Science 3:375–382. https://doi.org/10.2307/
3235763

Löf M, Bolte A, Jacobs DF, Jensen AM (2014) Nurse trees as a forest restoration
tool for mixed plantations: effects on competing vegetation and perfor-
mance in target tree species. Restoration Ecology 22:758–765. https://doi.
org/10.1111/rec.12136

Löf M, Madsen P, Metslaid M, Witzell J, Jacobs DF (2019) Restoring forests:
regeneration and ecosystem function for the future. New Forest 50:
139–152. https://doi.org/10.1007/s11056-019-09713-0

Restoration Ecology 9 of 11

Tradeoffs of underplanting a root hemiparasite

 1526100x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.14180, W

iley O
nline L

ibrary on [22/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.rse.2005.04.008
https://doi.org/10.1016/j.rse.2005.04.008
https://doi.org/10.1111/j.1558-5646.1970.tb01761.x
https://doi.org/10.1111/j.1558-5646.1970.tb01761.x
https://doi.org/10.1071/BT9940083
https://doi.org/10.1093/treephys/tpq108
https://doi.org/10.1093/treephys/tpq108
https://doi.org/10.1111/rec.12032
https://doi.org/10.1080/00049158.2000.10674814
https://doi.org/10.1080/00049158.2000.10674814
https://doi.org/10.1080/00049158.2003.10674924
https://doi.org/10.1080/00049158.2003.10674924
https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1007/978-3-319-69099-5_4
https://doi.org/10.1007/978-3-319-69099-5_4
https://doi.org/10.1023/A:1023669530782
https://doi.org/10.1023/A:1023669530782
https://doi.org/10.1007/978-981-16-0780-6_7
https://doi.org/10.1007/978-981-16-0780-6_7
https://doi.org/10.1007/s00442-005-0342-7
https://doi.org/10.1007/s00442-005-0342-7
https://doi.org/10.1007/s11056-012-9330-z
https://doi.org/10.1111/1365-2745.14091
https://doi.org/10.3390/su141912023
https://doi.org/10.1111/j.1526-100X.2008.00515.x
https://doi.org/10.1111/j.1526-100X.2008.00515.x
https://doi.org/10.1175/BAMS-D-11-00228.1
https://doi.org/10.1175/BAMS-D-11-00228.1
https://doi.org/10.1093/treephys/26.7.947
https://doi.org/10.1093/treephys/26.7.947
https://doi.org/10.1890/03-5084
https://doi.org/10.1890/03-5084
https://doi.org/10.1016/j.compag.2011.10.001
https://doi.org/10.1111/eva.12534
https://doi.org/10.3390/land10090962
https://doi.org/10.3390/land10090962
https://doi.org/10.1600/036364410x539899
https://doi.org/10.1007/978-3-642-38146-1_1
https://doi.org/10.1007/978-3-642-38146-1_1
https://doi.org/10.1016/j.foreco.2017.02.029
https://doi.org/10.1890/ES12-00164.1
https://doi.org/10.1002/cpe.6727
https://doi.org/10.1002/cpe.6727
https://doi.org/10.1007/s11676-014-0426-5
https://doi.org/10.1007/s11676-014-0426-5
https://doi.org/10.2307/3235763
https://doi.org/10.2307/3235763
https://doi.org/10.1111/rec.12136
https://doi.org/10.1111/rec.12136
https://doi.org/10.1007/s11056-019-09713-0


Lusk CH, Reich PB, Montgomery RA, Ackerly DD, Cavender-Bares J (2008)
Why are evergreen leaves so contrary about shade? Trends in Ecology &
Evolution 23:299–303. https://doi.org/10.1016/j.tree.2008.02.006

Maltoni A, Mariotti B, Tani A, Martini S, Jacobs DF, Tognetti R (2019) Natural
regeneration of Pinus pinaster facilitates Quercus ilex survival and growth
under severe deer browsing pressure. Forest Ecology and Management
432:356–364. https://doi.org/10.1016/j.foreco.2018.09.045

Matthies D (1995) Parasitic and competitive interactions between the hemipara-
sites Rhinanthus serotinus and Odontites rubra and their host Medicago
sativa. Journal of Ecology 83:245–251. https://doi.org/10.2307/2261563

Matthies D (2017) Interactions between a root hemiparasite and 27 different
hosts: growth, biomass allocation and plant architecture. Perspectives in
Plant Ecology, Evolution and Systematics 24:118–137. https://doi.org/10.
1016/j.ppees.2016.12.006

Medeiros AC, von Allmen EI, Chimera CG (2014) Dry forest restoration and
unassisted native tree seedling recruitment at Auwahi, Maui. Pacific
Science 68:33–45. https://doi.org/10.2984/68.1.3

Melfo A, Callaway RM, Llambí LD (2020) Interactions between nurse plants and
parasitic beneficiaries: a theoretical approach to indirect facilitation. Jour-
nal of Theoretical Biology 484:110238. https://doi.org/10.1016/j.jtbi.
2020.110238

Merlin MD, Thomson LAJ, Elevitch CR (2006) Santalum ellipticum,
S. freycinetianum, S. haleakalae, and S. paniculatum (Hawaiian sandal-
wood), ver. 4.1. In: Elevitch CR (ed) Species profiles for Pacific Island
agroforestry. Permanent Agriculture Resources (PAR), H�olualoa,
Hawai‘i. http://www.traditionaltree.org

Messier C, Bauhus J, Sousa-Silva R, Auge H, Baeten L, Barsoun N, et al. (2022)
For the sake of resilience and multifunctionality, let’s diversify planted for-
ests! Conservation Letters 15:e12829. https://doi.org/10.1111/conl.12829

Muhammad LN (2023) Guidelines for repeated measures statistical analysis
approaches with basic science research considerations. Journal of Clinical
Investigation 133:e171058. https://doi.org/10.1172/JCI171058

Nge FJ, Ranathunge K, Kotula L, Cawthray GR, Lambers H (2019) Strong host
specificity of a root hemi-parasite (Santalum acuminatum) limits its local
distribution: beggars can be choosers. Plant and Soil 437:159–177.
https://doi.org/10.1007/s11104-019-03966-6

NRCS (Natural Resources Conservation Service) (2021) United States soil sur-
vey. https://websoilsurvey.nrcs.usda.gov (accessed 26 Aug 2021)

Otkin JA, Martin JE (2004) A synoptic climatology of the subtropical Kona
storm. Monthly Weather Review 132:1502–1517. https://doi.org/10.
1175/1520-0493(2004)132<1502:ASCOTS>2.0.CO;2

Page T, Tate H, Tungon J, Tabi M, Kamasteia P (2012) Vanuatu sandalwood:
growers’ guide for sandalwood production in Vanuatu. Australian Centre
for International Agricultural Research, Canberra, Australian Capital
Territory, Australia

Paquette A, Bouchard A, Cogliastro A (2006) Survival and growth of
under-planted trees: a meta-analysis across four biomes. Ecological
Applications 16:1575–1589. https://doi.org/10.1890/1051-0761(2006)
016[1575:SAGOUT]2.0.CO;2

Pearson HL, Vitousek PM (2001) Stand dynamics, nitrogen accumulation, and
symbiotic nitrogen fixation in regenerating stands of Acacia koa. Ecologi-
cal Applications 11:1381–1394. https://doi.org/10.1890/1051-0761(2001)
011[1381:SDNAAS]2.0CO;2

Pejchar L, Press DM (2006) Achieving conservation objectives through
production forestry: the case of Acacia koa on Hawaiʻi Island. Environmen-
tal Science & Policy 9:439–447. https://doi.org/10.1016/j.envsci.2006.
03.007

Pinheiro J, Bates D, DebRoy S, Karkar D, R Core Team (2018) nlme: linear and
nonlinear mixed effects models. R package version 3.1-137. http://CRAN.
R-project.org/package=nlme (accessed 5 Nov 2023)

Price JP, Jacobi JD, Gon SM, Matsuwaki D, Mehrhoff L, Wagner W, Lucas M,
Rowe B (2012) Mapping plant species ranges in the Hawaiian islands—
developing a methodology and associated GIS layers: U.S. Geological Sur-
vey Open-File Report 2012-1192. http://pubs.usgs.gov/of/2012/1192/
(accessed 11 Jul 2019)

R Core Team (2022) R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. https://www.R-
project.org

Radomiljac AM, McComb JA, McGrath JF (1999) Intermediate host influences
on the root hemi-parasite Santalum album L. biomass partitioning. Forest
Ecology and Management 113:143–153. https://doi.org/10.1016/S0378-
1127(98)00421-6

Rehm EM, D’Antonio C, Yelenik S (2023) Crossing the threshold: invasive
grasses inhibit forest restoration on Hawaiian islands. Ecological Applica-
tions 33:e2841. https://doi.org/10.1002/eap.2841

Rose KME, Friday JB, Jacobs DF (2019) Establishment and heteroblasty of Aca-
cia koa in canopy gaps. Forest Ecology and Management 453:117592.
https://doi.org/10.1016/j.foreco.2019.117592

Sandquist DR, Cordell S (2007) Functional diversity of carbon-gain, water-use,
and leaf-allocation traits in trees of a threatened lowland dry forest in
Hawaii. American Journal of Botany 94:1459–1469. https://doi.org/10.
3732/ajb.94.9.1459

Scowcroft PG, Friday JB, Idol T, Dudley N, Haraguchi J, Meason D (2007)
Growth response of Acacia koa trees to thinning, grass control, and phos-
phorus fertilization in a secondary forest in Hawaiʻi. Forest Ecology and
Management 239:69–80. https://doi.org/10.1016/j.foreco.2006.11.009

Scowcroft PG, Haraguchi JE, Fujii DM (2008) Understory structure in a 23-year-
old Acacia koa forest and 2-year growth responses to silvicultural treat-
ments. Forest Ecology and Management 255:1604–1617. https://doi.org/
10.1016/j.foreco.2007.11.019

Scowcroft PG, Yeh JT (2013) Passive restoration augments active restoration in
deforested landscapes: the role of root suckering adjacent to planted stands
of Acacia koa. Forest Ecology and Management 305:138–145. https://doi.
org/10.1016/j.foreco.2013.05.027

Soto DP, Jacobs DF, Salas C, Donoso P, Fuentes C, Puettmann K (2017) Light
and nitrogen interact to influence regeneration in old-growth Nothofagus-
dominated forests in south-central Chile. Forest Ecology and Management
384:303–313. https://doi.org/10.1016/j.foreco.2016.11.016

Stemmermann L (1980) Observations on the genus Santalum (Santalaceae) in
Hawai‘i. Pacific Science 34:41–54. https://scholarspace.manoa.hawaii.
edu/server/api/core/bitstreams/f5de896f-f7e9-4297-8b16-01f01b075133/
content

Teixeira da Silva JA, Kher MM, Soner D, Page T, Zhang X, Nataraj M, Ma G
(2016) Sandalwood: basic biology, tissue culture, and genetic transforma-
tion. Planta 243:847–887. https://doi.org/10.1007/s00425-015-2452-8

Tennakoon KU, Pate JS, Arthur D (1997) Ecophysiological aspects of the woody
root hemiparasite Santalum acuminatum (R. Br.) a. DC and its common
hosts in south western Australia. Annals of Botany 80:245–256. https://
doi.org/10.1006/anbo.1997.0432
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Supporting Information
The following information may be found in the online version of this article:

Figure S1. (A) Drone image of koa stand in 2020, the same year the ʻiliahi were
planted (B) drone image of koa stand with illustrative rendering of the ʻiliahi grid
overlaid.
Figure S2. (A) Histogram of canopy openness data (B) histogram of distances to the
nearest koa data.
Figure S3. (A) ʻiliahi in lower canopy openness and (B) ʻiliahi in lower canopy open-
ness 2.5 years after planting, February 2023.
Table S1.General linear mixed model equations for data collected at the time of plant-
ing and then 6 months, 1 year, 1.5 years, 2 years, and 2.5 years after planting.
Table S2. Associated t values, p values, and degrees of freedom (DF) derived for
height and diameter models for data collected at the time of planting and then 6 months,
1 year, 1.5 years, 2 year, and 2.5 years after planting.
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