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Abstract Invasive plant species can drive ecosys-
tem change, particularly on oceanic islands that are
vulnerable to plant invasions and subsequent biodi-
versity loss. While invasive species management is
vital for habitat restoration, efficacy of management
efforts and the ability of native plants to regenerate
varies among studies. The aim of this study was to
examine the consequences of managing a thicket-
forming woody plant species—Psidium cattleyanum
Sabine (strawberry guava)—on subtropical forest
regeneration, comparing spatial scales and manage-
ment periods. We surveyed 15 locations on Norfolk
Island, an isolated Pacific Island with a high propor-
tion of endemic and threatened species, by establish-
ing paired managed and unmanaged plots to assess
changes in species-area relationships, abundance,
richness, and composition of the plant community.
Total plant richness was higher in managed plots at
the largest scale examined (125 m?). However, there
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was no significant difference between managed and
unmanaged plots in the slopes of species-area rela-
tionships when canopy, understory, and seedling
strata were combined. Stratum-specific analyses
revealed that management-driven changes were most
evident in the subcanopy strata, which had signifi-
cantly higher woody plant abundance and richness in
managed plots. Compositional dissimilarity between
managed and unmanaged plots was greater in loca-
tions with higher moisture levels, suggesting that
post-management regeneration is related to environ-
mental conditions. This study suggests that P. catt-
leyanum suppresses plant recruitment and its removal
allows for forest regeneration, indicating that manage-
ment of dominant invasive woody species facilitates
plant recruitment on Norfolk Island if nearby native
propagule sources are present.

Keywords Forest restoration - Island conservation -
Plant invasion - Psidium cattleyanum management -
Species-area relationships - Threatened plants

Introduction

Plant invasions can drive biodiversity declines and
contribute to habitat degradation and ecosystem
change (Hejda et al. 2009; Florens et al. 2016). Mul-
tiple studies have reported lower native plant rich-
ness or diversity after plant invasions, along with
limited recruitment of native species (Mascaro et al.
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2008; Jager et al. 2009; Pysek et al. 2012; Florens
et al. 2017). Invasive plant species are more likely to
negatively affect native species richness on islands
than mainlands (PySek et al. 2012), as islands tend
to have higher endemism, smaller population sizes,
more available niche space, and therefore a rela-
tively higher extinction risk (Caujapé-Castells et al.
2010; Kuefter et al. 2010; Ren et al. 2022). Rare and
endemic plant species with low abundances are par-
ticularly vulnerable to the adverse impacts of invasive
plants (Oostermeijer 2003; Jager et al. 2009; Caujapé-
Castells et al. 2010; Bellingham et al. 2018). For
example, Jiger et al. (2009) found that endemic plant
species in the Galdpagos experienced a proportionally
greater reduction in cover in response to woody plant
invasion compared to non-endemic native species.
An understanding of the impacts of invasive plants
on native communities is therefore required to inform
management and conservation, particularly in areas
such as islands where plant communities are threat-
ened (Ramula et al. 2008; Reid et al. 2009; Kettenring
and Adams 2011).

The introduction of non-native plant species can
reshape community structure, potentially impacting
key metrics such as species composition, richness,
and diversity. In some cases, non-invasive introduced
species can coexist with native species without signif-
icantly changing the recipient community’s composi-
tion, richness, and diversity (Stohlgren and Rejmanek
2014; Lai et al. 2015; Diekmann et al. 2016). How-
ever, in other cases, dominant invasive plant spe-
cies can substantially reduce native species rich-
ness and diversity (Mascaro et al. 2008; Jager et al.
2009; Pysek et al. 2012; Powell et al. 2013; Florens
et al. 2017). While there is strong evidence that non-
native plant species lead to ecosystem changes and
have an overall detrimental effect on plant communi-
ties (Mascaro et al. 2008; Monty et al. 2013; Florens
et al. 2017), specific impacts differ depending on the
alien and native plant identities, cover/abundance,
functional niches, life stages, time since invasion,
and other environmental factors (Gooden et al. 2009;
Kueffer et al. 2009; Vila et al. 2011; PySek et al.
2012; Bradley et al. 2019).

Invasive species also differ in their scale-dependent
impacts, which depend on a variety of environmental
and anthropogenic factors as well as species-specific
traits (Stohlgren and Rejmanek 2014; Valone and
Weyers 2019; Hemp et al. 2021; Ren et al. 2022). The
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species area relationship (SAR) is used to understand
the relationship between the size of an environment
and the number of species found. Invader effects on
SARs vary for different study systems and climates
(Powell et al. 2013; Stohlgren and Rejmének 2014;
Valone and Weyers 2019; Lebbink et al. 2021). Most
studies find that plant invasion reduces community
richness at small scales (Powell et al. 2013; Valone
and Weyers 2019; Lebbink et al. 2021). However,
there are instances of higher small-scale richness
or no significant difference post-invasion depend-
ing on the study system (Stohlgren and Rejmanek
2014). Results for species accumulation rates (SAR
slopes) can also differ among study systems, as some
studies find no difference in species accumulation
with increased invasive plant cover (Stohlgren and
Rejmanek 2014; Lebbink et al. 2021) and others find
higher (Powell et al. 2013; Valone and Weyers 2019)
or even lower (Stohlgren and Rejmének 2014) species
accumulation post-invasion depending on how the
invasive species impacts richness at different scales.
It is therefore important not to generalize invader
effects on SARs across ecosystems.

It is informative to examine the composition of
native species at different life stages and in different
strata to determine whether they are differentially
impacted by invasion and management and how
this could affect the trajectory of forest regeneration
(Mascaro et al. 2008; Baider and Florens 2011; Flo-
rens et al. 2017). Management typically increases
recruitment and survival of native species, having a
net positive impact on plant communities (Baider
and Florens 2011). However, the impact of manage-
ment can vary due to reinvasion or invasion by non-
target introduced species (Reid et al. 2009) along with
recruitment barriers including soil seed bank deple-
tion, seed dispersal limitations, predation and compe-
tition, environmental conditions, and native popula-
tion dynamics and demography (Erskine Ogden and
Rejmanek 2005; Standish et al. 2007; Loh and Dae-
hler 2008; Ramula et al. 2008; Nerfa et al. 2022).

Despite a wide range of potential regeneration
outcomes, most studies focus on invasive species
removal, while far fewer studies examine regen-
eration post-management (Kettenring and Adams
2011). A review of invasive plant control experiments
showed that many experiments encompass only brief
time frames (one growing season) and small plot
sizes (<1 m?), leading to results that are not always
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indicative of what happens long-term at the restora-
tion-level scale, as well as to data that are more prone
to errors of omission (Kettenring and Adams 2011).
Additionally, grasslands are the predominant eco-
systems studied (Schuster et al. 2018; Weidlich et al.
2020, 2021) and herbaceous invasive species are
better studied than woody invasives (Schuster et al.
2018; Weidlich et al. 2020). Subtropical ecosystems
are understudied (Carlucci et al. 2020; Weidlich et al.
2021), as are Pacific Islands (Kettenring and Adams
2011; Everingham et al. 2021), despite high end-
emism of flora on islands and substantial issues with
invasive species (Caujapé-Castells et al. 2010; Kuef-
fer et al. 2010; PySek et al. 2012; Ren et al. 2022) such
as Psidium cattleyanum Sabine var. cattleyanum.

Psidium cattleyanum has been suggested as one
of the world’s top 100 worst invasive species (GISD
2023). It particularly threatens flora on tropical/sub-
tropical islands with histories of intense deforestation
and many endemic flora (Macdonald et al. 1991; Auld
and Hutton 2004; Shimizu 2006; Kueffer et al. 2009;
Baider and Florens 2011; Takahashi et al. 2011;
Director of National Parks 2018; Meyer et al. 2019).
Examining how ecosystems recover after P. cattleya-
num management can reveal if additional barriers
to recovery exist that need to be addressed. In some
cases, P. cattleyanum management alone can increase
species richness and recovery of presumed extinct
and critically endangered plant species (Baider and
Florens 2011; Florens 2013; Florens et al. 2017). In
other cases, seed predation and limited seed disper-
sal may hinder native forest regeneration following P.
cattleyanum management (Mascaro et al. 2008; Nerfa
et al. 2022), highlighting the need for additional
active restoration actions.

Psidium cattleyanum is considered a primary
threat to native vegetation on Norfolk Island (Direc-
tor of National Parks 2010, 2018)—a small, remote
island in the South Pacific—but there are no pub-
lished studies about the impacts of P. cattleyanum
and its management on native forest regeneration
on this island. Norfolk Island has 43 endemic plant
species, 15 of which are critically endangered,
and many more of which are threatened (Environ-
ment Protection and Biodiversity Conservation—
EPBC—Act 1999; Director of National Parks
2010, 2018). Its vegetation is not only threatened
by P. cattleyanum but has also been impacted by
several anthropogenic factors that are becoming

increasingly common on tropical/subtropical
islands globally such as deforestation, invasions by
animals and other plant species, and climate change
(Caujapé-Castells et al. 2010; Maurin et al. 2021;
Hughes et al. 2022; Olsen and Cunningham 2022).
Norfolk Island is a representative example of other
P. cattleyanum-invaded islands with similar history
and ecology (Macdonald et al. 1991; Shimizu 2006;
Zimmerman et al. 2008; Tng et al. 2016; Florens
et al. 2017; Meyer et al. 2019; GISD 2023).

The aim of this study was to document the con-
sequences of P. cattleyanum removal on native sub-
tropical forest regeneration across a range of spatial
scales and spanning management times from 1993
to the present. Specifically, we were interested in
addressing the following questions: (1) How does
P. cattleyanum removal influence species-area rela-
tionships of woody plant species? (2) How does P.
cattleyanum removal impact the abundance, rich-
ness, and composition of woody plant species in
different vegetation strata (seedling, understory,
and canopy)? and (3) What factors—including soil
moisture, year since first management effort, and
canopy cover—contribute to the magnitude of dif-
ferences between managed and unmanaged plots?

Based on general trends in plant invasion studies,
along with our field observations, we hypothesized
that compared to unmanaged plots, managed plots
would have higher richness at the smallest scale
(the intercept of a species-area relationship) (Pow-
ell et al. 2013), higher overall richness at the larg-
est scale (Baider and Florens 2011) and therefore
no difference in accumulation rate (the slope of the
species-area relationship) (Stohlgren and Rejmének
2014; Lebbink et al. 2021), because if both small-
scale and large-scale richness increase, the slope of
the species-area relationship will not change. We
also hypothesized that managed plots would have
a higher abundance and richness of seedlings and
understory plants (Baider and Florens 2011), as
we expected dense P. cattleyanum to suppress the
recruitment of some native species. We predicted
strong compositional dissimilarity between man-
aged and unmanaged plots, particularly in loca-
tions that were managed earlier where there has
been more time for species to accumulate (O’Leary
et al. 2018), and expected canopy cover (as a proxy
for light) (Cuda et al. 2014; Depauw et al. 2021)
and soil moisture (as a proxy for environmental
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favorability) (Takahashi et al. 2011) would be
related to these compositional differences.

Methods
Study system

Psidium cattleyanum Sabine var. cattleyanum, com-
monly known as red guava or strawberry guava, is
a woody plant species in the Myrtaceae family. Its
native range extends from north-eastern Brazil to
northern Uruguay (Tng et al. 2016; DeSisto et al.
2020). However, P. cattleyanum has invaded many
other locations globally, introduced around the world
largely for its edible fruits (Brown and Gurevitch
2004; Kueffer et al. 2010; Takahashi et al. 2011;
Tng et al. 2016). It primarily invades tropical and
subtropical ecosystems but can encroach into tem-
perate regions (Kueffer et al. 2010; Patel 2012; Tng
et al. 2016; Florens et al. 2016). Psidium cattleya-
num has high reproductive capacity, including effec-
tive seed dispersal, as its attractive fruits are readily
dispersed by birds and ungulates. It also reproduces

vegetatively, forming dense stands and thick mats
of roots that impede recruitment of other species
(Christian 1999; Shimizu 2006; Tng et al. 2016). It
alters soil chemistry and environmental conditions,
producing allelopathic substances (Christian 1999;
Patel 2012), modifying light levels (Christian 1999),
and reducing groundwater recharge (Takahashi et al.
2011; Patel 2012). These traits enable P. cattleyanum
to effectively depress recruitment of other plant spe-
cies while simultaneously creating conditions more
favorable to its own growth, making it a formidable
invader (Christian 1999; Patel 2012). Although P.
cattleyanum is especially successful at invading gaps
after disturbance events (Christian 1999; Tng et al.
2016), it is also shade tolerant (Christian 1999; Tng
et al. 2016), enabling it to colonize diverse ecosys-
tems, and contributing to its effectiveness in obtain-
ing dominance within a community (Fridley et al.
2023).

Norfolk Island (29° 02" S 167° 57" E) is an iso-
lated subtropical volcanic island in the South Pacific
(Fig. 1), with periodic Polynesian occupation from
about 1200-1600 and English settlement since 1788
(Gibbs et al. 2017; Levin and Kark 2023). Prior to

Unmanaged

Kilometers

063 125

Fig. 1 Location of Norfolk Island in the South Pacific, the study region on the island (Norfolk Island National Park—outlined in yel-
low), and the setup of the managed and unmanaged paired plots in selected locations (red squares) within the National Park
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English settlement, Norfolk Island was covered pri-
marily by dense subtropical rainforest, which was
extensively cleared and grazed during the initial set-
tlements to the extent that only about 460 hectares of
remnant forest remains, and this forest is degraded, in
part due to invasive species, particularly P. cattleya-
num (Director of National Parks 2010, 2018). Norfolk
Island is currently thought to contain approximately
182 native vascular plant species, 24% of which are
endemic taxa, and a further 370 introduced species
(over 60% of all plant species on the island) (Director
of National Parks 2010; Mills 2010). About one-quar-
ter of its native plant species are considered threat-
ened (EPBC Act), and many of its endemic bird and
invertebrate species rely heavily on native vegetation
(Director of National Parks 2010).

Psidium cattleyanum was introduced to Norfolk
Island in 1788 by the first European settlers for its
edible fruits and spread rapidly (Christian 1999).
Invasion was facilitated by deforestation and cattle
grazing, which led to disturbance of native forest and
dispersal of P. cattleyanum. The establishment of the
National Park and Botanic Gardens in 1986 and the
exclusion of cattle from the area (Director of National
Parks 2018) along with ongoing weed management
beginning in the 1990s served to decrease defor-
estation and cattle-facilitated invasion, and led to
increased conservation efforts (Benson 1980; Direc-
tor of National Parks 2010; Gibbs et al. 2017). P. cat-
tleyanum, however, is still considered the most per-
vasive and problematic invasive plant species on the
island and continues to pose a substantial threat to the
native forest (Director of National Parks 2010). Nor-
folk Island, therefore, provides an ideal case study to
examine P. cattleyanum invasion, management, and
subsequent forest regeneration.

Plot design and survey methods

We collected field data between March and December
2020 from 15 locations in the Norfolk Island National
Park (Fig. 1). At each location we identified two
paired sites consisting of one unmanaged plant com-
munity and one managed plant community, where
invasive species had been removed. We selected sites
where P. cattleyanum was the dominant invasive
plant species prior to management. Managed plots
were selected to encompass a range of time intervals
since the initiation of the first management efforts in

1993 up to the present. All invasive woody plants,
regardless of the species, were removed from man-
aged plots when first managed. The primary man-
agement method employed was ringbarking, which
involved removing bark around the circumference of
individual stems, disrupting water and nutrient trans-
port. Herbicide application was used in conjunction
with ringbarking to minimize re-shooting and ensure
effective control. It is important to note that although
the management efforts described were the general
practice involved in P. cattleyanum removal, certain
details may have varied over time and location. For
example, most plots underwent a single, large-scale
management intervention. However, a supplemen-
tary treatment may have taken place several years
later. Additionally, the specific herbicides used,
method of herbicide application, whether dead stems
were retained or removed after intervention, and
other management techniques may have varied. We
selected pairs of plots with clear distinctions between
areas where management did and did not occur, as the
main goal of the study was to document how invasive
species removal impacts the native plant community.

To select plot locations, we randomly assigned
15 points to a polygon map of managed areas in the
National Park, then adjusted the locations as needed
to encompass variation in environment and in time
since management (from 1993 to the present). We
further adjusted locations in the field to account for
slight errors in the management shapefile and to bet-
ter pair with unmanaged sites. We set up a total of 30
plots (15 pairs). Managed and unmanaged plot pairs
were located as close together as possible to mini-
mize potential environmental variation. We avoided
managed sites that had been actively replanted. Plots
were 125 m? in overall size, with several smaller plots
nested within for a total of two 25 m? subplots, four
5 m? subplots, and eight 1 m? subplots to ensure suffi-
cient replication at smaller scales (Fig. S1) (Peet et al.
1998; Dengler 2009; Powell et al. 2013).

We recorded all woody tree and shrub species in
the 1 m? subplots, and species absent from the smaller
subplots were progressively recorded in the larger
subplots. Both native and introduced species were
included in the surveys and analyses, but the presence
of introduced species (other than P. cattleyanum) was
negligible. All vines, herbaceous species, and ferns
except for tree ferns (Cyathea sp.) were excluded
to concentrate solely on the woody species, as they
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represent a key structural and ecological aspect of
forest ecosystems and are a common focus for forest
restoration. This approach allowed us to explore the
dynamics of woody plants in managed and unman-
aged subtropical forest plots. To measure P. cattleya-
num density in the managed and unmanaged plots,
we laid a 11.2 m transect down the center of each plot
and recorded the number of stems within 1 m either
side of the transect (11.2X2 m total area). In addi-
tion, we recorded abundance counts and size class
data for each woody tree and shrub species (except
for P. cattleyanum, for which we calculated density)
in the two 25 m? subplots. We labelled any individual
that formed the canopy or emerged above it “canopy”
(anything equal or greater to the height of the P. cat-
tleyanum stand, typically 7+m tall), any individual
smaller than 0.25 m a “seedling”, and any individual
between those two heights an “understory” plant. For
each plot we collected soil moisture data using a Field-
scout direct moisture probe (Spectrum Technologies,
inc., USA), the number of years since first managed
(if applicable) using a management shapefile, and can-
opy cover data using a spherical convex densiometer
(Forestry Suppliers, inc., USA). Canopy cover and soil
moisture data for all plots were collected in December
2020. Moisture measurements were collected during
one week of dry weather (5 measurements per plot)
and during one week of wet weather (5 measurements
per plot) and measurements were then averaged per
plot. Mean moisture and pH measurements, canopy
cover, and P. cattleyanum stem count at the time of the

Fig. 2 Plots of a Richness (a)

study, as well as latitude/longitude, elevation, and year
of first management activity can be found in Table S1.

Species-area analyses

All analyses were undertaken in R version 4.2.1 (R
Core Team 2022). To test whether P. cattleyanum
modified the scaling of species richness with area, we
used the species-area equation S=cA%, where S is the
number of species, A is area, and ¢ and z are constants
(intercept and slope, respectively). We transformed
the values for richness and subplot size with a log,
transformation [log(S) =zlog(A)+log(c)] to calculate
the slope (rate of species accumulation with area) and
intercept (richness at small scales) of the species-area
relationship (Figure S2). We tested for differences
in the intercepts and slopes between managed and
unmanaged plots using a linear mixed-effects model
(Imer function from the Ime4 package in R) (Bates
et al. 2015), allowing each plot (nested in plot pair)
to have its own intercept and slope as random effects.
The main effect of treatment (i.e. management) was a
test of differences in species richness between man-
aged and unmanaged plots at small scales (the inter-
cept). The interaction between treatment and subplot
size was a test of the differences in slopes (the rate of
species accumulation). This approach allowed us to
account for uncertainty in the intercept and slope esti-
mates while testing the effect of treatment. We also
tested for the overall difference in richness between
managed and unmanaged plots at the largest (125 m?)

(b) (c)

at small scales (intercept

estimates) for the species-

area relationship (SAR)

model, b species accumula-

tion with subplot size (slope 0.25
estimates) for the SAR
model, ¢ richness at the
largest scale (125 m? scale)
for unmanaged and man-
aged plots. Lines join pairs
of managed and unmanaged
plots. Statistical tests for

a and b were conducted
using a linear mixed-effects
model, while a paired
Mann—Whitney-U-Test

was used for ¢. *p<0.05, 0.15
*#p <0.01, ***p <0.001
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plot size (total plot richness) using a Mann—Whitney-
U Test (Wilcoxon signed rank test with continuity
correction in R).

Strata-based richness and abundance analyses

To conduct strata-based analyses we pooled individu-
als from the two 25 m? subplots for a total survey area
of 50 m? per plot. We then subsetted the data by strata
(canopy, understory, seedling). For each stratum, we
tested the difference in richness (number of species)
and the difference in abundance (count of individu-
als) between managed and unmanaged plots using
Mann—Whitney-U Tests. Information about the tree
ferns and woody tree and shrub species present in our
study sites including species, stratum, status, EPBC
listing, life form, max height, and lifespan (if availa-
ble) can be found in Table S2. Additional information
about strata-specific counts can be found in Table S3.

Drivers of dissimilarity

To calculate dissimilarity among our paired managed
and unmanaged plots, we used the Bray—Curtis index.

After ensuring our predictor variables were not cor-
related using the Pearson’s correlation coefficient, we
used a multiple linear regression model to assess the
contribution of soil moisture, time since first manage-
ment effort, and canopy cover to the magnitude of
pairwise dissimilarity between managed and unman-
aged plot pair. We chose these predictors because of
their biological relevance to plant management and
regeneration. Soil moisture was used as a representa-
tion of environmental favorability for plant growth,
years since first P. cattleyanum management as an
indicator of how much time the managed site had to
recover, and canopy cover as a proxy for light.

Additional compositional analyses

We further examined compositional differences
between managed and unmanaged plots using
presence-absence data of the species observed in
the two combined 25 m? subplots (the 50 m? data)
to assess patterns in the canopy and subcanopy,
as well as using presence-absence data from the
125 m? plots to assess overall patterns. We reduced

Table 1 Summary of the linear mixed-effects model testing overall differences in species-area relationships between managed and

unmanaged plot pairs

Predictors log10 mean woody richness

Estimates CI p
(Intercept) 0.19 0.13t0 0.25 <0.001
log10 subplot size 0.39 0.35 t0 0.43 <0.001
Treatment [managed] 0.04 —-0.03t00.10 0.261
log10 subplot size*Treatment [managed] 0.05 —0.01to0.11 0.079
Random effects
o’ 0.01
T00 plotID:location 0
T00 location 0.01
T11 plotD:location.log 10_subplot_size 0
Po1 plotID:location —0.61
ICC 0.69
N iotp 30
N location 15
Observations 120
Marginal R%Conditional R? 0.856/0.955

Significant P-values (p < 0.05) are shown in bold

The main term for treatment provided the test for intercepts and the interaction between log10(subplot area) and treatment provided

the test for slopes
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dimensionality using non-metric Multi-Dimen-
sional Scaling (nMDS) to extract two axes that best
explained compositional variation among plots
(using the metaMDS function in the vegan package)
(Oksanen et al.), allowing us to visualize composi-
tional differences between managed and unmanaged
plots. We minimized the stress values to <0.2, com-
bining understory and seedling (referred to as “sub-
canopy”) data in the 50 m? data for a more reliable
fit. We calculated convex hulls to group the 50 m?
data by treatment (managed or unmanaged) and the
125 m? plots by vegetation type. For vegetation type
we used coastal forest (typically the driest), palm-
gully forest (the wettest), and inland pine-hardwood

forest (intermediate moisture availability) (Booth
et al. 2021).

Results
Species-area relationships

We found no significant difference in richness at
small scales (intercept of SAR, Fig. 2a, Table 1) and
no significant difference in species accumulation
with subplot size (slope of SAR, Fig. 2b, Table 1)
between managed and unmanaged plots. Richness at
the largest scale (125 m?) was significantly higher in
managed plots compared to unmanaged plots (paired

Fig. 3 Species richness (@) Seedling

(b) Understory | (c) Canopy

in managed and unman-

aged plots for seedling (a), 10.0
understory (b), and canopy

(c) strata; and abundance

in managed and unman-

aged plots for seedling (d), 7.5
understory (e), and canopy
(f) strata. For d—f abun-
dance (+1) is plotted on the
log10 scale only for visu-
alization (small abundances
were barely visible on the
raw abundance scale). All
statistical tests were paired
Mann—Whitney-U-Tests:
*p<0.05, **p<0.01,
*#%p <0.001 0.0

5.0

Richness (50 m2)

2.5

1

Unmahaged

Manéged

Unmahaged Manéged Unmahaged Manéged

(d) Seedling
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Fig.4 The difference in Bray—Curtis dissimilarity indices
between managed and unmanaged plot pairs in the subcanopy
strata, plotted as a function of the mean soil moisture at each
site (multiple linear regression, p=0.015). Regression statis-
tics are shown in Table 2

Mann-Whitney-U-Test, p=0.003) (Fig. 2c), indi-
cating that management increases richness at larger
scales. The fact that richness did not differ signifi-
cantly at small scales but was higher at the largest
scale suggests that the slopes of SARs should have
been steeper in managed plots than in unmanaged
plots (because the SARs start at similar numbers of
species at small scales but end at higher numbers of
species for managed plots at the largest scale). We
found some evidence for this with managed SAR
slopes being steeper than unmanaged slopes for 11
out of 15 locations (Fig. 2b). When analyzed using a
method that appropriately accounted for uncertainty
in SAR estimates (a linear mixed-effects model),

managed plots were found to have slightly steeper
SAR slopes than unmanaged plots on average (small,
positive estimate for the interaction term in Table 1)
but the difference was only close to significant
(p=0.079).

Strata-based abundance and richness analyses

At the canopy level, managed and unmanaged plots
did not significantly differ in richness (Fig. 3c,
p=0.495) or abundance (Fig. 3f, p=0.393), indicat-
ing that the canopy stratum has not yet been impacted
by P. cattleyanum. At both the understory and seed-
ling levels, managed plots had significantly higher
richness (Seedling: Fig. 3a, p=0.033; Understory:
Fig. 3b, p=0.015) and significantly higher abundance
(Seedling: Fig. 3d, p=0.0111; Understory: Fig. 3e,
p=0.003).

Drivers of dissimilarity

Compositional dissimilarity in the subcanopy strata
was greater when moisture levels were high (Fig. 4,
p=0.015; Table 2), suggesting post-management
regeneration is enhanced when environmental condi-
tions are more favorable for native plant recruitment
or survival. Time since first managed and canopy
cover were not significantly related to dissimilarity
(Table 2).

Additional compositional analyses
For the 50 m? data, at the canopy level, there were

strong compositional similarities between managed and
unmanaged plots, indicated by high overlap between

Table 2 Summary of the multiple linear models testing relationships between the indices for dissimilarity between managed and
unmanaged plot pairs and canopy cover, mean moisture, and years since first managed for both the canopy and subcanopy

Predictors Subcanopy pair dissimilarity Canopy pair dissimilarity

Estimates CI P Estimates CI p
(Intercept) 0.3 —-1.12t0 1.73 0.648 1.3 —0.61t03.22 0.163
Canopy cover 0 —0.02 to 0.01 0.638 —0.01 —0.04 t0 0.01 0.309
Mean moisture 0.03 0.01 to 0.04 0.015 0.01 —0.02t0 0.04 0.414
Year since first managed 0 —0.01 to 0.01 0.836 0 —0.02 t0 0.02 1
Observations 15 15
R%R? adjusted 0.441/0.288 0.114/—0.128

Significant P-values (p < 0.05) are shown in bold
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the two categories (Fig. 5a). At the subcanopy level,
there was considerably less overlap between managed
and unmanaged plots, indicating higher dissimilarity
(Fig. 5b).
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At the 125 m? scale, the unmanaged plots grouped
together, and the managed plots grouped together, with
little overlap between the two categories, indicating
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«Fig. 5 Non-metric multi-dimensional ordination scaling of a
species present in the canopy for the 50 m? data, with convex
hulls around managed (black circles) and unmanaged (red tri-
angles) plots; b species present in the subcanopy strata (seed-
ling and understory species combined) for the 50 m? data, also
with convex hulls around managed and unmanaged plots; and
¢ species present in the 125 m? plots in managed (circles) and
unmanaged (triangles) plots using species presence-absence
data, with convex hulls around three different habitat types
(coastal forest—orange hull, palm gully forest—green hull,
and pine-hardwood forest—blue hull) and arrows indicat-
ing species that are correlated with a region in the ordination
space. Dotted lines link managed and unmanaged plot pairs.
Points closer together in ordination space represent plots with
more similar species composition. All stress values were <0.2

compositional differences related to treatment type
(Fig. 5¢). Psidium cattleyanum was predictably associ-
ated with the unmanaged plots, whereas native species
were more strongly associated with managed plots. The
plots also grouped by vegetation type, with coastal forest
(dry) and palm-gully (wet) having no overlap with each
other, and pine-hardwood overlapping with the other two
vegetation types. Rhopalostylis baueri (Norfolk Island/
Niau Palm) and Cyathea tree ferns were strongly associ-
ated with gully vegetation types, Araucaria heterophylla
(Norfolk Island Pine), Pittosporum bracteolatum and
Alyxia gynopogon were strongly associated with pine-
hardwood, and Myrsine ralstoniae, Elacodendron curti-
pendulum, Lagunaria patersonia, and the invasive spe-
cies Olea europaea were associated with coastal forests.

Discussion

Our study revealed that on Norfolk Island, subcanopy
species richness and abundance increased after P. cat-
tleyanum management, indicating the effectiveness of
management efforts in promoting native woody spe-
cies recruitment. Our findings highlight the impor-
tance of considering site-specific conditions such
as moisture for strategic management, as our study
showed that on Norfolk Island, successful native
regeneration post-invasive species management is
more likely in wetter environments conducive to
native species recruitment. While this work focused
on invasive plant management and subsequent forest
regeneration, it is important to note that restoration
encompasses a range of activities beyond invasive
species control and passive regeneration, including

active restoration and planting, which can further
improve results.

Canopy species richness and abundance did not
differ between managed and unmanaged plots, likely
because remnant trees persisted in unmanaged plots,
but the subcanopy showed significant differences.
Psidium cattleyanum invasion reduces subcanopy
abundance and richness in other areas (Zimmerman
et al. 2008; Florens et al. 2017), and the results of our
study suggest that management can lead to recovery
if native species are capable of dispersing to the man-
aged area. However, in situations where seed disper-
sal is limited and/or seed predation is high, native
richness and abundance may not recover after man-
agement (Meyer et al. 2019; Nerfa et al. 2022), and
many studies list dispersal limitations as a primary
barrier to native forest regeneration (Holl 1999; Zim-
merman et al. 2000; Baider et al. 2001; Standish et al.
2007; Loh and Daehler 2008; Palma et al. 2021; Nerfa
et al. 2022). Therefore, management efforts should be
prioritized in areas with remnant native species or
where there are neighboring native species capable of
dispersing into the invaded region after management
for effective passive regeneration.

The implementation of useful management strate-
gies additionally requires an understanding of which
site features correspond with successful regeneration.
Microhabitat—for example light and moisture—plays
a crucial role in shaping the trajectory of forest res-
toration, including management and regeneration effi-
cacy (Holmgren et al. 1997; Holl 1999; Zimmerman
et al. 2000; Baider et al. 2001; Standish et al. 2007;
Loh and Daehler 2008; Cabin et al. 2002; Cuda et al.
2014). Canopy cover and time since first manage-
ment action did not significantly relate to dissimilar-
ity, suggesting that they may not play a strong role
in driving subcanopy recovery in this system. The
highest compositional dissimilarity between managed
and unmanaged sites occurred in areas with higher
soil moisture, possibly because native plants are bet-
ter at regenerating in higher moisture environments
(Cabin et al. 2002). However, this is not always the
case, as other studies have found a negative correla-
tion between moisture availability and native plant
regeneration (Funk et al. 2008; Schmidt et al. 2020),
underscoring the importance of microsite and species
trait assessments for effective management and regen-
eration strategies. These results suggest that P. cat-
tleyanum management efforts should focus on areas
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with favorable conditions for native plant recruitment
and growth to maximize natural regeneration success.
Restoration outcomes may be improved in less suit-
able habitats through watering and actively planting
seeds or seedlings suitable for the microsite (Nerfa
et al. 2022).

Species-area relationships are useful for compar-
ing invasive and native communities across spatial
scales to determine whether there are fundamental
differences between them. We found no significant
difference in SARs between managed and unmanaged
sites, despite many studies which find that invasion
alters SARs (Powell et al. 2013; Valone and Weyers
2019; Lebbink et al. 2021). However, the relationship
in this study may have been obscured or mitigated
by the presence of remnant native canopy species,
as differences were clearly seen in the subcanopy.
SAR findings may not be consistent across different
systems (Stohlgren and Rejméanek 2014) or across
vertical strata within a system. Our results indicate
that SARs are not always a useful metric for infer-
ring management and regeneration success in highly
structured environments such as forests unless strata-
specific information is included.

Norfolk Island’s subtropical forests clearly benefit
from P. cattleyanum management, showing passive
regeneration in the subcanopy post-management. On
Norfolk Island, and in other similar regions, resources
should focus on invasive plant management where
native species are still relatively abundant and the
environment is favorable for native plant recruitment
and growth. However, for rare native plant species
and in regions where the seed bank may be depleted
or there is little remaining native flora, out-planting
of native seeds or saplings would be beneficial (Dann
et al. 2021; Nerfa et al. 2022).

Conclusion

Useful management efforts must be informed by an
empirical understanding of how plants respond to
invasion. We found that species richness and abun-
dance in the subcanopy increases as a result of P. cat-
tleyanum management, with regeneration being most
successful in high moisture environments. These
results suggest that management allows for natu-
ral regeneration of native plant communities, even

@ Springer

in highly invaded areas, if the growth conditions for
native species are favorable and there is capacity for
native recolonization through the soil seed bank or
long-distance dispersal. Our study highlights the pos-
itive impact of invasive woody plant management on
native plant regeneration and underscores the impor-
tance of strategically targeting management where the
capacity for passive recovery is greatest.
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