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Abstract

Vascular epiphytes are a conspicuous feature of New Zealand’s temperate rainforests.
Epiphytes contribute to ecosystem functioning by increasing species diversity, enhancing
habitat heterogeneity, and influencing ecosystem processes such as primary production and
the cycling of water and nutrients. However, research on epiphytes in temperate regions
remains limited compared to tropical regions, especially in urban environments. This thesis
addresses key research gaps in our understanding of urban epiphyte communities by reporting
results from four interconnected studies. Collectively, these advance our knowledge of the
biology and ecology of indigenous epiphytes in two warm temperate cities on North Island,

New Zealand.

In the first study, tree ferns were shown to augment native species richness in urban plant
communities. Ground ferns and vascular epiphyte diversity were significantly higher in plots
with tree ferns, illustrating strong facilitative effects. In contrast, light-demanding seedlings,
saplings and trees were less frequent in plots with tree ferns, suggesting competitive
interactions between these plant groups. Nonetheless, tree ferns can accelerate ecological
restoration by increasing native plant diversity and providing an established canopy that helps
suppress light-demanding invasive plant species. Community structure also differed
significantly among site types in Hamilton: tree ferns increased total basal area, whereas
restored sites supported more diverse tree and shrub communities. Associated shade-tolerant
species, such as Schefflera digitata, suggest that enrichment planting of extant tree fern
stands with such species may encourage a successional pathway towards conifer-broadleaved

forest.

The second study investigated trait matching between epiphytes and host species. Root and
rhizome characteristics among 10 epiphyte species showed varying associations with specific
host preferences—either favouring tree ferns, woody trees, or exhibiting generalist
tendencies. Species mainly associated with tree ferns had longer, more abundant rhizome
hairs, while generalist epiphytes had wider rhizomes, longer roots, and longer, more abundant
rhizome scales. Links revealed between epiphyte traits and host preferences suggest that
biotic filters (e.g., host availability) may exert a greater effect on epiphyte assemblages than

stochastic processes (e.g., dispersal limitation).



To better understand epiphyte tolerance to water and light availability, the third study
involved an ex-sifu greenhouse experiment. This revealed distinct physiological responses of
four epiphytic ferns to water and light availability, which were associated with epiphyte
microhabitat preferences. During a 12-week simulated drought, the species most closely
associated with tree ferns (Asplenium polyodon) exhibited a rapid decline in photosynthetic
capacity (Amax). The generalist Pyrrosia elaeagnifolia was drought-resistant, maintaining Amax
and stomatal conductance (gs). Unexpectedly, the generalist Lecanopteris pustulata was not
drought-resistant, exhibiting significant declines in Amax and gs. Asplenium flaccidum
(associated with tree ferns in urban settings) was drought-avoidant, with low but constant
Amax and gs. Light environments mimicking two distinct host microhabitats (tree ferns and
woody trees) revealed greater shade tolerance in A. polyodon than P. elaeagnifolia, as
indicated by predawn F./Fu. High light conditions exacerbated plant drought stress, as shown

by reduced recovery compared with plants under low light.

Finally, epiphyte community data were revisited to explicitly test the influence of
environmental predictors on obligate epiphyte diversity in constrained (i.e., urban forests) and
unconstrained (i.e., non-urban forests) host communities. Obligate epiphyte communities in
urban forests were more homogeneous than in non-urban forests, supporting fewer epiphytic
shrubs, lycophytes and orchids. SEMs showed that urban epiphyte richness was indirectly
influenced by forest age and tree fern basal area, and directly positively influenced by relative
humidity stability and Dicksonia squarrosa basal area. In non-urban forests, epiphyte
richness was positively associated with tree fern and woody tree basal areas. Epiphyte
richness increased with host species richness and was influenced by host assemblage
composition. Tree fern basal area positively influenced epiphyte richness in urban forests,
although woody tree basal area had a negative relationship, which may reflect a lack of high-

quality host species.

This research has expanded our understanding of epiphyte communities in temperate cities
and how host assemblages, morphological and physiological traits, and environmental
conditions influence them. It also provides a basis for implementing ecological restoration of
diverse host assemblages that provide sheltered, damp habitat suitable for epiphytes. Future

long-term studies on a wider range of species will be needed to build upon this research.
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Chapter 1. Introduction

The present chapter (Chapter 1) provides an overview of relevant research (more detailed
literature reviews are found within each of the main chapters), presents the main research

question for each chapter, and outlines the thesis contents.

1.1. Background

Vascular epiphytes (i.e., plants that grow on other plants for structural support) make up
approximately 10% of plant species globally (Zotz et al., 2021). Epiphytes contribute to
ecosystem processes by modifying nutrient and water fluxes, but the magnitude of these
effects differs across ecosystems (Nadkarni, 1986; Zotz, 2016). For example, large nest
epiphytes retain water and accumulate leaf litter, forming canopy soil and creating
microhabitats that other epiphytes can colonise (Chen et al., 2019). The relationship between
an epiphyte and its host species is commensal, although epiphytes may exhibit nutritional
piracy (e.g., intercepting minerals) or structural piracy by physically impairing hosts with
heavy loads (Strong, 1977; Benzing and Seemann, 1978). Epiphytes may also alter the host
tree microclimate by buffering temperature fluctuations and reducing moisture loss (Stanton

et al., 2014).

While epiphytes are generally associated with tropical regions, the diversity and biomass of
epiphytes in New Zealand’s temperate rainforests are comparable to some tropical forests
(Hofstede et al., 2001). Vascular epiphytes make up almost 3% of New Zealand’s indigenous
flora (Kirby, 2016). The taxonomic spectrum of New Zealand’s epiphytic flora, like
temperate forests in Chile and montane forests in the Himalayas, is dominated by ferns (Zotz,
2005). For example, more than two-thirds of the native epiphytic flora are ferns. Other life
forms of the native epiphytic flora are orchids (15%), shrubs and trees (11%), nests (3%), and
succulents (3%). Prominent threats to vascular epiphytes in New Zealand include diminished
bird populations that constrain seed dispersal, skewed sex ratios of dioecious species,

browsing by invasive possums (7richosurus vulpecula), and habitat loss (Myron et al., 2021).

In cities, lower epiphyte diversity likely results from fragmented forests with homogeneous
host assemblages and a scarcity of large hosts (Taylor and Burns, 2015a; Gallego et al.,
2025). Fragmented forest patches also have stronger edge effects, leading to warm, dry

microclimates that may encourage homogeneous, drought-tolerant plant communities (Alvim
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et al., 2021; Gallego et al., 2025). Urban heat island effects may also lead to warmer, drier
microclimates unfavourable for epiphytes (Rooke-Devoy, 2023). Epiphytes are sensitive to
changes in forest structure, making them useful indicators of ecological integrity and
microclimate stability. Hence, knowledge of epiphyte communities in modified urban

environments will help inform conservation and restoration projects.

Ecological restoration activities facilitate the recovery of degraded ecosystems (Clewell et al.,
2004). This practice presents particular challenges in modified urban environments subject to
ongoing anthropogenic disturbances. Nevertheless, there is an increasing urgency to protect
and restore indigenous biodiversity in cities, given the numerous ecosystem services it
provides (Klaus and Kiehl, 2021). Restoration projects often follow bespoke objectives,
although restoring the full suite of species naturally occurring prior to disturbance is a
broadly shared goal (Noreika et al., 2020). While trees and shrubs are often the focus of
forest restoration, projects with long-term objectives of restoring the full range of species
must also consider other life forms, such as epiphytes (Gomez-Aparicio, 2009; Reid et al.,
2016). Furthermore, understanding how different pioneer plant communities influence
successional trajectories and community assembly can help maximise native diversity in
ecological restoration. The restoration of late-successional plant groups, such as epiphytes,
requires ecological knowledge of their environmental tolerances and interactions with host

species (Oishi and Doei, 2015).

1.1.1. Tree ferns in urban plant communities

Urban forest patches face ongoing human disturbances, which can lead to novel plant
assemblages dominated by invasive species (Stewart et al., 2004). Vegetation in warm
temperate cities can range from native forest remnants to recombinant plant assemblages.
Recombinant or novel plant assemblages often support a high proportion of exotic plants, but
in warm temperate cities, these communities can also support naturally colonising native tree
ferns (Rogers and Clarkson, 2025). Early arriving tree ferns can host diverse vascular
epiphyte communities and play an important functional role in New Zealand’s rainforests
(Brock et al., 2018a). However, research on how tree ferns influence community assembly is

limited in urban settings.



Pioneer plant communities have a critical role in ecological succession and community
assembly (Davila-Hernandez et al., 2025). In New Zealand’s temperate rainforests, tree ferns
are ubiquitous and can form important pioneer communities (Brock et al., 2018a). Tree ferns
have been shown to act as ecological filters, altering community composition by inhibiting or
facilitating the regeneration of other plants (Chau et al., 2013). For example, they modify
community assembly with megaphylls that cast deep shade and form thick, slowly
decomposing leaf litter (McKelvey, 1953; Forbes et al., 2016). Priority effects that result in
tree ferns colonising first may trigger a positive feedback loop that prevents other species
from establishing (Walker et al., 2010; Weidlich et al., 2021). Invasive tree ferns can also
promote the dispersal and establishment of exotic epiphytes (Riefner and Smith, 2019).
However, tree ferns provide numerous ecosystem services, including assisting soil
development and bank stabilisation (Walker et al., 2010). In addition, tree ferns are important
hosts of vascular epiphytes (Brock and Burns, 2021), and they occasionally provide major

regeneration sites for angiosperm trees such as Pterophylla racemosa (Coomes et al., 2005).

Limited research has examined successional pathways following pioneer tree fern
communities in New Zealand, although Blaschke (1988) suggested that broadleaved scrub
develops 35-50 years after disturbance, a general pathway supported by Brock et al. (2018a)
and Silvester (1964). Forest communities dominated by the pioneer tree fern Cyathea
medullaris with an understory of C. dealbata were shown to influence community assembly
towards shade-tolerant species (Brock et al., 2018a). In comparison, Brock et al. (2018b)
showed that community assembly following the dominance of the light-demanding
angiosperm Kunzea robusta facilitated higher abundances of less shade-tolerant species.
Knowledge of tree fern ecology, including their competitive or facilitative interactions with
different plant groups, will help inform their appropriate management in ecological

restoration.

Ecological restoration practitioners focus on restoring pioneer trees and shrubs (i.e., light-
demanding angiosperm and conifer species). Meanwhile, tree ferns are largely overlooked in
restoration projects despite being important pioneers of conifer-broadleaved forests (Wyse et
al., 2018). Extant tree fern stands may accelerate restoration progress by providing a well-
established native canopy, a primary objective in ecological restoration. A developed canopy
suppresses light-demanding invasive plants that compete with native species (Martin et al.,

2009). While restoration projects primarily focus on woody pioneer species, understanding



the role of tree ferns in urban environments will present opportunities for ecological

restoration.

1.1.2. Epiphyte traits and community structure

A key goal in ecology is to understand the role of stochastic versus deterministic processes in
structuring plant communities (Kraft and Ackerly, 2014). Neutral theory suggests that
stochastic processes (e.g., ecological drift and chance colonisation) are entirely responsible
for community structure (Hubbell, 2011). From a deterministic perspective, niche theory
argues that environmental filters, biotic interactions and interspecific trade-offs govern
community assembly (Chase and Myers, 2011). Evidence for both stochastic and
deterministic processes governing epiphyte community structure has been found (Taylor and
Burns, 2015b; Mendieta-Leiva et al., 2022). For example, Janzen et al. (2020) found
indistinguishable patterns between those observed and those generated by near-neutral
models. Furthermore, both neutral and niche-based processes have been found to

simultaneously influence epiphyte community structure (Francisco et al., 2021).

Non-random epiphyte-host interactions, including epiphyte host preferences, support niche
theory, in which environmental filters (e.g., functional traits) determine community assembly
(Lavorel and Garnier, 2002). Epiphyte host preferences refer to the strength of relationships
between an epiphyte and host species. Strict host-specificity is rare, in which an epiphyte
species occurs exclusively on a single host species. However, a certain host bias is
ubiquitous, with epiphytes exhibiting preferences for only a few host species, or a single ‘host
type’ based on host traits (Callaway et al., 2002; Wagner et al., 2015). Host preferences may
therefore be visualised along a continuum, ranging from host-specific epiphytes to generalist

epiphytes that grow on many host species.

Research on epiphyte host preferences has focused on the role of host traits (Hirata et al.,
2009; Wagner and Zotz, 2020). Smooth or unstable, flaking bark may deter epiphyte
colonisation, while rough yet stable bark is more conducive to epiphytes (Wyse and Burns,
2011). In a cloud forest in Mexico, epiphyte preferences for tree ferns were attributed to their
thicker root mantle and greater water retention than angiosperms (Mehltreter et al., 2005).
Host species architecture, size and age can also significantly influence epiphyte communities

(Hirata et al., 2009). However, epiphyte functional traits likely also contribute to host



preferences (Wagner et al., 2015). Functional traits impact the performance and
environmental tolerance of species, which may partially explain species interactions and
distributional patterns (Kearney et al., 2010). For example, epiphyte traits such as root length
and the presence of velamen and/or trichomes may facilitate epiphyte attachment by
enhancing the surface area of epiphyte roots and rhizomes (Wang et al., 2021; Tay et al.,
2023). The ability to entangle rhizomes or roots around entire stems or branches may enable
epiphytes to establish on hosts with flaking bark (Benzing, 1978). Additionally, leaf traits
associated with water relations, such as succulence, 6'3C and 6'°N, have been shown to vary
with microclimate conditions (Gotsch et al., 2022). Trait matching between epiphyte and host
species was observed in a lowland forest in Panama; however, this phenomenon was limited
to the tree crowns and was not evident on the host stems (Wagner et al., 2021). Further
investigation into mechanisms underpinning trait matching, such as epiphyte functional traits,
will deepen our understanding of factors contributing to non-random epiphyte-host

interactions.

1.1.3. Physiological responses of epiphytes in relation to microhabitat preferences

Similar to the functional role of morphological traits, plant responses to environmental
change (i.e., their ecophysiology) can influence plant community structure (Harrison et al.,
2010; Gotsch et al., 2015; Einzmann et al., 2015). Epiphyte tolerance to major abiotic
conditions may partially explain their preferences for certain hosts or microhabitats. For
example, a study in Brazil found that the abundance of specialist epiphytes partially depended
on suitable host traits (Elias et al., 2021). In contrast, generalist epiphytes appear to be well
adapted to harsh abiotic conditions in human-modified environments (de Lima et al., 2025).
On individual hosts, the vertical stratification of epiphytes has been examined using
Johansson zones (Zotz, 2007; Sanger and Kirkpatrick, 2017). Vertical distributional patterns
are mainly attributed to changes in natural ‘zones’ of environmental conditions, namely
relative humidity and radiation (Johansson, 1974). Host microhabitats that differ significantly
in their abiotic conditions (e.g., water and light availability) and bark characteristics can

support distinct epiphyte communities (Moran et al., 2003).

Water is considered the main abiotic limitation to the growth and survival of vascular
epiphytes (Zotz and Hietz, 2001). Without access to terrestrial soil resources, epiphytes rely

on regular rainfall or stable, humid environments. Drought causes significant plant stress,



limiting growth and photosynthetic activity, and, in extreme cases, leads to death (Ferguson
et al., 2022). Epiphytes utilise various drought strategies to minimise stress, including
drought tolerance (maintaining metabolic functions), drought avoidance (e.g., shedding
leaves to minimise transpiration), and poikilohydry (i.e., no regulation of water content).
While some drought strategies may be more advantageous in certain environments,
boundaries between them are not obvious because they are not mutually exclusive (Zhang et

al., 2016).

Light is another major evolutionary driver of epiphytes (Kluge et al., 1989). Growing in the
canopy, with increased light levels, can be advantageous, although well-lit environments can
cause photoinhibition in shade-tolerant epiphytes (Williams et al., 2020). Epiphytes can
exhibit habitat partitioning or vertical stratification on host species in response to gradients in
light and humidity (Sanger and Kirkpatrick, 2017). Epiphyte species growing in shaded,
damp host microhabitats may be less drought-resistant and more susceptible to
photoinhibition than those associated with well-lit, drier microhabitats. For example, tree
ferns can cast deep shade; they have been shown to limit the photosynthetically active
radiation (PAR) at 1.4 m above the forest floor to approximately 1% in New Zealand
(Coomes et al., 2005). In comparison, light availability under podocarp-broadleaf stands in

New Zealand can be 1.9% and more than 4% under Nothofagus forest (Lusk and Carr, 2024).

Nutrient acquisition can also limit epiphyte growth and survival (Benzing, 1990). Stable
isotope studies suggest that plants mainly acquiring nitrogen from the atmosphere (via N-
fixing bacteria) exhibit more depleted '°N than plants obtaining nitrogen from leaf litter
(Watts and Watkins, 2021). Associated with water availability, epiphytes acquire nutrients
from rainfall or organic matter that accumulates in the canopy (Zotz and Hietz, 2001). PAR
availability also affects gas exchange and, therefore, plant nutrient status. Hence, interactive
effects among these key resources (water, light and nutrients) contribute to plant
physiological functioning (Salazar-Tortosa et al., 2018). Understanding the tolerance of
epiphytes to essential resources (e.g., water, light and nutrient availability) will contribute to

our knowledge of factors influencing their distributional patterns.

1.1.4. Environmental determinants of epiphyte diversity



The structural dependence of epiphytes makes them particularly vulnerable to environmental
change (Benzing, 1998). Global trends in epiphyte diversity show a sharp decline in richness
with increasing distance from the equator as tropical rainforest and precipitation decline
(Gentry and Dodson, 1987; Taylor et al., 2022). Regional predictors of epiphyte diversity
include climate and disturbance events that alter forest structure and host assemblages
(Bartels and Chen, 2012). Rainfall and elevation are often positively correlated with epiphyte
richness, although these relationships are not always linear (Wolf and Flamenco-S, 2003;
Cardelus et al., 2006). Large-scale natural disturbance events, such as wildfires, also
significantly affect epiphyte communities by altering forest structure (Bartels and Chen,

2012).

At a local scale, forest age, microclimate conditions, and host assemblages influence epiphyte
diversity (Ding et al., 2016; Toivonen et al., 2017; Oswaldo et al., 2022). On individual trees,
gradients of air temperature, vapour pressure deficits and relative humidity can shape
epiphyte communities (Cardelus and Chazdon, 2005). Large trees that provide structural
heterogeneity influence epiphyte composition with differences in canopy cover, branch
diameter and moss depth (Woods et al., 2019). The association of epiphytes with stable
microclimates makes them useful bioindicators for conservation and restoration, particularly

in modified urban forests (Jarquin-Pacheco et al., 2025).

Epiphytes are structurally dependent on other plants, so their establishment and survival are
reliant on suitable host microhabitats. High-quality host species (i.e., those that host diverse
epiphyte assemblages) may be characterised as providing structurally heterogeneous
substrates with increased moisture retention. In contrast, poor host species may have thin,
smooth or peeling bark that can deter epiphytes from establishing (Vergara-Torres et al.,
2010). Although factors influencing epiphyte diversity on individual hosts have been well
studied, comparatively less is known about these relationships using plot-based methodology

or at a regional scale.

Host assemblages influence epiphyte communities by determining the availability and quality
of epiphyte habitat. Both host species diversity and density should positively correlate with
epiphyte diversity by increasing habitat heterogeneity and providing a greater establishment
surface area (Bartels and Chen, 2012; Woods et al., 2019). The occurrence of clumped

epiphyte assemblages (e.g., where one large host supports most epiphytes within a forest plot)
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suggests that the presence and density of suitable hosts may be more important than host
species richness (Grubb et al., 1963; Zotz and Schultz, 2008). It also suggests that forest
density alone is not sufficient as an indicator of epiphyte diversity because forests dominated

by poor host species will likely support depauperate epiphyte communities.

1.2. Thesis overview

This thesis presents original research on the ecology of vascular epiphytes and their host
species in urban forests, with a focus on tree ferns. The aim of the research was to determine
and quantify key processes structuring epiphyte communities in Hamilton and New
Plymouth, two North Island cities in New Zealand. Understanding the key processes driving
plant community assembly will contribute to our knowledge of indigenous epiphytes in New
Zealand and help inform restoration projects aimed at reinstating the full suite of species.
Ecological research in urban environments is lacking in New Zealand, and this research was

designed to help fill this gap (Fig. 1).

Epiphyte

ecology
Chapter4

Ecophyslolo

Fig. 1. The four main interconnected chapters of the thesis. Epiphyte ecology was studied at a
range of scales, from broad community analyses (Chapter 2) to fine-scale analysis of
morphological traits (Chapter 3), plant physiological responses to water and light availability
(Chapter 4), and environmental predictors of obligate epiphyte richness1 in urban and non-

urban forests (Chapter 5).



This thesis comprises six chapters: one has been published (Chapter 2), and three have been
submitted to scientific journals or are being prepared for submission. Hence, minor
differences in style, grammar, or formatting occur between chapters due to individual journal
requirements. The main goal of this research was to determine key abiotic and biotic factors
influencing epiphyte communities in urban environments with special regard to the New
Zealand context. Each of the four main chapters poses an overarching research question that

contributes to this goal.

Chapter 2: How do tree ferns influence native plant richness and composition in urban plant

communities?
Chapter 2 investigates how tree fern presence influences urban native plant
communities in Hamilton, New Zealand. Native species richness was assessed using
plant groups such as trees and shrubs, ground ferns and vascular epiphytes. In
addition, community composition was examined using multivariate analysis, and
structural analyses were undertaken using basal area measurements of trees, shrubs,
and tree ferns. This research is published as: Rogers, H. C., Burdon, F. J., & Clarkson,
B. D. (2025). Tree ferns augment native plant richness and influence composition in

urban plant communities. Forests, 16(9), 1498.

Chapter 3: Does trait matching between epiphyte root and rhizome traits and host types

partially explain host preferences in urban settings?
Chapter 3 examines how epiphyte traits contribute to attachment mechanisms and
host preferences in urban forests. First, epiphyte host preferences were assessed using
metacommunity and network analyses. Morphological traits that may contribute to
host preferences, including rhizome diameter, hair and scale abundance, hair and scale
length, and standard root length, were then measured for 10 species. This chapter has
been submitted to Plant Ecology titled ‘Trait matching contributes to epiphyte host

preferences in New Zealand urban forests’.

Chapter 4: How do the physiological responses of four epiphytic ferns to water and light
availability influence their microhabitat and host preferences?
Chapter 4 tests the effects of water and light availability on the physiological

performance of four epiphytic ferns exhibiting preferences for tree ferns or woody



trees. A three-month ex-situ experiment was conducted using a fully crossed factorial
design (2 x 2) based on water availability (no water, watered) and light levels
mimicking the tree fern microhabitat (low light) or woody tree microhabitat (high
light). Weekly measurements were made of gas exchange, chlorophyll fluorescence,
plant growth and frond water potentials. This chapter has been submitted to Flora

titled ‘Physiological responses of four epiphytic ferns to water and light availability’.

Chapter 5: What are the key environmental predictors of obligate epiphyte diversity in urban
and non-urban forests?
Chapter 5 assesses environmental predictors of obligate epiphyte richness and
composition in urban and non-urban forests. A structural equation model (SEM) was
completed using species observational data and microclimate data at the plot level for
plant communities in Hamilton and New Plymouth. In addition, abiotic and biotic
factors influencing epiphyte richness were assessed for non-urban forest plots. This

chapter is in preparation for journal submission.

Chapter 6 provides a synthesis of the research and its contribution to tree fern and vascular
epiphyte biology and ecology. The chapter then discusses the implications of this research
and its potential application in urban ecological restoration projects. Finally, research topics
and questions that require further attention to fully disentangle mechanisms underpinning

epiphyte-host relationships are provided.
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Chapter 2. Tree ferns augment native plant richness and influence composition in

urban plant communities

Abstract

Tree ferns are ubiquitous in New Zealand forests, but there is limited knowledge of their role
in urban plant communities and potential use in restoration. We assessed sixteen sites by
measuring 200 m? plots to investigate how tree ferns influence vascular plant composition in
Hamilton, North Island, New Zealand. The sixteen plots were assigned to four site type
combinations based on restoration status (restored or unrestored) and tree fern presence, each
with four plots. Average native plant species richness was higher at sites with tree ferns (36 +
16; S = 68) than sites without (19 + 14; § =41), with more diverse ground fern and epiphyte
assemblages. Higher native plant richness at restored sites (34 = 18; S = 62) compared to
unrestored sites (20 = 14; S = 44) was partially attributed to increased plant abundances.
Multivariate analyses revealed differences in plant community composition among our site
types. Angiosperms and conifers were less prevalent in plots with tree ferns, suggesting
competitive relationships among these groups. However, tree ferns were associated with
some shade-tolerant trees, such as Schefflera digitata. Indicator species of sites with tree
ferns were mainly ground ferns and epiphytes (e.g., Blechnum parrisiae and Trichomanes
venosum), whereas species with high fidelity to sites without tree ferns were pioneer trees and
shrubs (e.g., Pittosporum eugenioides). Community structure analysis revealed that total
basal areas were highest at unrestored sites with tree ferns, but restored sites had more diverse
tree communities. Environmental predictors which correlated significantly with the
compositional differences among our site types were tree fern basal area and restoration age.
Our results highlight the need to reconsider the potential of tree ferns in current restoration
practice. Tree ferns were found to augment native plant diversity in our study, indicating their

potential to enhance urban ecological restoration projects in New Zealand.

2.1. Introduction

Forests support a significant portion of global biodiversity and provide myriad ecosystem
services. However, global forest loss is still high, mainly driven by agricultural and urban
development [1,2]. Urban expansion places significant pressure on biodiversity via habitat
loss and modification [3], but urban ecological restoration presents a unique nature-based

solution to combat biodiversity loss and climate change [4,5]. As the number of urban
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restoration projects rises internationally [6], there is a growing need to contribute to current
knowledge of urban plant community composition and assembly. Pioneer species play a
critical role in ecological succession and community assembly, influencing the successional
pathway and ‘climax’ community [7,8]. Early arriving plants also impact the functional
diversity of ecosystems [9] and the number of colonizing species via community competition
[10]. Understanding how pioneers influence community composition is vital for successful
restoration, allowing restoration practitioners to mimic natural succession and assist the

recovery of disturbed ecosystems to support a fuller assemblage of species.

In New Zealand, restoration practitioners concentrate on restoring pioneer trees and shrubs
[11], which we refer to as light-demanding angiosperm and conifer species first planted at
restoration projects. In contrast, we are unaware of any urban restoration projects where tree
ferns have been planted, despite also being important pioneers of conifer-broadleaved forests
[12]. Tree ferns can act as ecological filters, either inhibiting or facilitating the regeneration
of other plants [13—15]. When forming extensive thickets, tree ferns may arrest succession,
restricting the arrival of pioneer angiosperms and conifers via shading effects and slow-
decomposing fronds. For example, tree ferns suppressed podocarp regeneration in exotic [16]
and indigenous forests [17-20]. A stand of Cyathea dealbata also restricted angiosperm

establishment in secondary forests on the Coromandel Peninsula [21].

Previous research indicates that tree ferns can also accelerate successional processes [22]. For
example, they contribute to soil development, provide slope stabilisation and are excellent
phorophytes [23-25]. Tree ferns enhance habitat heterogeneity, influencing nutrient, light and
water cycles via their megaphylls and providing substrate conducive to epiphyte
establishment [26]. Furthermore, tree ferns can provide an important regeneration niche for
angiosperms, mediating competition with conifers [27]. A study in the Waitutu Ecological
District found that 60% of mature Pterophylla racemosa (a native angiosperm tree)
regenerated epiphytically on tree ferns [13]. Tree fern stands may also provide more suitable
habitat for shade-tolerant species than pioneer trees. For example, Cyathea medullaris-
dominated forest supported more shade-tolerant species than Kunzea ericoides forest [28].
Furthermore, extant tree ferns may advance restoration by decades by providing a native
canopy (a primary goal in ecological restoration) from the outset of projects. Common
pioneer species planted in restoration projects, such as Leptospermum scoparium and Kunzea

ericoides, may take twenty years to reach a height of 7 m [29].
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Research on community assembly and successional pathways following tree ferns is scarce.
However, gullies and topographic depressions with early colonising tree ferns (e.g.,
Dicksonia squarrosa and Cyathea medullaris) may encourage broadleaved scrub 35-50 years
after disturbance, Beilschmiedia tawa forest after 150-350 years and Metrosideros robusta—
Dacrydium cupressinum—B. tawa forest after 400 years [30]. In Hamilton urban
environments, successional pathways have diverged from natural forest trajectories due to the
range of anthropogenic disturbances that influence plant communities. Images show grey
willow-dominated forest containing Dicksonia squarrosa established in some gullies more
than 20 years after livestock grazing ceased when land was subdivided for housing
development [31]. Although tree ferns form important pioneer communities of conifer-
broadleaved forests in New Zealand, there is limited information on how these species

influence urban plant communities.

We present results from one of the first studies on urban tree fern communities in New
Zealand; most research on tree ferns has focused on non-urban forests after natural rather
than anthropogenic disturbance. The aim of this study was to investigate how tree ferns
influence urban plant communities and identify environmental variables contributing to
community composition. We tested three hypotheses: (1) tree fern presence significantly
affects vascular plant community composition at sites not actively restored by augmenting
ground fern and epiphyte richness, (2) actively restored sites support richer, more abundant
pioneer tree and shrub assemblages, and (3) tree fern basal area and restoration age are
important environmental predictors of compositional differences among our site types. Better
understanding how tree ferns impact diversity and composition in urban plant communities

will help guide ecological restoration activities.

2.2. Materials and methods
2.2.1. Study area

Indigenous vegetation cover is low in New Zealand’s major urban centres, ranging from <1
to 8.9% [32]. Urban forests support novel plant communities with a high prevalence of exotic
species [33]. Research on restoring urban forests has focused on forest remnants or
reconstructing native ecosystems using landforms to guide plantings [34,35]. With a focus on

planting pioneer trees, there has been little research on existing pioneer tree ferns.
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Practitioners have also overlooked tree ferns and the native species they support; blanket
clearance of exotic trees, a common approach, is unfavourable to existing native plants,

including tree ferns [36].

Hamilton is a small city (approximately 11,000 ha) located in the central North Island, New
Zealand (37°46'59.99"'S, 175°16'59.99"E). New Zealand has been identified as one of 25
world biodiversity hotspots for conservation priorities [37]. Hamilton lies within the
Hamilton Ecological District [38]. Hamilton has a warm temperate climate with a mean
annual temperature of 13.7°C and a mean annual precipitation of 1,190 mm [39]. There is
approximately 267 ha (2.5%) of native-dominant vegetation in Hamilton (HCC unpublished
database). Hamilton’s natural vegetation is concentrated in gullies that form intricate
networks throughout the city. The gullies formed 15,000 years ago via spring sapping when
the Waikato River changed course, undermining banks, trapping sediment and creating a
network of streams. Before human arrival, gully floors were dominated by semi-swamp
species like Dacrycarpus dacrydioides (kahikatea), Laurelia novae-zelandiae (pukatea) and
Syzygium maire (waiwaka) [34]. As rural land in Hamilton was converted to urban
subdivisions, grey willow (Salix cinerea) rapidly became the dominant tree in the gullies.
Compared to small, drained kahikatea remnants in Hamilton, the gullies, with their developed
canopy, higher humidity, and abundant tree ferns, may support more diverse native
understory communities [40]. Hamilton’s gullies can also support rich assemblages of locally

uncommon life forms, including epiphytes [41].

2.2.2. Site selection

After an extensive survey of gullies and reserves in Hamilton, sixteen sites were selected
(Figure 1). We adopted a fully crossed factorial design to investigate how tree fern presence
influences urban plant communities while considering the impact of active plantings on these
communities using restoration status. Our site types consisted of four categories: restored
sites with tree ferns (n = 4), unrestored sites with tree ferns (n = 4), restored sites without tree
ferns (n = 4) and unrestored sites without tree ferns (n = 4). Restored sites had been planted
with native trees and shrubs (native tree basal area > 7 m? ha'!), and unrestored sites had not
been planted (< 3 m? ha'!). Sites with tree ferns had at least 12 individuals in a plot, and those

without had three or fewer (see Figure 2 for site type examples). The thresholds used to
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determine site type were adopted as feasible targets for the study sites, enabling a comparison

between sites with and without tree ferns.

NGrth Gully < » 3

Pukete Fafm Park Wy
North Pukete Bridge " Mangliti Park

Brymer. Park

Mangaonua Esplar

Till's Landing

Sandford Park

Sites
® Restored with tree ferns
® Restored without tree ferns
© Unrestored with tree ferns
® Unrestored without tree ferns
Hamilton
New Zealand

Satellite Maps

Figure 1. Site locations in Hamilton, North Island, New Zealand. Each dot represents a site
where one 20 x 10 m vegetation plot was assessed, and the colour denotes the site type (i.e.,
green dots are restored sites with tree ferns, blue dots are restored sites without tree ferns,
orange dots are unrestored sites with tree ferns, and red dots are unrestored sites without tree
ferns). A map of New Zealand is also provided, indicating the study location (Hamilton), near

the centre of the North Island.
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Unrestored without tree ferns Restored without tree ferns

Figure 2. Example sites of the four site types based on restoration status (restored,

unrestored) and the presence of tree ferns (with, without).

Restoration age (i.e., time since native plantings began) guided site selection and was sourced
from an unpublished Hamilton City Council restoration database and verified by tree cores
[42] (see Table S1, Supplementary Materials). Tree fern basal areas at sites with tree ferns
(dominated by Dicksonia squarrosa) were similar to those recorded in younger (<80 yr)
podocarp-broadleaf forests on central North Island [19]. Soil types at our sites ranged from
Kirikiriroa gritty silt loam, Te Kowhai silt loam, Tamahana silt loam, Kainui silt loam,
Waikato loamy sand to Hamilton clay loam and Kaipaki peaty loam (Manaaki Whenua
unpublished database). All four site types had the two major soil types (Kirikiriroa gritty silt

loam and Tamahana silt loam).

2.2.3. Vegetation survey

A single vegetation plot (20 x 10 m) was measured at each site following a method
developed by the People, Cities and Nature (PCaN) research programme and used in
establishing a permanent plot network of 97 plots in nine cities across New Zealand [43].
Four permanent vegetation plots (200 m?) were selected from the PCaN plot network in

Hamilton (n = 9) that met the restored sites without tree ferns site type requirements. The
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remaining twelve sites that met the requirements of the other three site types (i.e., not in the
PCaN plot network) were selected separately; specific plot locations were identified using a
random number generator. Our plots were half the area of the nationally developed forest
methodology [44] because of the limited patch size and extent of vegetation in the urban

context (Figure S1, Supplementary Materials).

Each plot was split into eight 25 m? subplots, and measurements were made for ground cover,
ground ferns, woody plants (trees and shrubs), tree ferns and epiphytes. Ground cover (%)
per subplot was estimated visually using standard categories (i.e., herbaceous cover, leaf litter
and sticks, moss and bare ground). Ground ferns were counted per subplot. For woody
species, data were collected separately for seedlings (< 1.35 m tall), saplings (> 1.35 m tall
but < 2.5 cm diameter at breast height, DBH), and trees (woody species > 2.5 cm DBH). Tree
ferns were counted per subplot; we only recorded tree fern diameters for individuals with a
DBH greater than 2.5 cm. Vascular epiphyte measurements included abundance (count) and

host species. Nomenclature follows the Flora of New Zealand [45].

In addition, variables that could influence the study communities were recorded, specifically
canopy cover (using the %Cover CanopySurveying application), slope (using a SUUNTO
PM-5 clinometer), canopy height (with a Haglof Vertex IV Hypsometer) and geographical
coordinates. A tree core from the largest individual was collected from each plot to estimate
the maximum age and verify previously documented restoration ages (Table S1). Distance
from the patch edge (i.e., between the plot and vegetation margin) was determined using the

Near geoprocessing tool in ArcGIS Pro (a geographic information system).

2.2.4. Data analysis

We compared compositional differences among our four site types (i.e., unrestored sites with
tree ferns, unrestored sites without tree ferns, restored sites with tree ferns and restored sites
without tree ferns) and investigated environmental variables influencing these differences
using a range of statistical approaches. Data were analysed and visualised in R version 4.2.2

[46]. Unless specified, all multivariate analyses used the “vegan” R package [47].

2.2.4.1. Community analysis
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We investigated the influence of our site types on plant richness to test our first two
hypotheses (i.e., tree ferns augment native plant richness, and restored sites hold more
speciose and diverse plant communities). To account for differences in plant abundances, we
estimated rarefied species richness for each plot and plant group (i.e., seedlings, saplings,
trees, ground ferns and epiphytes) using a sample-size-based rarefaction and extrapolation
(R/E) sampling curve approach with the “iNEXT” (v. 3.0.0) R package [48]. Rarefaction
curves were extrapolated to a higher number of individual plants for total native species
richness (n = 200) than for exotic richness and individual plant groups (n = 50). The different
approaches were explained by the lower abundances of the latter groups, requiring a smaller

number of individuals to standardise richness (Figure Al).

We then fitted generalised linear models (GLMs) with restoration age as a covariate to test
the influence of tree fern presence and restoration status on species abundances and richness
of different plant groups (i.e., native and exotic plant species, and individual plant groups,
including seedlings, saplings, trees, ground ferns and epiphytes). We compared GLM results
using raw (i.e., unrarefied) and rarefied species richness but present results for the latter, as
rarefaction accounts for the influence of plant abundances on richness responses [48]. The
GLMs using count data responses were fitted with a log link function, assuming a Poisson
distribution. We tested the multivariate models for multicollinearity using the variance
inflation factor (VIF); all models had acceptable VIF values below 5. We compared models
with and without the interaction term using a likelihood ratio test to determine if there were
interactive effects between restoration status and tree fern presence. Where there was no
statistically significant influence of the interaction, we present the additive model results.
Post-hoc comparisons were tested using a least-squares means approach with Tukey’s
correction for multiplicity via the “lsmeans” package in R [49]. In the written results, we state
the 95% confidence interval for the parameter estimates of the GLMs and post-hoc tests in

addition to the statistical significance at alpha = 0.05.

To assess how tree fern presence and restoration status influence plant community
composition, we used permutational multivariate analysis of variance (PERMANOVA) with
abundance data for native and exotic species combined and native species alone. The
PERMANOVA tests were performed using the “adonis2” function in the “vegan” R package
[47]. Community composition data were first Hellinger transformed to simultaneously

minimise the effects of vastly different total abundances and account for rare species [50].
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The transformed community data using the Bray-Curtis dissimilarity were then analysed with
PERMANOVA to test if plant community composition differed among our four site types
[51]. Each PERMANOVA model included restoration age as a covariate. To determine which
plant species were influential in the PERMANOVA results, we used the “indicspecies” R
package to identify indicator species with high fidelity to our site types [52]. A nonmetric
multidimensional scaling (NMDS) ordination using the “metaMDS” function was used to
visualise plant communities in each site type and help interpret the PERMANOVA results.
Convex hulls were drawn around the four site types, and indicator species and the 10 most
abundant species (i.e., counts of species ranked by dominance) were plotted using their axes

SCOIECS.

We used basal areas (as an indicator of biomass) to test our first two hypotheses further
regarding the influence of tree fern presence and restoration status on vascular plant
communities. We fitted four GLMs (each assuming a Gaussian distribution) to investigate
differences in total, native tree, exotic tree and tree fern basal areas among the site types with
restoration age as a covariate. Model predictors in the GLMs had acceptable variance
inflation factor (VIF) values <5. Post-hoc differences were tested using a least-squares means
approach with Tukey’s correction for multiplicity. We also tested compositional differences
in species basal areas among the site types using PERMANOVA, but do not present the
results as they reiterate the same compositional differences among our site types found using

species abundances.

2.2.4.2. Environmental variable analysis

To test our third hypothesis, we investigated the influence of potential environmental
predictors on plant community responses, including species richness and community
composition. Six GLMs were fitted to identify potential environmental predictors of richness
for total native species and each plant group (i.e., seedlings, saplings, trees, ground ferns and
epiphytes) using a log link function and assuming a Poisson distribution for count data. The
10 environmental predictors we considered were average slope, canopy cover, restoration
age, maximum tree age, maximum canopy height, distance to the patch edge, the total plant
basal area, as well as the basal area of tree ferns, native trees and exotic trees. We assessed
the normality of environmental predictors using Shapiro-Wilk tests and log-transformed
predictors to reduce skewness. Environmental predictors were then standardised (i.e., centred

on the mean and scaled to unit variance) using the “decostand” function in the vegan R

25



package. Rarefied richness integers were used for all models to account for differences in
plant abundances across site types. The “step” R function was used to forward select
important environmental predictors (from our 10 predictors) of our univariate responses for
each model.

To consider potential environmental and spatial predictors of overall plant community
composition and account for potential spatial autocorrelation, a distance-based redundancy
analysis (AbRDA) using the Bray-Curtis dissimilarity [53] was conducted on the Hellinger-
transformed community data. The same 10 log-transformed and standardised environmental

predictors used for the univariate GLMs were considered for the dbRDA.

In our initial model fitting for the dbRDA, we also considered spatial structuring of plant
communities (e.g., distance-decay relationships). The spatial structuring of plant community
data using geographic coordinates for sites was assessed using a principal coordinates of
neighbour matrices (PCNM) approach [54]. PCNM descriptors (or axes) may help describe
processes structuring communities at different spatial scales [55]. PCNM axes were generated
from site coordinates using the “pcnm” R function in the “vegan” package. The PCNM axes
were used in the initial model selection procedure for the dbRDA, but none were selected,

and they were not considered further.

To avoid overfitting the dbRDA model and select only influential predictors explaining
variation in plant community composition, we used a forward stepwise procedure using the
“ordistep” function [56]. Two predictors were selected for the final dbRDA model: tree fern
basal area and restoration age. Variation partitioning was then undertaken to assess the
relative contribution of tree fern basal area and restoration age to variation in community
composition (Figure S2, Supplementary Materials). The significance of each independent
variation component was permutation-tested using 1,000 randomizations [57]. We used the
“capscale” (dbRDA) and “varpart” (variation partitioning) functions for these constrained

multivariate analyses.

2.3. Results
2.3.1. Plant abundances and richness

More than 6,000 individuals of 155 native vascular plant species were recorded across 16

sites (Table 1). Generalised linear model (GLM) results showed significant differences in
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plant abundances and species richness with tree fern presence and restoration status (Table 2).

Native plant abundances were significantly affected by the interaction between tree fern

presence and restoration status (F;,;;= 12.0, P < 0.01). Post-hoc results revealed that native

plant abundances were higher at restored sites without tree ferns when compared to their

unrestored equivalents (z = 2.7, P <0.01), but unrestored sites with tree ferns had higher

native abundances than the restored sites (z =-9.7, P < 0.001). Restored sites without tree

ferns had higher native abundances than those with tree ferns (z = 6.3, P < 0.001), whereas

the opposite was observed at unrestored sites with tree ferns, which had higher abundances

than unrestored sites without tree ferns (z =-35.6, P < 0.001).

Table 1. Mean (+ standard deviation) native, exotic and total plant abundances, richness and

rarefied richness at the four site types based on restoration status (restored, unrestored) and

tree fern presence (with, without). The mean total (i.e., tree fern, native and exotic tree) basal

areas (m?/ha) per site type are also presented.

Unrestored
Unrestored with Restored with Restored without
Group  Variable without
Mean = SD Mean = SD Mean = SD
Mean = SD
Abundance 659.5+449.3 61.5+50.0 295.0+ 82.0 351.8+186.9
Richness 32.8+3.8 8.5+£58 38.5+23.3 295+ 12.5
Native
Rarefied
202+14 6.7+5.0 20.0+4.5 16.1£1.1
richness
Abundance 40.8 £25.0 1323+ 125.8 16.5+252 54.8 +£49.3
Richness 70+1.4 7.3+4.0 35+1.7 8.0+£34
Exotic
Rarefied
44+£24 46+29 21+1.6 6.5+34
richness
Abundance 700.3 +465.9 193.8+£169.3 311.5+664 406.5+195.2
Richness 39.8+5.0 15.8+7.9 42.0+22.7 37.5+14.0
Total Rarefied
243+23 13.0+2.8 225+5.2 22.1+3.8
richness
Basalarea  25.7+12.2 9.0+6.8 18.5+3.3 184+34

Native plant abundances appeared to partially affect native species richness, which was

higher at restored sites whether tree ferns were present (z =-5.1, P <0.001) or absent (z = -

3.2, P<0.01). However, after accounting for differences in native plant abundances through

rarefaction, the GLM revealed that the interaction between tree fern presence and restoration
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status had a significant effect on plant richness (F7,;; = 8.4, P < 0.05; see Figure 3). Tree fern
presence positively influenced rarefied native plant richness at unrestored sites (z = -4.0, P <
0.001), but this influence was not statistically significant at restored sites (z =-1.0, P =0.3).
In contrast, restoration status positively affected native species richness at sites without tree
ferns (z=2.9, P <0.01), but did not have a significant influence at sites with tree ferns (z = -

0.04, P=1.0).

Exotic plant abundances were significantly lower at sites with tree ferns (¥7,;2 = 6.6, P <
0.05) but did not vary with restoration status (F;,;> = 2.4, P = 0.2). Furthermore, rarefied
exotic species richness was not significantly influenced by tree fern presence (F;,;2=2.1, P=

0.2) or restoration status (F7,;2= 0.4, P=0.5).
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Rarefied native species richness
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Figure 3. Mean rarefied native vascular plant species richness for the four site types based on
restoration status (restored, unrestored) and the presence of tree ferns (with, without). Error

bars represent one standard error.

The abundances and species richness of native plant groups differed across site types (Tables
2 and 3). Seedling abundances were not significantly influenced by tree fern presence (F,12 =
0.2, P=0.7) or restoration status (£7,;> = 0.02, P =0.9). Rarefied native seedling richness
was significantly influenced by the interaction between tree fern presence and restoration

status (F7,1; = 5.6, P <0.05). Post-hoc results showed that tree ferns negatively affected
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rarefied seedling richness at restored sites (z = 2.1, P < 0.05) but had no significant effect at
unrestored sites (z =-1.3, P = 0.2). Furthermore, restoration status did not significantly
influence rarefied seedling richness when tree ferns were present (z =-1.7, P=0.1) or absent

(z=-1.1,P=0.3).

Native sapling abundances were not significantly influenced by tree fern presence (z = 0.04,
P =0.8) or restoration status (z = 2.1, P =0.1). Rarefied native sapling richness was
significantly influenced by the interaction between tree fern presence and restoration status
(F1,11=6.9, P <0.05). Sapling richness was positively affected by tree fern presence at
unrestored sites (z = -2.4, P < 0.05) but not at restored sites (z = 0.9, P =0.4). In comparison,
restoration status did not significantly influence rarefied sapling richness when tree ferns

were present (z =-1.5, P =0.2) or absent (z = -0.6, P = 0.8).

Native tree abundances (i.e., woody trees excluding tree ferns) were significantly higher at
restored sites (F,72 = 5.6, P < 0.05) but were not affected by tree fern presence (£;,;2=0.9, P
= 0.7). There was no statistically significant difference in rarefied tree species richness with

tree fern presence (£7,;2 = 0.3, P = 0.6) or restoration status (£;,;> = 0.04, P =0.8).

Table 2. Generalised linear model results testing the effect of tree fern presence and
restoration status on total native abundances, rarefied species richness, as well as abundance
and rarefied richness of seedlings, ground ferns and epiphytes. Incidence rate ratios with 95%
confidence intervals (CI) are provided. Statistically significant P-values at o = 0.05 are in
bold. See Supplementary Materials, Table S2 for GLM results for total exotic plants, native

sapling and tree abundances and richness.

Incidence Rate

Model Predictors 95% CI P-value
Ratio
Total native  (Intercept) 294.83 119.39 -679.37 <0.001
abundances Tree ferns [Yes] 0.76 0.28-1.93 0.571
Status [Unrestored] 0.42 0.01 —14.98 0.633
Restoration age [log(x) + 1] 1.49 0.35-6.51 0.584
Tree ferns [Yes] x Status
14.12 2.92-108.85 0.003
[Unrestored]
Rarefied native (Intercept) 13.10 8.65—-19.45 <0.001
species richnessTree ferns [Yes] 1.10 0.71-1.71 0.663
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(n = 200)

Rarefied
seedling

richness

(n = 50)

Ground fern

abundances

Rarefied
ground fern
richness

(n = 50)

Status [Unrestored]
Restoration age [log(x) + 1]

Tree ferns [Yes] x Status

[Unrestored]

(Intercept)

Tree ferns [Yes]
Status [Unrestored]
Restoration age [log(x) + 1]

Tree ferns [Yes] x Status

[Unrestored]

(Intercept)

Tree ferns [Yes]
Status [Unrestored]

Restoration age [log(x) + 1]

(Intercept)

Tree ferns [Yes]
Status [Unrestored]

Restoration age [loglp]

Native epiphyte (Intercept)

abundances

Tree ferns [Yes]
Status [Unrestored]

Restoration age [log(x) + 1]

Rarefied native (Intercept)

epiphyte
richness

(n = 50)

Tree ferns [Yes]

Status [Unrestored]

1.18
1.60

2.72

4.53
0.47
2.72
3.00

3.89

12.67
7.45
0.15
0.38
0.99
3.98
1.42
0.95
15.28
6.77
3.35
0.89
0.62
5.40
10.21

Restoration age [log(x) + 1] 2.25

027-5.17
0.87-2.97

1.38-5.55

2.46 - 8.00
0.22-0.93
0.25-33.83
1.10-8.78

1.26 - 13.07

2.26-49.91
2.47-33.96
0.00-8.77
0.05-2.02
041-2.14
2.24-7.60
0.12-16.66
0.34-2.54
0.03 -493.91
0.80 -401.85

0.00 —22.29 x 10°

0.00 —252.60
0.18-1.77
2.42-14.23
0.59 -229.80
0.72-7.26

0.825
0.133

0.005

<0.001
0.037
0.420
0.036

0.021

0.001
0.002
0.368
0.288
0.974
<0.001
0.776
0.922
0.211
0.156
0.850
0.963
0.411
<0.001
0.123
0.163

Ground fern abundance was significantly higher at sites with tree ferns (F7,;2=15.1, P <

0.01) but did not differ with restoration status (F;,;2= 1.3, P = 0.4). Likewise, rarefied ground

fern richness was strongly positively influenced by tree fern presence (F7,;2=24.7, P <0.001)

but was not significantly affected by restoration status (£7,;2=0.01, P = 0.8). While neither

tree ferns nor restoration status had a statistically significant effect on epiphyte abundance at

the o = 0.05 level, tree ferns were associated with increased epiphyte abundance (F;,;2 = 3.3,

P =0.9). Furthermore, rarefied native epiphyte richness was significantly higher at sites with

tree ferns (F7,;2=13.2, P <0.001) but was not affected by restoration status (F;;2=2.5, P =

0.1).
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Table 3. Mean (+ standard deviation) native species abundance, richness and rarefied
richness for each plant group and site type. Our plant groups were tree ferns, seedlings,
saplings, trees, ground ferns and epiphytes. Site types were based on restoration status
(restored, unrestored) and tree fern presence (with, without). The mean tree fern basal areas

(m? ha'!) per site type are also presented.

Unrestored
Unrestored with Restored with Restored without
Plant group Variable without
Mean = SD Mean = SD Mean = SD
Mean = SD
Abundance 68.8 +33.9 0.8+1.5 250+ 12.1 05+1.0
Richness 2.3 +1.3 0.3+0.5 23+1.0 03+0.5
Tree ferns Rarefied
. 21+13 1+0.0 23+1.0 1£0.0
richness
Basalarea 21.1+10.5 02+04 6.1+1.5 0.0+0.0
Abundance 24.3 £4.0 73+11.3 101.5+100.9 125.0 £ 144.7
Richness 3.5+1.0 1.3+1.3 7.8+6.6 93+5.6
Seedlings
Rarefied
32+1.2 1.8+1.5 49+33 74+£32
richness
Abundance 23.8+12.2 153+16.5 72.5+344 79.5+£40.3
Richness 5.3+3.1 1.5+0.6 11.0+8.8 7.8+2.9
Saplings
Rarefied
45+2.7 1.5+£0.6 55+3.1 6.0+1.6
richness
Abundance 59.8 +21.0 6.0+7.1 333+94 30.5+9.7
Richness 4.3 +1.3 23+29 8.0+2.9 95+4.5
Trees
Rarefied
3.1+0.6 27+£23 63+3.2 77+34
richness
Abundance 75.8 +53.9 143 +22.0 583+45.7 48+5.0
Richness 6.3+1.0 20+14 5.8+3.8 1.8+1.5
Ground ferns
Rarefied
59+1.5 1.8+1.3 40+14 0.8+1.0
richness
Abundance 486.5+376.0 73+104 39.5+36.2 70.8 £ 131.1
Richness 13.5+3.3 1.5+1.7 6.0+5.5 1.3+£1.5
Epiphytes
Rarefied
86+19 1.0+14 55+5.1 14+1.1
richness

2.3.2. Community composition
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Distinct plant communities were associated with our site types, further supporting our first
two hypotheses. Our permutational multivariate analysis of variance (PERMANOVA)
models found significant differences in total vascular plant composition (native and exotic
species) across all pairwise comparisons except for between restored sites with and without
tree ferns (see Figure 4 and Table B1). Native plant composition also differed significantly
among five of the six pairwise comparisons across all levels of our factorial design (Table S3,

Supplementary Materials).

Abundant species (i.e., the 10 most dominant species overall) at restored sites were
Dacrycarpus dacrydioides, Melicytus ramiflorus, Hoheria populnea and Pyrrosia
elaeagnifolia. In contrast, abundant species at sites with tree ferns were Deparia petersenii,
Tmesipteris lanceolata and T. elongata. Three abundant species were associated with sites
without tree ferns, which were Coprosma robusta and two exotic species (Hedera helix and

Ligustrum sinense).

Indicator species analysis identified 12 species for three site types (Table B2). Unrestored
sites with tree ferns were associated with the most indicator species (8), including ground
ferns (Blechnum minus), tree ferns (Dicksonia squarrosa), epiphytic ferns (Tmesipteris
elongata, T. lanceolata, Trichomanes venosum, Rumohra adiantiformis and Hymenophyllum
flabellatum) and one exotic herb (Myosotis sylvatica). No indicator species were associated
with unrestored sites without tree ferns, likely because of their depauperate assemblages.
Species with high fidelity to restored sites with tree ferns were Blechnum parrisiae and
Cyathea medullaris. In comparison, indicator species of restored sites without tree ferns were

Pittosporum eugenioides and P. tenuifolium.
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Figure 4. Nonmetric multidimensional scaling (NMDS) ordination of plant community
composition by abundances. Convex hulls are drawn around the four site types: restored with
tree ferns (dark green), restored without tree ferns (light green), unrestored with tree ferns
(dark blue) and unrestored without tree ferns (light blue). The ordination had a ‘fair’ stress
score of 0.14. Coloured dots represent the sites, and six-letter codes represent indicator or
abundant species (see legend for scientific names). An asterisk denotes an exotic species.
Species colours represent indicator species of the site types: restored with tree ferns (dark
green), restored without tree ferns (light green) and unrestored with tree ferns (dark blue).
Species in grey are eight of the most abundant species, and species in red (2) represent
indicators of unrestored sites with tree ferns that are also abundant species. The 10 most

abundant species accounted for 62% of the mean relative abundance.

2.3.3. Community structure

We investigated differences in plant community structure among our site types using the
basal area of stems greater than 2.5 cm DBH (see Supplementary Materials, Table S4 for

complete model statistics). GLMs revealed that total basal area (native trees, exotic trees and
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tree ferns) was significantly higher at sites with tree ferns (F7,;2 = 8.1, P < 0.05) but did not
differ with restoration status (£7,;2 = 0.002, P = 1.0). Native tree basal area was significantly
higher at restored sites (F;,;2 = 8.4, P < 0.05) but did not vary significantly with tree fern
presence (F7,;2= 0.7, P =0.7). Furthermore, tree fern basal area was significantly higher at
sites with tree ferns (F;,;2 = 17.2, P <0.01), but restoration status had no significant effect
(F1,12=0.4, P=0.5). Finally, exotic tree basal area did not vary significantly with tree fern
presence (F7,;2 = 3.8, P =0.1) or restoration status (F¥;,;>= 1.0, P =0.3).
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Figure 5. Tree and tree fern basal areas (m? ha'!) of vegetation plots measured in Hamilton,
New Zealand. The 16 plots were assigned to our four site types based on restoration status
(restored, unrestored) and the presence of tree ferns (with, without). An asterisk denotes an
exotic species. Scientific and common names associated with the six-letter species codes are

provided in Table B3.
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Figure 5 shows the basal areas for individual plant species across sites. Unrestored sites with
tree ferns had the highest average basal area (25.7 + 12.2 m? ha'!), dominated by Dicksonia
squarrosa (82%). Unrestored sites without tree ferns had the lowest average basal area (9.0 +
6.8 m? ha'!), with only a few exotic trees, such as Salix cinerea and Alnus glutinosa (Table
S5, Supplementary Materials). Basal areas were more similar among restored sites, whether
tree ferns were present (18.5 + 3.3 m? ha'!) or absent (18.4 + 3.4 m? ha'!). While unrestored
sites with tree ferns were dominated by D. squarrosa (light yellow bars), restored sites with

tree ferns had higher basal areas of Cyathea dealbata and C. medullaris (orange bars).

2.3.4. Environmental predictors of plant communities

We examined potential environmental predictors of individual plant groups and total native
species richness across our site types. GLM results identified environmental predictors
correlated with plant community composition (Table 4). Rarefied native richness (Table 4)
was positively influenced by tree fern basal area (z = 4.4, P <0.001) and restoration age (z =
4.4, P <0.001) but negatively influenced by maximum canopy height (z = -3.0, P < 0.01) and
average slope (z =-1.6, P =0.1). Rarefied exotic species richness was negatively associated
with tree fern basal area, but the relationship was not statistically significant at an alpha level

0f 0.05 (z=-1.6, P= 0.1, Table 4).

Table 4. Generalised linear model results investigating environmental predictors of native
rarefied richness, exotic rarefied richness, and rarefied richness per plant group (i.e., seedling,
sapling, tree, ground fern and epiphyte richness). Environmental predictors were standardised
(i.e., centred on the mean and scaled to unit variance). Incidence rate ratios with 95%
confidence intervals (CI) are provided. Statistically significant P-values at o = 0.05 are in

bold.

Incidence Rate

Model Predictors 95% Cl1 P-value
Ratio
Rarefied native (Intercept) 14.46 12.58 - 16.49 <0.001
richness (n =200) Tree fern basal area 1.37 1.19-1.58 <0.001
Restoration age 1.58 1.29-1.94 <0.001
Maximum canopy
. 0.75 0.62-0.91 0.003
height
Average slope 0.88 0.75-1.03 0.108
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Rarefied exotic (Intercept) 4.30 3.35-5.40 <0.001

richness (n=50)  Tree fern basal area  0.82 0.63 -1.05 0.117
Rarefied native (Intercept) 391 2.97-5.02 <0.001
seedling richness

Restoration age 1.64 1.27-2.16 <0.001
(n=50)
Rarefied native (Intercept) 3.84 2.89-4.96 <0.001
sapling richness Restoration age 2.15 1.46 —3.25 <0.001
(n=50) Tree fern basal area 1.20 0.91-1.58 0.194

Maximum canopy

0.63 0.43-0.90 0.014

height

Average slope 0.71 0.50-0.96 0.037
Rarefied native tree (Intercept) 4.41 3.41-5.57 <0.001
richness (n =50)  Restoration age 1.82 1.37-2.44 <0.001

Maximum tree age 0.78 0.60 —1.02 0.065
Rarefied ground (Intercept) 2.59 1.81 -3.53 <0.001
fern richness

Tree fern basal area 1.89 1.40-2.61 <0.001
(n=50)
Rarefied native (Intercept) 2.96 2.09-4.01 <0.001
epiphyte richness
(n = 50) Tree fern basal area  2.35 1.77-3.20 <0.001

n=

Environmental predictors influencing rarefied native species richness differed among
individual plant groups. Table 4 shows that restoration age positively affected seedling (z =
3.7, P <0.001) and tree species richness (z = 4.1, P <0.001). Native sapling species richness
(Table 4) was also positively influenced by restoration age (z = 3.8, P <0.001) but was
negatively influenced by maximum height (z =-2.5, P <0.05) and average slope (z=-2.1, P
< 0.05). Although not statistically significant at an alpha level of 0.05, tree fern basal area had
a positive relationship with rarefied native sapling richness (Table 4). Table 4 also shows
strong positive relationships between tree fern basal area with rarefied ground fern (z = 4.0, P

< 0.001) and epiphyte richness (z = 5.7, P < 0.001).

Our distance-based redundancy analysis (dlbRDA) found significant correlations between tree
fern basal area and restoration age with differences in plant community composition by
abundances across sites (Figure A2). Variation partitioning revealed the amount of variation

(R?=0.29) in plant community composition explained by tree fern basal area and restoration
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age, with slightly more variation explained independently by tree fern basal area (F;,13= 3.2,
P <0.01, R? = 0.15) than restoration age (F;,;3= 3.3, P<0.01, R’ = 0.14). There was no

shared variation explained by these two environmental variables.

2.4. Discussion

We identified distinct plant communities associated with restoration status and tree fern
presence. Higher native plant richness at restored sites without tree ferns was partially driven
by increased plant abundances, with more diverse woody pioneer communities. In contrast,
the presence of tree ferns at unrestored sites supported higher native species richness with
more diverse epiphyte and ground fern assemblages. Most epiphyte species (approximately
90%) were on tree ferns, and 65% of ground ferns only occurred in plots with tree ferns. Tree
ferns provide a thick root mantle and fibrous substrate with high moisture retention that is
conducive to epiphyte establishment [58]. Hence, tree ferns appear to augment native species
richness by providing suitable habitat for these groups. These results highlight the strong
association between tree ferns, epiphytes, and ground ferns, three functionally diverse plant
groups that contribute to ecosystem processes [59,60]. Additionally, increased basal areas
(i.e., an indicator of biomass) at our sites with tree ferns showed the significant effect that
tree ferns can have on plant community structure and composition. Our results therefore show
that the presence of tree ferns can enhance native species richness and the functioning of

urban ecosystems via richer epiphyte and ground fern assemblages.

2.4.1. Community assembly and succession

We found a range of differences in plant composition among our site types, suggesting that
early-arriving tree ferns significantly impact plant community composition and assembly
[23]. The most abundant tree fern at unrestored sites was Dicksonia squarrosa, while
Cyathea medullaris and C. dealbata were more abundant at restored sites. Restored sites with
tree ferns also had fewer native seedlings, saplings and trees (i.e., angiosperms and conifers),
signalling competitive relationships among these groups, which is consistent with previous
research [61]. Where priority effects lead to tree ferns establishing first, a positive feedback
loop may prevent other species from establishing and occasionally inhibit successional
processes [14,62,63]. Our results suggest that tree ferns do not inhibit some shade-tolerant
species, and with the natural or assisted arrival of these species, may assist the successional

pathway towards conifer-broadleaved forest.
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In urban restoration, enrichment planting (i.e., planting late-successional species in the
understory of pioneer communities) is critical for replacing short-lived pioneers with long-
lived species [35]. Little to no enrichment planting has been undertaken at our restored sites,
and few late successional species were recorded in any of our site types. Species such as
Dacrydium cupressinum, Alectryon excelsus and Hedycarya arborea have been sparsely

planted at some restored sites.

We did not directly investigate successional pathways using remeasurement of tree fern
communities over time; however, community composition on our chronosequence may signal
potential pathways. Tree ferns are primarily considered mid-late successional species,
although species including Dicksonia squarrosa and Cyathea medullaris can dominate early
successional stages. Higher native sapling species richness at our unrestored sites with tree
ferns suggests that tree ferns may assist species regeneration. Furthermore, our sites with tree
ferns supported some shade-tolerant broadleaf species (e.g., Schefflera digitata), which aligns
with a previous study where tree ferns did not inhibit shade-tolerant species [28]. Putative
pathways following these communities include the development of a broadleaf understory

after 40 years and conifer-broadleaved forest after 80-100 years [12,30,64].

2.4.2. Study limitations

Whilst our results suggest that tree ferns can act as ecological filters, thereby altering plant
community composition, our study has some limitations. First, our statistical power was
limited by the sites available that met the criteria for site selection (i.e., n = 4 per site type;
Table S1), which could have reduced our ability to statistically identify differences (i.e.,
increased chance of Type II errors); however, in many cases, our analyses detected
significant (0=0.05) differences among the treatments. Second, species richness is expected
to increase with time. Although we controlled for plot restoration age (i.e., time since native
planting began) in our statistical analyses as a covariate, the age of sites dominated by tree
ferns was difficult to verify because, unlike woody species we dated, they do not have annual
growth rings. Third, our study design was a mensurative experiment, and sites with tree ferns
may be confounded by other variables. While our results signal the importance of retaining

extant tree ferns, experimentally planting them at restoration sites and observing long-term

38



successional trajectories would provide additional insights into their role in shaping

community composition.

2.4.3. Implications for urban ecological restoration

Standard restoration practice focuses on restoring pioneer trees and shrubs, such as
Leptospermum scoparium and Kunzea ericoides, without recognising the ecological value of
pioneer tree ferns. Pioneer trees are favoured because they are easily sourced and affordable.
In contrast, ferns are rarely available from restoration nurseries. Pioneer trees also grow faster
than tree ferns. In two decades, Kunzea ericoides can reach 7 m in height [29], compared to

Cyathea medullaris (2.3 m) and Dicksonia squarrosa (1 m) [65].

Our results highlight the need to protect extant tree ferns as they can augment native species
richness and enhance opportunities for urban restoration projects. Although monospecific
colonies can arrest succession [14], we found tree fern communities to support higher native
species richness, providing habitat for ground ferns and epiphytes, both poorly represented
functional groups in urban forests [66,67]. Extant tree fern stands also provide the advantage
of a native-dominated canopy from the outset of restoration projects. Establishing and
maintaining a canopy is critical to the success of ecological restoration projects [68]. A
developed canopy slows the establishment and growth of light-demanding invasive plants
that compete with native species [69]. However, a canopy can take several decades to
reinstate, requiring ongoing labour to release native trees from exotic species that persist in
high light levels. Our sites with tree ferns were associated with reduced exotic species
abundance. Therefore, using extant tree ferns rather than replacing them with pioneer trees

could advance restoration progress.

A bespoke approach, planting pioneers best suited to the site conditions, should be employed
in urban restoration. Determining which pioneer species are appropriate for a site should be
guided by their ecology (e.g., growth strategy and habitat). Kunzea ericoides and
Leptospermum scoparium generally colonise drier sites [28], and tree ferns occur on
hillslopes and gullies or depressions. Dense stoloniferous thickets of Dicksonia squarrosa
may restrict tree regeneration but support diverse epiphyte communities. These stands may
require manipulation (i.e., reducing the cover or density of dominant canopy species to

increase diversity) to prevent monospecific self-perpetuating thickets and allow tree
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regeneration or enrichment planting without diminishing epiphyte diversity. In contrast,
monopodial Cyathea medullaris and C. dealbata may require less thinning. Studies
manipulating tree fern stands have primarily included binary treatment groups [16] or frond
thinning trials [61], but there is a lack of long-term research measuring community

composition along a gradient of tree fern densities.

We identified some potential environmental predictors of our distinct plant communities,
including restoration age and tree fern basal area. Slope and maximum canopy height also
negatively affected native species richness, possibly due to reduced soil moisture on steeper
sites and inadequate enrichment planting beneath tall pioneer trees. Furthermore, tree fern
basal areas positively influenced native epiphyte and ground fern species richness and was

negatively affected exotic species richness.

2.5. Conclusions

In conclusion, our results highlight the ecological value of extant tree ferns in augmenting
native species richness, supporting functional groups like ground ferns and epiphytes, and
potentially suppressing exotic species by providing an early canopy. Incorporating pioneer
tree ferns into restoration practice will encourage the diversification of plant communities and
the range of species and life forms they support. Tree fern basal area and restoration age
significantly contributed to our distinct plant communities, but further research on epiphyte
functional traits and environmental drivers is necessary to better understand epiphyte-host
and epiphyte-environment relationships. Long-term quantitative research on how tree fern
density influences community composition is also needed to determine thresholds for
maximising indigenous plant diversity in urban ecosystems. Overall, our study suggests a
need to reconsider current restoration practices that often overlook or remove tree ferns in

favour of faster-growing pioneer trees.
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Chapter 3. Trait matching contributes to epiphyte host preferences in New Zealand

urban forests

Abstract

Ecologists have studied factors shaping the structure of epiphyte communities for decades,
focusing on host traits and microclimate conditions. Here, we investigated how epiphyte traits
influence host preferences in urban environments. We assessed vascular epiphyte
metacommunities at a fine scale and networks at a broad scale using data from 32 sites in two
New Zealand cities: Hamilton and New Plymouth. Host preferences were measured using
three host types (tree ferns, angiosperm trees, and conifer trees) to reflect host functional
syndromes and account for biogeographical variation in host species distributions. We
measured rhizome and root traits of 10 epiphyte species hypothesised to influence attachment
mechanisms and host preferences. Epiphyte metacommunities differed significantly among
host types, and host preferences were identified using interaction network analyses. Stronger
host preferences in Hamilton than New Plymouth suggest deterministic processes have a
greater effect on epiphyte assemblages in cities with younger vegetation and less stable
microclimates. Trait analyses revealed that epiphytes with preferences for tree ferns had more
abundant and longer rhizome hairs, while generalist epiphytes had wider rhizomes, longer
roots, and longer, more abundant rhizome scales. Attachment mechanisms differed with host
preferences. Epiphytes with preferences for tree ferns primarily used an interlocking
mechanism, whereas species mainly on woody hosts used adhesion, and generalists employed
both mechanisms. Our results suggest that epiphyte traits contribute to the non-random
structure of urban epiphyte assemblages, with trait matching supporting host preferences in

urban settings.

3.1. Introduction

The processes underpinning community structure are of key interest to ecologists (Kraft and
Ackerly 2014), and the relative importance of ecological determinism (e.g., niches) versus
neutral theory (e.g., stochasticity) remains a controversial topic in ecology. Neutral theory
argues that communities are structured entirely by stochastic processes, such as ecological
drift, chance colonisation and random extinction (Hubbell 2011). In contrast, niche theory
suggests that community structure results from environmental filtering, biotic interactions,

and interspecific trade-offs (Chase and Myers 2011). Understanding the stochastic and

46



deterministic factors that shape patterns of biodiversity is crucial for the conservation and

restoration of plant communities in modified landscapes such as cities (Swan et al. 2021).

Functional traits are closely linked to the niche concept as they contribute to the performance
of species and, therefore, tolerance of environmental conditions (Kearney et al. 2010). They
are the morphological, physiological, and phenological characteristics that affect plant
performance, including growth, reproduction, and survival (Violle et al. 2007). Plant
functional traits rarely evolve in isolation; rather, they reflect integrated trait syndromes — sets
of traits shaped by abiotic and biotic factors (Hietz et al. 2022). Functional traits help
describe mechanistically how plants interact with their environment and other species (e.g.,
trait matching), thus helping us better understand what drives patterns of biodiversity

(Schellenberger Costa et al. 2018; Wagner et al. 2021).

Vascular epiphytes (i.e., plants that perch upon other plants for structural support) make up
approximately 10% of plant species globally (Zotz et al. 2021). While commonly associated
with tropical regions, the diversity and biomass of epiphytes in temperate rainforests, such as
those in New Zealand and Chile, are comparable to many tropical forests (Hofstede et al.
2001; Zotz 2005). Several studies have identified random epiphyte-host interactions in
support of neutral processes structuring epiphyte communities (Burns 2008; Burns and Zotz
2010; Janzen et al. 2020). However, the effect of moisture availability on epiphyte
distributions at a larger scale (Mendieta-Leiva et al. 2020) and epiphyte host preferences at a
local scale (Wagner et al. 2015) suggest that deterministic processes also shape epiphyte

communities.

Epiphyte host preferences describe how strongly an epiphyte species is associated with a
particular host species (Wagner et al. 2015). While strict host-specificity (i.e., an epiphyte
growing exclusively on one host species) is rare, many epiphytes exhibit host preferences,
occurring on only a few host species (Callaway et al. 2002). In contrast, generalist epiphytes
grow on multiple host species in different habitats. Research on factors underpinning host
preferences has concentrated on host traits in tropical rainforests (Wagner and Zotz 2020).
While host preferences are generally assessed using host species, broader host types can
reveal trait matching between epiphytes and host substrate characteristics (e.g., fibrous

substrate of tree ferns versus fissured or smooth bark of angiosperm and conifer trees). For
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example, epiphytes exhibited host preferences for tree ferns in tropical cloud forests of Costa

Rica (Moran et al. 2003) and Mexico (Mehltreter et al. 2005).

Despite receiving less attention than host traits, epiphyte traits are also functionally
important, directly impacting how epiphytes adhere to host species. Traits influencing
epiphyte attachment likely include rhizome and/or root length (Benzing 1978), the spongy
velamen (Benzing 1973; Tay et al. 2023), and the presence or abundance of trichomes, which
increase the attachment surface area (Wang et al. 2021; Tay et al. 2023). Recognised
attachment mechanisms include mechanical interlocking, in which roots and hairs grow into
small bark anomalies, and adhesion, in which a glue-like substance facilitates epiphyte
attachment (Tay et al. 2021). Trait matching between epiphyte and host species is implicitly
deterministic and may reveal factors supporting species interactions (Wagner et al. 2015;
Wagner et al. 2021), particularly in fragmented and degraded landscapes such as cities, where

host assemblages are less diverse (Gallego et al. 2025).

Urban epiphyte research has highlighted the negative impact of anthropogenic disturbances
on epiphyte diversity, with fewer large, old hosts and warmer, less humid microclimates
(Martins et al. 2020; Alvim et al. 2021). Constrained host assemblages may encourage
homogeneous epiphyte communities, dominated by generalist species (Nitta et al. 2020;
Jarquin-Pacheco et al. 2025). Research in New Zealand cities has highlighted the impact of
host assemblages (Rogers et al. 2025), drier microclimates, host bark type, and isolation from
other seed sources on urban epiphyte communities (Bryan 2011). Another New Zealand
study identified urban epiphytes with host preferences for a tree fern (Dicksonia squarrosa),
while generalists were strongly associated with woody hosts (Rogers and Clarkson 2025).
However, to the best of our knowledge, this study is the first to examine how vascular

epiphyte traits influence host preferences and the structure of urban epiphyte assemblages.

We assessed epiphyte-host interactions at the metacommunity and network level. Epiphyte
metacommunities are epiphyte communities on an individual host tree linked by dispersal
within and across sites (Burns 2008). In comparison, networks describe associations between
epiphyte and host species. First, we used observations at the individual host level from field
surveys (i.e., epiphyte count data) in two urban centres to investigate variation in epiphyte
assemblages explained by key host characteristics. We then examined epiphyte-host

interactions at a broad scale using iNaturalist records from lowland environments on New
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Zealand’s North Island. Finally, to better understand the mechanisms driving urban epiphyte-
host interactions, we measured six epiphyte attachment traits. We focused on two hypotheses:
H1) tree ferns host distinct epiphyte assemblages compared to woody hosts in urban
environments (i.e., implying deterministic processes leading to non-random associations),
and H2) epiphyte root and rhizome traits and attachment mechanisms influence host

preferences (i.e., leading to trait matching).

3.2. Materials and methods
3.2.1. Study sites

For analyses involving field data from vegetation surveys, we used 32 urban sites in
Hamilton (n = 24) and New Plymouth (n = 8) located on North Island, New Zealand (Fig. 1).
New Zealand’s major urban centres support a low proportion of native-dominant vegetation
cover, ranging from <1 to 8.9% (Clarkson and Kirby 2016). Furthermore, urban plant
communities often consist of younger, smaller, isolated vegetation patches (Stewart et al.

2004; MacKay et al. 2011), which likely constrain epiphyte diversity.

Hamilton is a city of approximately 11,000 ha in the centre of the North Island
(37°46'59.99"S, 175°16'59.99"E). With a warm temperate climate, Hamilton has a mean
annual temperature of 13.7 °C and a mean annual precipitation of 1,190 mm (National
Institute of Water and Atmospheric Research 2020). New Plymouth is a smaller city
(approximately 7,500 ha) on the west coast of the North Island (39°03'28.11"S,
174°04'27.62"E). New Plymouth has a mean annual temperature of 14 °C and a mean annual

precipitation of 1,400 mm (Taranaki Regional Council 2022).
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Fig. 1 Study sites (dots) where epiphyte and host species data were collected in Hamilton
(left) and New Plymouth (right). The map of New Zealand (centre) shows the location of
Hamilton (orange symbol) and New Plymouth (blue symbol) on the North Island

New Plymouth has a more diverse epiphytic flora than Hamilton (Supplementary
Information, Table S1), attributed to higher annual rainfall and older, more diverse vegetation

and host assemblages (Wallace et al. 2017; HCC unpublished database).

3.2.2. Field data collection

We collected epiphyte-host data from 32 urban study sites within continuous tracts of
vegetation across two New Zealand cities (Hamilton and New Plymouth). Contiguous
vegetation patches support cooler, more stable microclimates compared to isolated street trees
(Jiao et al. 2017), and thus should minimise environmental heterogeneity affecting epiphyte
communities. Data were compiled at the individual host level from site vegetation surveys
(Bryan 2011; PCaN 2024). Fourteen sites across both cities were sampled in 2023/2024.
Eighteen sites across both cities were sampled in 2009/2010. The time elapsed between the

two surveys meant we focused on differences in each dataset separately when analysing
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epiphyte metacommunities. Because the sites surveyed in each study differed, the host

species composition also varied between the two datasets (Table 1).

Table 1. Host assemblages surveyed in the present study and by Bryan (2011). This
information includes host abundances for the three host types (tree ferns, angiosperm trees,
and conifer trees), as well as total host abundance and host species richness. The percentage

contribution of each host type to the total hosts measured in each dataset is also provided

Present study Bryan (2011)
Angiosperm trees 50 (18%) 135 (76%)
Conifer trees 2 (1%) 33 (18%)
Tree ferns 218 (81%) 10 (6%)
Total host abundance 270 178
Host species richness 19 24

The starting location for each site survey was randomly determined (Bryan 2011; PCaN
2024). Host species (i.e., woody trees and shrubs and tree ferns > 2.5 cm DBH) were
identified, counted and measured for DBH, and vascular epiphytes were identified and
counted. Binoculars assisted epiphyte identification on taller host species, and epiphytes not
identified to species level (n = 34) were excluded from analysis. The species nomenclature

follows Breitwieser and Heenan (2023).

Almost 5,000 obligate epiphytes (28 species) on 448 individual hosts (31 species) were
recorded at the study sites. We focused on native obligate vascular epiphytes (hereafter,
epiphytes); data on facultative and accidental epiphytes were excluded. Obligate epiphytes or
holo-epiphytes were defined as species that occur almost exclusively on other plants (Burns

2010).

3.2.3. Trait data collection

We measured epiphyte root and rhizome traits of 10 epiphyte species (Fig. 2). Species
selection was based on host preferences identified from network analyses (see “Data
analysis” below for further details). The 10 epiphyte species were nine ferns and one orchid.
Two orchids with host preferences for woody hosts (i.e., Drymoanthus adversus (Hook.f.)

Dockrill and Bulbophyllum pygmaeum (Sm.) Lindl.) were not measured because they are rare
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in Hamilton. Epiphyte samples were collected at four publicly accessible gullies with

permission from Hamilton City Council.

Fig. 2 Rhizome and roots of the 10 measured epiphyte species. First row, left to right:

Pyrrosia elaeagnifolia, Lecanopteris pustulata, Earina mucronata, Asplenium flaccidum and
Asplenium polyodon. Second row, left to right: Arthropteris tenella, Lecanopteris scandens,
Tmesipteris lanceolata (on tree fern substrate), Trichomanes venosum and Hymenophyllum

flabellatum (on tree fern substrate)

We measured root and rhizome traits of 30 samples per epiphyte species. The number of
individual plants measured per species varied based on growth form or rarity. Samples of
Earina mucronata were collected entirely from one individual plant because it is locally
uncommon in Hamilton. Samples were standardised to 1 centimetre of rhizome and its
connected roots, attached to petri dishes, and measured using an Olympus SZH10 Stereo
Microscope with a 0.1 mm lens. Samples with roots longer than 10 mm were measured with a

standard ruler.

Six traits were measured: rthizome diameter, hair and scale abundance (using visual estimates
of % cover), maximum hair and scale length, and standard root length (i.e., the sum of root
lengths over a predetermined rhizome length). We measured maximum plant length (i.e.,

maximum frond or leaf length from the rhizome) to account for plant size in our analyses.

3.2.4. Data analysis

Statistical analyses were completed in R version 4.2.2 (R Core Team 2023) to test our

hypotheses.
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3.2.4.1. Metacommunity analysis

To test H1, we assessed epiphyte assemblages on three host types at the metacommunity
scale (i.e., epiphyte assemblages on individual hosts) in two New Zealand cities. We
compiled data from two datasets (Table 1). Our decision to assess host preferences at the host
type scale was supported by the low specialisation scores of austral epiphyte networks, which
suggest that epiphytes in southern regions are associated with specific host traits rather than
host species (Taylor et al. 2016). Using host types also helped minimise potential

biogeographical effects on epiphyte-host interactions across the two cities studied.

Multivariate analyses used the ‘vegan’ R package (Oksanen et al. 2013). Permutational
multivariate analysis of variance (PERMANOVA) used Hellinger-transformed data with the
Bray-Curtis dissimilarity. Our first PERMANOVA model compared the effects of city,
dataset and host type (accounting for the nested design of sites within cities) using the
‘adonis2’ R function (McArdle and Anderson 2001). After detecting a significant interactive
effect among city, dataset and host type, we used PERMANOV A models for each city and

focused on differences in each dataset individually.

We visualised differences in epiphyte metacommunities among the host types using non-
metric multidimensional scaling (NMDS). To understand which epiphyte species contributed
to differences among host types, indicator species analysis was performed using the
‘indicspecies’ R package (De Caceres et al. 2016). Species showing strong congruence with
the host types, based on permutation test significance (o = 0.05), and abundant species (i.e.,
the 10 most dominant species overall) not identified as indicator species were overlain on the
NMDS plot to illustrate prominent epiphyte species (Fig. 3). We completed four additional
NMDS plots, separating the data by city and dataset (Supplementary Information, Fig. S2).

To assess spatial autocorrelation (e.g., dispersal limitation, mass effects) in epiphyte
community composition for each dataset and city within each dataset, we completed Mantel
tests using the Bray-Curtis dissimilarity and geographic distances (based on site coordinates).
We found no evidence for spatial structuring (i.e., dispersal limitation driving epiphyte
community composition) at the site level in our datasets (Supplementary Information, Table

S2).
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Finally, we used the “capscale” (db-RDA) and “varpart” (variation partitioning) R functions
to assess the variation explained by host type, dataset and city. Each independent variation
component was tested for statistical significance using 1,000 random permutations (Peres-

Neto et al. 2003).

3.2.4.2. Network analysis

At the network level, we conducted exploratory analysis of lowland epiphyte-host
interactions at a broad scale. Epiphyte observations were downloaded on 5 November 2025
from iNaturalist (New Zealand), a versatile global citizen science platform providing open-
access species observation data and increasingly used in biodiversity research (Mason et al.
2025). Approximately 1,730 (73%) of the observations downloaded were made by two of the
authors (H.R. and B.C.).

The iNaturalist data were refined to include only research-grade observations specifying both
the epiphyte and host species from the North Island, New Zealand. Observations were then
limited to <450 m a.s.l. with a positional accuracy of <50 m. We then chose high-quality host
species (i.e., with > 10 epiphyte records) to construct a bipartite network with the bipartite R
package (Dormann et al. 2008) and visualise the host-epiphyte interactions (Fig. 4). The
interaction network supported our selection of 12 epiphyte species exhibiting preferences for
one of three host groups: tree ferns, woody trees, or a generalist habit (four per group; see
Supplementary Information, Table S3). These data from a broader geographic area helped

identify epiphyte host preferences unconstrained by host assemblages.

Null model testing further supported the selected 12 epiphyte species by assessing the
strength of epiphyte-host interactions using presence/absence data from our 32 urban sites
(Supplementary Information, Table S4). A null modelling approach helps inform the degree
of determinism in networks by providing estimates of expected interaction strengths against
which the observed values can be compared. We used 100 model iterations with the
“econullnetr” R package to test the randomness of observed interactions (Vaughan et al.
2018) and visualised these urban networks in a bipartite plot (Supplementary Information,

Fig. S1).

3.2.4.3. Trait analysis
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To investigate how epiphyte root and rhizome traits influenced the host preferences, we used
linear mixed-effects models (LMEs) and principal components analysis (PCA). These
analyses helped test H2 (epiphyte root and rhizome traits and attachment mechanisms
influence host preferences). We first used four LMEs to examine how epiphyte rhizome
diameter, standard root length, and scale abundance and length vary with host preferences.
Maximum plant length was included as a covariate. Rhizome hair abundance and length were
not assessed because they were only associated with epiphytes on tree ferns. The normality of
the predictors was assessed using Shapiro-Wilk tests; we log-transformed and standardised
all five epiphyte traits. Our models accounted for variation in species within each host group
with epiphyte species as a fixed effect. The random effect of individual plant sampled
accounted for non-independent trait measurements. Post-hoc tests used the “emmeans” R

package (Lenth 2016).

PCA investigated epiphyte traits linked to host preferences (Abdi and Williams 2010). We
removed hair abundance, scale length, and maximum plant length because they were highly
correlated with other traits (r > 0.7). A correlation heatmap using the “pheatmap” R package

(Kolde 2015) illustrated correlated root and rhizome traits (Supplementary Information, Fig.

33).

3.3. Results
3.3.1. Epiphyte metacommunities

When examining epiphyte metacommunities, we found that tree ferns supported distinct
communities compared to woody hosts (Fig. 3). PERMANOVA showed a significant
interactive effect between host type and dataset in Hamilton (F2208 = 3.2, P < 0.05, R>=0.01)
and New Plymouth (F1,103 = 4.3, P < 0.05, R? = 0.03).

In Hamilton, the present study found significant differences in epiphyte community
composition on tree ferns compared to angiosperm trees (Fi225= 60.1, P <0.01, R>=0.21),
but no significant difference between tree ferns and conifers (Fi,197 = 3.2, P = 0.5, R2 =0.02)
or angiosperm and conifer trees (F130 = 3.3, P = 1.0, R> = 0.10). Data collected by Bryan
(2011) in Hamilton revealed significantly different epiphyte assemblages on tree ferns and

conifer trees (F136=22.8, P <0.05, R? = 0.39). There was no significant difference in
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epiphyte assemblages between tree ferns and angiosperm trees (Figo= 12.0, P=0.2,R?> =

0.15) or angiosperms and conifer trees (F19s5= 2.8, P = 0.1, R? = 0.03).

In New Plymouth, the present study found a significant difference in epiphyte assemblages
on tree ferns and angiosperms (F137= 5.8, P < 0.01, R? = 0.14). No conifers were surveyed in
New Plymouth for the present study. The Bryan (2011) dataset showed differences in
epiphyte assemblages on tree ferns compared to angiosperm trees in New Plymouth (F1,72=
4.6, P <0.01, R?=0.06). However, Bryan’s (2011) New Plymouth data showed no
significant differences in epiphyte assemblages between tree ferns and conifer trees (F13=

2.7, P=0.2, R? = 0.47) or angiosperm and conifer trees (F1 6= 1.0, P = 0.5, R> = 0.02).
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Fig. 3 Native obligate epiphyte composition on tree ferns (green symbols), angiosperm trees
(pink symbols), and conifer trees (blue symbols). Circles denote hosts measured in Hamilton
and triangles represent hosts measured in New Plymouth. Darker shaded symbols are hosts
measured by Bryan (2011), and lighter shaded symbols are hosts measured in the present
study. Ellipses associated with host type represent one standard deviation. Six-letter codes
denote indicator species or abundant species. Green codes represent indicator species of tree
ferns (5), purple codes represent species associated with angiosperm trees (2), brown codes

represent species associated with both angiosperm and conifer trees (5), and orange codes
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denote indicator species of tree ferns and conifer trees (1). Grey codes represent abundant

species (i.e., the 10 most dominant species) not selected as indicator species (2). Stress = 0.10

We identified indicator species for one or two host types (Supplementary Information, Table
S5). The five species associated with tree ferns were all ferns: Hymenophyllum flabellatum,
Rumohra adiantiformis (G.Forst.) Ching, Tmesipteris elongata, T. lanceolata and
Trichomanes venosum. Three of these species were used for trait analyses. Indicator species
of angiosperm trees were the nest epiphyte Astelia hastata Colenso, and the fern Arthropteris
tenella, with the latter used for trait analyses. The five indicator species of both angiosperm
and conifer trees were the ferns Pyrrosia elaeagnifolia and Lecanopteris scandens (G.Forst.)
Perrie & Brownsey, and Hymenophyllum sanguinolentum (G.Forst.) Sw., the nest epiphyte
Astelia solandri A.Cunn. and the shrub Griselinia lucida (J.R.Forst. & G.Forst.) G.Forst.

Two of these species were used for trait analyses.

Variation partitioning of epiphyte community composition revealed the total amount (R? =
25.7%) explained by the three explanatory variables (host type, dataset and city). More
variation was independently explained by host type (F2441 = 15.1, P <0.01, R? = 6.1%) than
by city (F1441 =26.2, P<0.01, R?> = 5.4%) or dataset (F1441 = 14.1, P <0.01, R? = 2.8%).
The shared variation between host type and dataset was relatively large (R? = 10%), with host
type and city explaining less variation (R? = 0.5%). The three predictors combined explained
a small amount of variation (R? = 0.9%). Overall, host type explained 17.5% of the variation

in epiphyte community composition.

3.3.2. Epiphyte networks

Certain epiphyte-host interactions were either stronger or weaker than null model
expectations (Supplementary Information, Table S4). The ferns Tmesipteris lanceolata
P.A.Dang., Trichomanes venosum R.Br. and Hymenophyllum flabellatum Labill. showed
preferences for the tree ferns Cyathea medullaris (G.Forst.) Sw. and Dicksonia squarrosa
(G.Forst.) Sw. In contrast, the orchids Drymoanthus adversus and Bulbophyllum pygmaeum
and the fern Arthropteris tenella (G.Forst.) J.Sm. showed stronger associations with woody
hosts like Alectryon excelsus Gaertn., Knightia excelsa R.Br. and Dacrycarpus dacrydioides
(A.Rich.) de Laub. Generalist epiphytes with stronger links than null model expectations to

multiple host types were the ferns Asplenium flaccidum G.Forst., Lecanopteris pustulata
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(G.Forst.) Perrie & Brownsey and Pyrrosia elaeagnifolia (Bory) Hovenkamp and the orchid

Earina mucronata Lindl. Fig. 4 shows epiphytes displaying a generalist habit or host

preferences for tree ferns or woody hosts.
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Fig. 4 Epiphyte-host relationships of twelve lowland epiphyte species. Six-letter codes on the

left represent epiphyte species, and on the right represent host species. Epiphyte box colours

correspond with host preferences: species with preferences for tree ferns (green), woody
hosts (blue) or species with generalist tendencies (brown). Host box colours symbolise tree
ferns (white), angiosperm trees (dark grey) and conifers (black). The width of each link
(between an epiphyte and host) is relative to the number of records for that relationship.
Research-grade observations <450 m a.s.l. with positional accuracy < 50 m were obtained
from iNaturalist NZ. Host species selected had > 10 epiphyte records (scientific names

associated with six-letter codes and the number of observations per species are provided in

Supplementary Information, Table S6)
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3.3.3. Functional traits influencing attachment mechanisms and host preferences

Epiphyte root and rhizome traits were correlated with host preferences (Fig. 5). Traits
positively associated with a generalist habit were rhizome diameter, standard root length and
maximum plant length (Table 2). Epiphytes associated with woody hosts were also positively
correlated with rhizome diameter. In contrast, epiphytes with preferences for tree ferns were

associated with longer and more abundant rhizome hairs.
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Fig. 5 Epiphyte root and rhizome trait associations with host preferences (i.e., epiphytes with
preferences for tree ferns, woody hosts, or exhibiting a generalist habit) using principal
components analysis (PCA). PC species scores are presented on the left (a), and loadings are
on the right (b). Symbols denote epiphyte groups (green squares: generalists; yellow
triangles: preferences for tree ferns; brown circles: preferences for woody hosts). Six-letter
codes represent the scientific species name (see Table 2). Traits influencing epiphyte host
preferences (in Euclidean space) are presented on the right: standard root length (SRL),
rhizome diameter (RD), scale abundance (SA), and hair length (HL). Trait data were log-
transformed and standardised (i.e., centred on the mean and scaled to unit variance), and

highly correlated traits (r > 0.7) were excluded
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Table 2. Mean (+ SD) morphological traits of the 10 epiphytic species, measured from 30
rhizome samples per species. Each epiphyte species was assigned either an adhesion,
interlocking or combined (i.e., using adhesion and interlocking) attachment mechanism based
on the compatibility of these traits with its observed host preferences. Measured traits were
the maximum plant length, rhizome diameter, standard root length, scale abundance, scale
length, rhizome hair abundance and length. Blank cells indicate traits structurally absent in

that species rather than unmeasured

Rhi
Proposed Rhizome Rhizome scale Scale .lzome Hair
. Max. plant Standard root hair
Group Species attachment diameter abundance length length
. length (cm) length (cm) abundance
mechanism (mm) (%) (mm) (%) (mm)
(J
Generalist  Asplenium flaccidum Interlocking 3714200 8.8+£32 363+£29.7 592+£160 44+22
Generalist ~ Earina mucronata  Combined 350£00 20+£03 81+£53
Lec teris
Generalist - Anoprerts Combined 179417 77+13 67£55  478+102 25+06
pustulata
Generalist  2770%4 Combined 68+33 12403 20+30 9174113 18+08
elaeagnifolia
Tree ferns  Asplenium polyodon Interlocking 284+86 62+22 83+6.6 56.5+£223 28+14
Hymenophyllum .
Tree ferns Interlocking 6.1+1.5 04=+0.1 0.01=+0.01 248+17.1 04+02
flabellatum
Tmesipteri
Tree ferns o P Interlocking ~ 5.6+1.8  0.9%0.3 350+16.6 0402
lanceolata
Trich g
Tree ferns  C Omanes Interlocking ~ 2.4+0.6  02+0.1 0.003 = 0.003 66.7+17.9 0.1+0.0
venosum
Woody Arthropteris tenella Adhesion 103+0.8 1.8+04 60.3 +23.8 1.2+0.3
Lec teris
Woody ecanoprerts Adhesion 137429 17404 1.9+19 3554175 1.6+04

scandens

After accounting for maximum plant length and epiphyte species as fixed effects, the LMEs
revealed statistically significant differences in epiphyte rhizome diameter, standard root
length (SRL), and scale abundance and length with host preferences (Supplementary
Information, Table S7). Rhizome hairs were observed only on epiphytes with preferences for

tree ferns, so comparisons of hair length or abundance could not be made across the groups.

Generalist species had wider rhizomes than epiphytes with preferences for tree ferns (¢ =
16.35, P <0.001) and woody hosts (¢ = 10.44, P <0.001). Epiphytes associated with woody

hosts also had wider rhizomes than epiphytes associated with tree ferns (= 10.95, P <
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0.001). Generalists had higher SRL than the epiphytes associated with tree ferns (¢ = 3.62, P
< 0.01) and woody hosts (¢ =5.25, P <0.001). There was no significant difference in SRL
between epiphytes associated with tree ferns or woody hosts (1= 1.11, P =0.52).

In addition, rhizome scale abundance was significantly higher on generalists than on
epiphytes with preferences for tree ferns (¢ = 3.39, P < 0.01) or woody hosts (= 3.49, P <
0.01). Scale abundance did not vary significantly between epiphytes associated with tree
ferns and those associated with woody hosts (¢ = -0.85, P = 0.68). Finally, epiphytes
associated with woody hosts had shorter scales than generalists (¢ = 7.28, P <0.001) and
epiphytes mainly on tree ferns (¢ = 2.60, P < 0.05). However, scale length did not vary
significantly between generalists and epiphytes with preferences for tree ferns (1 =1.63, P =

0.24).

3.4. Discussion

Our results suggest that deterministic processes, mediated by epiphyte root and rhizome
traits, have a key role in structuring urban epiphyte assemblages through attachment
mechanisms and host preferences. The apparent determinism of epiphyte-host associations in
urban forests highlights the importance of examining epiphyte traits and biotic interactions

with hosts to better understand key factors shaping epiphyte communities.

3.4.1. Epiphyte host preferences

We found evidence for non-random epiphyte preferences using three host types in two urban
settings. Analysis at this wider level (i.e., among host types) is useful for assessing the
influence of host characteristics on epiphyte assemblages. For example, tree ferns have a
structurally complex substrate with high moisture retention (Moran et al. 2003), while
angiosperm and conifer trees can have smooth, fissured or flaky bark; these differences
influence epiphyte communities (Wyse and Burns 2011). The use of host types may have
increased our ability to detect strong host preferences. Previous work has shown that host
bias is more apparent in environments where hosts have unrestricted ranges (Wagner et al.
2015). This result differs from our study, in which urban vegetation patches that are less
diverse than non-urban forest, so specialised epiphytes might have been affected by the

absence of preferred hosts.
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Our results suggest that constrained host assemblages may shape epiphyte communities in
urban settings by favouring epiphytes with particular traits suited to the available hosts. This
result contradicts previous research that found epiphyte networks were stochastically
structured in undisturbed forests (Taylor et al. 2016). In our study, epiphyte composition at
the metacommunity level varied significantly among tree ferns, angiosperm trees, and conifer
trees with no evidence for spatial structuring (e.g., dispersal limitation, mass effects). Tree
ferns and angiosperm trees hosted distinct epiphyte assemblages, likely reflecting differences
in host characteristics that affect epiphyte colonisation. Conifer trees supported less distinct
epiphyte assemblages, partially overlapping with those of angiosperm trees, although this
pattern may be due to limited sampling of conifer hosts in this study. Overlapping host traits
associated with the woody host types (angiosperm trees and conifer trees) may partly explain

the greater similarity in their epiphyte assemblages compared to tree ferns.

Differences in the strength of relationships between host types and epiphyte assemblages for
the two cities suggest that deterministic processes (e.g., trait matching) may have a stronger
effect on epiphyte assemblages in younger vegetation with less stable microclimates. In
Hamilton, host type (associated with host characteristics) had a stronger influence on
epiphyte assemblages than in New Plymouth. Our analyses showed greater variance
explained in epiphyte assemblage composition when comparing tree ferns and angiosperm
trees in Hamilton (R? = 21%) than in New Plymouth (R? = 14%). These differences may
result from variation in local climate, host assemblages and vegetation age. Hamilton has a
drier climate, less diverse host assemblages, and younger vegetation than New Plymouth
(Bryan 2011). Research in dry tropical forests of Mexico has also found stronger host
preferences with epiphytes constrained by host assemblages and microclimate conditions

(Vergara-Torres et al. 2010; de la Rosa-Manzano et al. 2014).

Epiphyte preferences for tree ferns may reflect overlapping habitat preferences for cool,
humid environments, and the suitability of tree fern substrate for epiphyte colonisation. In
contrast, epiphytes strongly associated with angiosperm and conifer host species were largely
generalists, suggesting their greater tolerance to environmental conditions. Although
environmental conditions were not measured in this study, our results reinforce the
importance of tree ferns in these urban settings (Rogers and Clarkson 2025; Rogers et al.
2025), where host assemblages are generally younger and more depauperate than those in

non-urban forest. While tree ferns provide a reduced surface area for epiphyte establishment
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compared to woody hosts at maturity, they may act as important ‘stepping stones’ for
epiphyte dispersal (Taylor and Burns 2015). However, further research on environmental
drivers, including physiological experiments assessing epiphyte responses to varying
microclimate conditions, is needed to establish the relative importance of environmental

factors versus species traits in shaping epiphyte assemblages.

3.4.2. Functional traits

Functional traits affect species performance, and in the case of epiphytes, signal how well
they have adapted to living in the canopy. Epiphyte root and rhizome traits are
multifunctional, contributing to epiphyte attachment mechanisms and physiological
processes, such as the storage and/or absorption of water and nutrients (Mehltreter et al.
2022). Nevertheless, measuring attachment traits is useful for investigating mechanisms such
as multi-stage epiphyte adherence. Anecdotal evidence suggests that epiphytes that entangle
roots around whole stems or branches establish more successfully on hosts with flaking bark
(Benzing 1978). In addition, fern roots may display thigmotropism, adjusting the direction of
growth and developing hairs in response to contact with substrate (Pearson 1969). Epiphyte
traits enhancing the surface area for attachment include trichomes (e.g., hairs and scales) and
the velamen — a specialised, uni- to multiseriate rhizodermis found in many orchids (Tay et

al. 2024).

In our study, epiphyte traits associated with generalist species included longer, more
abundant rhizome scales. While the function of scales in epiphytic orchids and ferns requires
further testing (Benzing and Pridgeon 1983; Benzing 2012), in bromeliads, their role in water
and nutrient uptake was established early (Schimper 1888). These appendages may enhance
species performance, allowing epiphytes to occupy a broader ecological niche and tolerate a
wider range of environmental conditions. In comparison, traits positively correlated with
epiphytes mainly on tree ferns were rhizome hair abundance and length. Therefore, species
with a hairy, extensive root system may indicate an epiphyte that establishes on hosts with
fibrous substrate, weaving among asperities and occasionally penetrating the bark surface.
Hairs can facilitate water and nutrient uptake, and hair dimorphism (i.e., changes in hair
shape and structure) may enable epiphytes to adapt to substrate characteristics (Pearson

1969).
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We focused on variation among species; intraspecific trait variation by substrate type requires
further investigation. We examined biological traits relating to epiphyte attachment
mechanisms; ecological traits were not measured. Morphological traits can signal species that
have successfully adopted the epiphytic lifestyle, but eco-physiological experiments growing
epiphytes on different host substrates are needed to fully elucidate these interactions. Other
traits (e.g., leaf traits) also likely influence epiphyte-host interactions. For example, species
with thicker, succulent leaves may be better associated with more exposed microhabitats on

deciduous trees.

3.4.3. Attachment mechanisms

Attachment mechanisms exist along a continuum; however, adhesion and interlocking
mechanisms are easily discerned and ecologically useful (Tay and Zotz 2023). We found
epiphytes with preferences for woody hosts used an adhesion mechanism, whereas those
mainly on tree ferns used an interlocking mechanism. Generalists appear to utilise both
mechanisms (i.e., a combined mechanism) with long (occasionally wide), creeping rhizomes

and abundant scales or ‘suckers’.

An adhesion mechanism was used by the epiphytes with preferences for woody host species.
Some angiosperm and conifer trees have rugose, deeply fissured bark that facilitates epiphyte
colonisation, but species with hard, smooth bark can hinder epiphyte establishment (Spicer et
al. 2022). Therefore, epiphytes with preferences for woody trees (particularly for smooth-
barked host species) require a robust attachment mechanism, which may be achieved by

producing a glue-like substance that adheres the velamen or rhizome to the host.

Epiphytes with host preferences for tree ferns appear to use an interlocking attachment
mechanism with thin or erect rhizomes and creeping roots covered in fine hairs. The species
strongly associated with tree ferns in our study were ferns of ancient lineage that either lack
true roots (e.g., Tmesipteris lanceolata) or have fine, creeping rhizomes and branching roots
(e.g., Hymenophyllum flabellatum). The traits of these epiphytes best match those of tree

ferns, which provide a fibrous substrate with high moisture retention.

3.5. Conclusions
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Our study is among the first to examine links between epiphyte traits, attachment
mechanisms and host preferences in urban forests. While epiphyte communities in non-urban
forests have exhibited stochastic structuring, our results suggest that epiphyte-host
interactions are partially determined by epiphyte traits in modified urban settings. These
differences likely reflect trait compatibility between epiphytes and their hosts, which can be
more pronounced in urban environments with limited host assemblages and increased
environmental heterogeneity (e.g., less stable microclimates). Our research emphasises the
need to protect and diversify host assemblages in urban ecological restoration projects.
Further research is needed to elucidate the independent roles of environmental factors and

other functional traits that affect epiphyte-host interactions.
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Chapter 4. Physiological responses of four epiphytic ferns to water and light availability

Abstract

Drought severely impacts plants by restricting water availability, leading to reduced growth,
physiological stress, and potential death. Epiphytic ferns, particularly those relying on tree
fern hosts in drier urban forests, may be susceptible to drought with limited access to water.
High light can exacerbate drought stress and contribute to epiphyte habitat partitioning. We
investigated the physiological responses of four epiphytic ferns (two species often growing
on tree ferns and two generalists) to drought and light availability. A three-month ex-situ
drought experiment was conducted using a fully crossed factorial design based on water
availability (watered, drought) and light availability (low, high). Species responses were
measured using photosynthesis, chlorophyll fluorescence, frond water potentials and
mortality, and stable isotope analysis. Water scarcity had a stronger negative effect on
epiphyte performance than light availability. The generalist Pyrrosia elaeagnifolia was the
most drought-resistant species, although responses did not strictly follow microhabitat
preferences. Asplenium polyodon, which is closely associated with tree ferns, rapidly declined
in photosynthetic capacity under drought stress and exhibited photoinhibition under drought
and high light. Contrary to expectations, the generalist Lecanopteris pustulata showed rapid
declines in physiological responses under drought, and A. flaccidum exhibited drought
avoidance. Our results suggest that species such as A. polyodon are vulnerable to increasing
drought events and require damp, cool microhabitats to maintain metabolic function. Habitat
overlap between drought-sensitive epiphytes and hosts such as tree ferns underscores the
need to conserve and enhance both plant groups in ecological restoration projects,

particularly in modified urban forests.

4.1. Introduction

Drought can influence plant health by inhibiting photosynthetic activity and growth
(Ferguson et al., 2022). While some plants have evolved to tolerate or avoid drought, species
responses differ substantially. Species drought responses contribute to distributional patterns
and community assembly, which have consequences for conservation and restoration (Zirbel
et al., 2017). Structurally dependent plants (i.e., epiphytes) are particularly susceptible to
drought because they lack a connection to the ground and rely on regular rainfall or stable,

humid environments (e.g., occult precipitation). Understanding how epiphyte species perform
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under different environmental conditions (i.e., their ecophysiology) is necessary to elucidate

drivers of epiphyte microhabitat and host preferences.

Strict epiphyte host specificity (i.e., an epiphyte growing exclusively on one host species) is
rare, but epiphytes can exhibit host preferences (Callaway et al., 2002). A previous study
found non-random epiphyte-host interactions in two cities on North Island, New Zealand
(Rogers et al., 2026, under review). Trait matching between epiphyte roots and rhizomes and
host substrates may partially explain host preferences. However, understanding how plant
communities are shaped by species environmental tolerance is necessary to appropriately

manage them in ecological restoration projects.

Preferences for certain hosts or microhabitats may reflect an epiphyte’s environmental
tolerance. For example, generalists occurring on many hosts may exhibit greater
environmental tolerance and have wider niches than specialist epiphytes (Elias et al., 2021).
Links between epiphyte host preferences and environmental tolerance may be partially
explained by differences in host substrate and light environments between distinct host types
(e.g., tree ferns and woody hosts). Tree ferns provide a sheltered epiphyte microhabitat and
structurally complex substrate that retain moisture and have megaphylls that cast deep shade
(Moran et al., 2003). Partitioning of epiphytes by microhabitat (e.g., generalists versus
species associated with tree ferns) may reveal differences in species tolerance to major

abiotic factors structuring epiphyte assemblages, such as water and light availability.

Water scarcity is arguably the most important abiotic constraint of the epiphytic habitat (Zotz
and Hietz, 2001). Epiphyte diversity is therefore closely associated with regional-scale
rainfall patterns (Gentry and Dodson, 1987). Yet at a finer scale, epiphytes can persist in dry,
well-lit microhabitats. Under drought conditions, epiphytic ferns can maintain photochemical
efficiency, as indicated by the ratio of variable to maximum fluorescence (Fv/Fm), and
occasionally exhibit greater water-use efficiency than terrestrial species (Campany et al.,
2021). Adopting a drought avoidance strategy likely assists epiphytes in water-scarce
environments, where species exhibit high water-use efficiency by minimising water loss via
transpiration (Campany et al., 2021). Some epiphytic orchids escape drought by shedding
their leaves to minimise transpiration (Zhang et al., 2016). Epiphytes can, however, exhibit
drought tolerance (maintaining metabolic functions during drought), while Hymenophyllum

species are poikilohydric and cannot regulate their water content (Aros-Mualin and Kessler,
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2024). In water-scarce environments, epiphyte communities may be drastically reshaped with

impacts cascading to ecosystem functions (McDermott, 2024).

Light gradients can lead to strong partitioning of species between well-lit canopy
microhabitats and deep shade near the forest floor (Sanger and Kirkpatrick, 2017). Light
environments influence epiphyte size and phenology; under high light, epiphytes may reduce
growth and reproduction to minimise photodamage and water loss via transpiration
(Cervantes et al., 2005). Canopy epiphytes in exposed, well-lit locations may exhibit
Crassulacean acid metabolism (CAM), minimising water loss by fixing carbon at night
(Lambers et al., 2008). However, high light environments (associated with higher vapour-
pressure deficit and temperature) may negatively affect epiphyte drought resistance and

diminish post-drought recovery (Williams et al., 2020).

Nutrient acquisition can also impair vascular epiphyte performance (Benzing, 1990).
Epiphytes acquire nutrients from atmospheric sources (e.g., rainfall) or from organic matter
in the canopy (Zotz and Hietz, 2001). Stable isotope analysis can reveal the interactive effects
of water scarcity, light environments, and nutrition on plant survival and performance
(Salazar-Tortosa et al., 2018). §'°N indicates plant nitrogen sources, where plants mainly
obtaining nitrogen from the atmosphere (via N-fixing bacteria) are more depleted in '°N than
plants acquiring nitrogen from leaf litter (Watts and Watkins, 2021). Foliar delta carbon-13
(6"C) is a long-term measure of intrinsic water-use efficiency, which is strongly affected by
stomatal activity and photosynthetic capacity (Seibt et al., 2008). In addition, both light
environments and leaf nitrogen concentrations influence gas exchange and, therefore, plant

drought responses.

Physiology research on vascular epiphytes in temperate regions is limited (Zotz and Hietz,
2001). In New Zealand, research has highlighted the potential for biotic interactions with host
species to shape epiphyte communities, but questions remain about how abiotic conditions
influence both host and epiphyte assemblages (Rogers et al., 2025; Rogers et al., 2026, under
review). An early study on water relations in New Zealand plants found that Lecanopteris
pustulata exhibited drought avoidance and low tolerance with high values of water content at
turgor loss (Bannister, 1986). Drought experiments on specialised epiphytic shrubs showed
that Pittosporum cornifolium exhibited a drought tolerance strategy, whereas P. kirkii and

Griselinia lucida employed drought postponement (Bryan, 2011; Myron, 2012). Less
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attention has been given to temperate epiphytic ferns (Anderson, 2021). However, desiccation
tolerance (restored metabolic functions upon rehydration) was observed in the filmy fern
Hymenophyllum sanguinolentum; the fern exhibited responses comparable to European
species (Proctor, 2012). Additionally, the decline in photochemical efficiency of the epiphytic
fern Notogrammitis billardierei after 10 days without water demonstrated its drought

sensitivity (Taylor and Burns, 2016).

Here, we present results from one of the first ex-sifu physiology experiments on epiphytic
ferns that exhibit preferences for tree ferns or a woody host microhabitat. The aim of this
study was to investigate how epiphyte responses to drought and light availability differ with
microhabitat preferences and degree of specialisation. We tested two hypotheses: H1)
epiphytes associated with tree ferns are less drought-resistant, less water use efficient, and
exhibit lower drought recovery than generalist epiphytes, and H2) epiphytes associated with
tree ferns are more susceptible to photoinhibition and frond mortality under high light than

generalist species.

4.2. Materials and methods

We conducted an ex-situ glasshouse experiment on the University of Waikato campus in
Hamilton, New Zealand. The experiment involved four epiphytic fern species exposed to
different combinations of water and light availability. The “drought” phase of the experiment
started on 10 July 2025 and concluded when approximately 50% of the plants in the high
light, drought treatment had lost half their foliage (at 12 weeks). In the “drought recovery”
phase of the experiment, responses (following the watering of all plants) were measured for

an additional two weeks after the drought phase of the experiment concluded.

4.2.1. Experimental design

The experiment used a fully crossed factorial design (2 x 2) based on water and light
availability. The four treatment groups were (1) drought, high light; (2) drought, low light;
(3) watered, high light; and (4) watered, low light. Five plants of each of the four epiphyte
species were randomly allocated to each group (i.e., a total of 80 individual plants used in the
experiment). The epiphytic ferns were grown in a University of Waikato shade house in 2.5 L
pots of potting mix (Fern Factor, Christchurch, New Zealand) between August 2024 and July

2025 (11 months). One week before the experiment started, plants were acclimatised by
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transferring them into a glasshouse (where the experiment took place), with automated
temperature, humidity and ventilation control. Plants in the watered treatments were watered
to field capacity once a week, and those in drought treatments did not receive water during

the 12-week simulated drought.

Before starting the experiment, the light environment of the two distinct epiphyte
microhabitats, tree fern stems (low light) and woody trees (high light), was quantified in a
nearby forest reserve. In-situ canopy openness was measured for each microhabitat using an
LAI-2200C Plant Canopy Analyser. Mean diffuse non-interceptance of the woody tree
microhabitat was 12.7% (n = 11), and 1.6% (n = 11) in the lower light tree fern microhabitat.
A combination of overhead shade screens and neutral-density shade cloth was then used to
create light environments in the glasshouse, resulting in similar reductions in total daily

irradiance compared to an unshaded environment.

During the experiment, the four treatment blocks were moved weekly around the glasshouse
to minimise the confounding effect of position and any underlying environmental gradients.
A Ridder Synopta 2 climate regulation system recorded a mean daily temperature of
approximately 15 °C (10-20 °C), and a mean daily relative humidity of 78% (70-90%).
Temperature and relative humidity settings were determined from data collected in a nearby
forest reserve with abundant epiphytes. Automated misting was used to increase humidity
without wetting the plants. Instantaneous photosynthetic photon flux density (PPFD) for the
low and high light treatments was compared with open-sky measurements using a
spectrometer (LI-180, LI-COR Inc., Nebraska) when establishing the shade treatments.
During the experiment, quantum sensors (LI-190, LI-COR Inc.) connected to a datalogger
(CR10X, Campbell Scientific, Utah) and calibrated against the spectrometer recorded PPFD
continuously across the four treatment groups (logging every 10 seconds, saving 15-minute
averages). Unobstructed hourly solar irradiance was obtained from a nearby weather station
for comparison (Ruakura EWS, DataHub, Earth Sciences New Zealand 2025). Average

PPFD for the 12-week experiment was 3.4 mol m day™! for the high light treatments, and 0.8
mol m2day! for the low light treatments, corresponding to 15% and 3% of unobstructed

PPFD for the two light treatments, respectively.

4.2.2. Epiphyte species
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Individuals of four epiphytic fern species were collected from Mangaonua Gully, Hamilton
(37.7826° S, 175.2528° E) in August 2024. Previous network analyses of urban epiphyte—
host interactions (Rogers et al., 2026, under review) informed the selection of species with
either stronger preferences for tree ferns (Asplenium polyodon G.Forst. and A. flaccidum
G.Forst.) or woody host species (Pyrrosia elaeagnifolia (Bory) Hovenkamp and Lecanopteris
pustulata (G.Forst.) Perrie & Brownsey). These preferences for distinct microhabitats may
reflect the physiological requirements of the epiphytes for water and light (Fig. 1). The

species nomenclature follows Perrie and Brownsey (2024).

Host preferences
Generalist Specialist
Pyrrosia Lecanopteris Asplenium Asplenium

elaeagnifolia pustulata flaccidum polyodon

Polypodiaceae Aspleniaceae

Fig. 1. Predicted gradient of epiphyte host preferences for the four fern species. Pyrrosia
elaeagnifolia and Lecanopteris pustulata exhibit a generalist habit, whereas Asplenium
flaccidum and A. polyodon are more closely associated with tree ferns when growing in urban

settings.

Variation in the morphological traits of the four species likely impacts their ecophysiology
(Gotsch et al., 2022). Asplenium polyodon and A. flaccidum have short, erect rhizomes with
fine, hairy roots spreading laterally, often interlocking with tree fern adventitious roots that
surround the caudex. Asplenium flaccidum has thick, long, drooping fronds, whereas A.
polyodon has large, thin fronds. The generalist species P. elaeagnifolia and L. pustulata have
extensive creeping rhizomes covered in scales. Pyrrosia elaeagnifolia has relatively small but
succulent, coriaceous fronds covered in stellate hairs, whereas L. pustulata has large, deeply

pinnatifid, glabrous fronds.
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4.2.3. Data collection

Several physiological and ecological indicators of performance were measured at the
individual plant level in response to drought and light availability. Gas exchange, chlorophyll
fluorescence and frond water potential techniques were used during the experiment.
Separately from the experiment, we collected frond samples of the four species during the
wet and dry seasons for stable isotope analyses to compare species water-use efficiency and

nutrient status.

4.2.3.1. Gas exchange

Photosynthetic capacity (4max) and stomatal conductance (g;) were measured weekly using a
portable photosynthesis system (LI-6800XT, LI-COR Biosciences, Lincoln, NE, USA). The
photosynthesis system was acclimated to the glasshouse for 30 minutes before measurements
began. Preliminary light response curves were completed for each species to determine that a
PPFD of 800 umol m s™! was sufficient to saturate photosynthesis and record the Amax of all
species. During regular weekly measurements of Amax, plants were acclimated to a PPFD of
approximately 800 pumol m— s~! under an LED grow light (4Seasons Helios 720 EVO+) for
at least 15 minutes. This procedure minimised the effects of variable natural light and
avoided extended delays while the stomata opened, allowing the plants to reach steady-state
rates of photosynthesis and transpiration before measurements were taken using the

photosynthesis system.

Chamber conditions were regulated at a PPFD of 800 umol m? s™!, a flow rate of 300 umol s-
I, CO; 0f 420 umol mol™!, 60% relative humidity (maintaining vapour-pressure deficit
between 0.5-1.0 kPa), and an air temperature of 18 °C. Each week, three of five plants per
species and treatment group were haphazardly selected, and one fully expanded mature frond
was measured on each (n = 48). Each frond was placed in a 6 cm? LED chamber for
measurement. Frond area in the chamber was measured by photographing the samples and

estimating frond areas using ImagelJ software (Schneider et al., 2012).

4.2.3.2. Chlorophyll fluorescence
The maximum potential quantum efficiency of PSII (Fy/Fm) was determined using a pulse
amplitude modulated chlorophyll fluorometer (MINI-PAM, Walz, Effeltrich, Germany).

Weekly predawn (i.e., dark-adapted) F./Fi, was measured as an indicator of plant stress under
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the water and light treatments (Anderson, 2023). Shade-tolerant plants are expected to show
declining Fy/Fm (an indicator of photoinhibition) under water stress and in high light
environments (Riafio and Briones, 2013). We measured three haphazardly selected leaves per
species and group (n = 48) using a fluorometer frond clip equipped with an internal

thermocouple.

4.2.3.3. Frond mortality and water potentials

Weekly frond counts (live and dead), pot weights, and volumetric water content (measured
with a HydroSense II soil moisture probe) were recorded for all plants to monitor how
species responded to drought stress. To evaluate the relationship between soil moisture and
plant water potentials, we measured frond water potentials (1) for all four species using
additional plants not used in the experiment (Supplementary Materials, Fig. S3). Fronds of
individual plants were measured at various pot weights for predawn 1), alongside the potting
mix volumetric water content and pot weight. Measurements were made using a pressure
chamber (Model 1505D, PMS Instrument Co.) following the methods of Boyer and Kramer
(1995) and Scholander et al. (1965). Fronds were cut at the stipe base with a razor blade,
wrapped in a plastic bag to minimise transpiration and placed in the pressure chamber. A
reading was taken once water emerged from the freshly cut stipe. During the experiment, pot

weight of each plant (n = 80) was recorded weekly to estimate frond water potentials.

4.2.3.4. Isotope analysis

Independent of the ex-situ experiment, stable isotope analysis was performed on the four
species using samples collected from nearby forest reserves. We used isotope analysis to
compare species water-use efficiency (6'°C) and nutrient acquisition (6'°N). Samples from
four individual plants were collected in summer after a dry period (February 2025), and in
winter (July 2025), when it was wet (n = 4). Each sample consisted of 2-4 recently developed
fronds. Fronds were oven-dried at 60 °C for 24 hours, finely crushed, accurately weighed to 4
mg, encapsulated in 8 mm (H) x 5 mm (W) tin capsules with an approximate volume of 160
uL, and analysed at the Lincoln University Stable Isotope Laboratory, Christchurch, New
Zealand. Isotopes were analysed using a Sercon 20-22 IRMS instrument (Crewe, Cheshire,
United Kingdom). International reference materials USGS-40 and USGS-41 were used for
calibration of isotopic and elemental values, and EDTA-OAS (Ethylenediaminetetraacetic
acid organic analytical standard) was used to assess analytical accuracy. All isotope and

elemental values were within accepted reference ranges.
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4.2.4. Data analysis

Statistical analyses to test our two hypotheses were completed in R version 4.4.2 (R Core
Team 2024). We used linear mixed-effects models (LMEs) for Amax and gs to compare
species between Week 2 and Week 12 of the ‘drought’ phase. Species F./Fn between the
same weeks were compared using generalised linear mixed models (GLMMs) assuming a
beta distribution with a logit link function (Brooks et al., 2017). First, we fit three global
models (one per response) with fixed categorical variables of species, time (i.e., Week 2
versus Week 12), light and water treatments. Sample (i.e., unique plant ID) was included as a
random effect in all models to account for the non-independence of repeated measures. The
models compared plant responses between Week 2 (the first complete week of
measurements) and Week 12 (the final week of the drought phase) to capture maximum
temporal variation. The best model was determined using log-likelihood ratio tests in the
“buildmer” R package (Voeten, 2021). Interaction terms among species, time, light, and
water treatments are reported for significant likelihood-ratio tests; otherwise, we present

additive model results.

In addition, models for each response (4max, g&s and Fy/Fi) were used to assess how epiphytes
in the drought treatments responded to rewatering during the recovery phase between Weeks
12 and 14. Weekly frond mortality (the proportion of dead fronds to the total count) among
species and over time was also assessed using a generalised linear model with a binomial
distribution. Pairwise comparisons of species responses for all models were made using the

“emmeans” R package with Tukey’s correction for multiplicity (Lenth, 2016).

To visualise changes over time in response to treatments (e.g., temporal drought effects) for
the three physiological endpoints, generalised additive mixed models (GAMMs) were fitted
with sample (i.e., unique plant ID) as a random effect using the “mgcv” R package (Wood,
2017). We fit GAMMs for each species and response variable for both watered and drought
treatments (i.e., six plots); light treatment groups were amalgamated based on water
treatments as water had a stronger effect on the responses over time (Table 1). The GAMMs
used a natural cubic spline with a basis dimension k = 4 to capture nonlinearity while

avoiding overfitting. The GAMMSs complemented the linear mixed-effects models and
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highlighted the nonlinearity of responses over time in response to changing stress levels,

particularly after rewatering (i.e., the recovery phase).

To characterise changes in frond water potential across the four species during the
experiment, a soil moisture release curve was constructed using the 1) measurements and pot
weights recorded on plants not included in the main experiment. First, we calculated the soil
volumetric water content () using Eq. 1, where My, is the mass of water (weight of potting

mix — dry weight), and V¢ is the total soil volume.

Eq. 1. § =¥

Vi
Second, we fitted a log-log curve (Eq. 2) following Campbell (1974) to 8 and v
measurements for the four species (n = 54), where . is the air entry potential, and b is an

empirical slope parameter.

Bo.2 ¥ = e (2)

The results suggested the four species exhibited the same relationship between predawn i
and pot weight (Supplementary Materials, Fig. S3). Finally, Eq. 2 was used to estimate
from pot weights during the experiment, with multiple regression used to assess the effects of
time (Weeks 2—12), species, and light and water treatments on estimated y. We log-

transformed y to meet linear model assumptions.

Analysis of variance (ANOVA) compared 6'°C, 6'°N, and total nitrogen among the four
species with season as a fixed effect. Non-normal variables detected from Shapiro-Wilk tests
were log-transformed (i.e., total N). The models detected no significant interactions between
species and season, so we present the additive model results. Pairwise comparisons were
performed using the “Ismeans” R package (Lenth, 2016) and the Benjamini-Hochberg

method (Haynes, 2013) to control false positives and increase power.

4.3. Results

4.3.1. Experiment results
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Epiphyte species associated with tree ferns (hereafter tree fern specialists) were less drought-
resistant than generalists, exhibiting greater declines in Amax and gs under the simulated
drought. High light also caused a greater decline in F./Fi, of tree fern specialists, especially
under drought conditions, indicating their greater shade tolerance compared to generalist
species (Fig. 2). Amax Was significantly influenced by the interaction between water
treatments and time (Table 1), suggesting that drought effects strengthened over time.
Significant interactions between species and time, and among species, time, and light
indicated species-specific responses over time that also depended on light availability.
Furthermore, the significant interactive effect of water and light treatments on Amax suggests

stronger negative effects of drought under high light conditions (Fig. 2).

Tree fern specialist epiphytes had lower Amax during the simulated drought than the
generalists (Table 1). Species pairwise comparisons within each level of time and light
treatments showed that under low light A. flaccidum had significantly lower Amax than L.
pustulata at Week 2 (estimate: -1.8, P < 0.05). Under low light, P. elaeagnifolia exhibited
higher Amax than 4. flaccidum (estimate: -1.9, P < 0.05), 4. polyodon (estimate: -2.5, P <
0.001) and L. pustulata (estimate: -3.0, P <0.001) by Week 12. Under high light, 4.
flaccidum had significantly lower Amax than L. pustulata (estimate: -2.1, P <0.01) and P.
elaeagnifolia (estimate: -2.0, P < 0.01) at Week 2. There were no significant differences in
the Amax of species under high light at Week 12 (see full pairwise comparison results in

Supplementary Materials, Tables S1-S3).

Stomatal conductance (gs) was significantly influenced by the interaction between water and
time (Table 1), suggesting stronger drought effects over time. A significant interaction
between species and time also indicated differences in species responses over time (i.e., with
increasing stress). Pairwise comparisons within each level of time showed that water
treatments did not significantly affect gs at Week 2 (estimate: 0.01, P = 0.07), but plants
under drought stress had significantly lower gs by Week 12 (estimate: 0.04, P < 0.001). At
Week 2, A. flaccidum exhibited significantly lower gs than 4. polyodon (estimate: -3.8, P <
0.01) and L. pustulata (estimate: -3.7, P < 0.01). However, stomatal conductance did not

differ significantly among species at Week 12.
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Table 1. Linear mixed effects model results for photosynthetic capacity (4max) and stomatal
conductance (gs), and generalised linear mixed model results for photochemical efficiency
(Fv/Fm). Predictors for each model were water treatments, species, time (i.e., Week 2 versus
Week 12), and light treatments, and statistically significant interactions. F-values (for the
LMEs) or y? (for GLMM) and P-values are provided for each categorical predictor.

Statistically significant p-values at the a=0.05 level are in boldface.

Amax gs Fyv/Fm
Predictor(s)

F P-value F P-value x? P-value
Water 1.13 0.29 3.50  0.06 032 0.57
Species 3.62 <0.05 6.16  <0.001 15.53 <0.01
Time 3.90 0.05 2.89  0.09 0.01 091
Light 1.23 0.27 040 0.53 0.14 0.71
Water xTime 28.69 <0.001 13.33  <0.001 1.03  0.31
Species x Time 7.71 <0.001 2.83 <0.05
Light x Time 0.69 0.41 0.014 0.91
Water x Light 8.77 <0.01 0.28 0.60
Species x Light 0.99 0.40
Species x Time x Light 3.96 <0.05
Water xTime X Light 5.15  <0.05

Predawn F./Fn, declined significantly in all species under drought and high light, but not
under low light (significant interaction among time, water and light treatments; Table 1). As
expected, Fv/Fm did not differ significantly during the experiment for plants in the watered,
low light treatment (estimate: 0.02, P = 0.9) or the watered, high light treatment (estimate:
0.05, P = 0.8). One of the specialist species (4. polyodon) had significantly lower F,/F, than
the two generalist epiphytes P. elaeagnifolia (estimate: -0.6, P < 0.001) and L. pustulata
(estimate: -0.4, P = 0.05). There were no significant differences in F\/Fn, between A.
polyodon and A. flaccidum (estimate: -0.3, P = 0.1), A. flaccidum and L. pustulata (estimate: -
0.05, P=1.0), A. flaccidum and P. elaeagnifolia (estimate: -0.3, P = 0.3) or L. pustulata and
P. elaeagnifolia (estimate: -0.2, P = 0.5).

82



Time [l Week 2 [ Week 12

(a) Drought Watered
~~~
2+ >
€
5 0
€
3 4 —
% Q
£ 21 £
<
0- T T T T T T T T
ASPPOL ASPFLA LECPUS PYRELA ASPPOL ASPFLA LECPUS PYRELA
Species
(b) Drought Watered
0.10-
0.08 T
oz i—'— s
=
gl [ w' 00
» 000_ -—S— -
> .10
0.08 —
000- T HI T T T T T T
ASPPOL ASPFLA LECPUS PYRELA ASPPOL ASPFLA LECPUS PYRELA
Species
(c) Drought Watered
0.80 A
0.60 1 a0
0.40 - cg_
£ 0.20 A
L 0.00
=3
> 0801
0.60 - —
0.40 - g
0.20 -
000- T T T T T T T T
ASPPOL ASPFLA LECPUS PYRELA ASPPOL ASPFLA LECPUS PYRELA
Species

Fig. 2. Mean + SE of photosynthetic capacity (a), stomatal conductance (b) and predawn
Fy/Fm (c) of the epiphytic ferns within the four treatment groups for Week 2 and Week 12 of

the experiment. Treatments were based on water (drought, watered) and light (high, low).

4.3.2. Drought recovery responses

Amax recovery during the drought recovery phase (Weeks 12-14) was significantly affected by

interactions between species and time (3,14 = 4.61, P < 0.05), and species and light

&3



treatments (F332 = 4.37, P < 0.05). An interaction among species, time, and light also
significantly influenced Amax recovery (£3,15 = 6.8, P < 0.01). See Supplementary Materials,
Fig. S1 for species recovery bar plots and Table S4 for recovery LME model results.

During the recovery phase (between Weeks 12 and 14), Amax of the species most negatively
affected by the simulated drought (4. polyodon and L. pustulata) recovered significantly
more for those under low light than those under high light. For example, P. elaeagnifolia had
significantly higher Amax than 4. polyodon (estimate: -3.2, P < 0.001) and L. pustulata at
Week 12 (estimate: -3.2, P <0.001). Yet by Week 14, there were no significant differences
between species under low light. Under high light, there were no significant differences in the
Amax of species at Week 12. However, P. elaeagnifolia had significantly higher Amax than 4.
flaccidum by Week 14 (estimate: -2.2, P < 0.05), 4. polyodon (estimate: -2.4, P < 0.05), and
L. pustulata (estimate: -2.1, P <0.05).

The gs of plants in the drought treatment recovered significantly (F127 = 14.6, P < 0.001).
However, the recovery of gs did not differ significantly between species (F323 = 1.7, P=0.2)
or light treatments (F123 = 2.3, P=0.1).

Recovery of Fy/Fn, differed significantly with species (y> = 9.6, P < 0.05) and plants under
high light recovered more (after a greater decline during the simulated drought) than plants
under low light conditions (y? = 18.4, P < 0.001). There were no individual effects of time
(x*=0.04, P=0.9), but an interaction between time and light significantly influenced Fv/Fi,
recovery (x2=9.0, P<0.01). After a greater decline in F\/Fr, during the simulated drought,
the tree fern specialist A. polyodon recovered more than P. elaeagnifolia during the recovery
phase (estimate: 0.9, P < 0.05). There were no other statistically significant pairwise

comparisons between the species.
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Fig. 3. Photosynthetic capacity (4max), stomatal conductance (gs) and maximum quantum
efficiency of photosystem II (Fy/Fm) of the four epiphytic ferns in the watered (left) and
drought (right) treatments. Dots represent the weekly mean values for each species, and the
grey zones represent 95% confidence intervals of the generalised additive models (GAMs).
Colours denote the four species: blue (4splenium flaccidum), pink (Asplenium polyodon),
green (Lecanopteris pustulata) and orange (Pyrrosia elaeagnifolia). The dotted line at Week

12 marks the end of the drought and the start of the recovery phase.

Fig. 3 illustrates the temporal variation in the physiological responses of the four epiphytic
fern species to drought conditions, and their recovery during the drought recovery phase
(Weeks 12-14). Plants under drought stress showed declining Amax, gs, and predawn Fy/Fp,.
The GAMs explained significant proportions of deviance in Amax (49.8%), gs (48.2%), and
Fy/Fm (48.9%).

4.3.3. Frond mortality

Species frond mortality differed significantly (¥* = 42.2, P <0.001), and frond mortality
increased over time (}*1 = 98.5, P <0.001). Tree fern specialists had significantly lower frond

mortality than generalist species (Supplementary Materials, Fig. S2). Lecanopteris pustulata
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had higher frond mortality than A. polyodon (estimate: 0.98, P < 0.01) and 4. flaccidum
(estimate: 1.4, P <0.001). Likewise, P. elaeagnifolia showed higher frond mortality than A.
polyodon (estimate: 0.86, P < 0.01) and 4. flaccidum (estimate: 1.28, P <0.001). Frond
mortality did not differ significantly between L. pustulata and P. elaeagnifolia (estimate:
0.12, P =0.90), or between A. flaccidum and A. polyodon (estimate: -0.42, P = 0.68).

4.3.4. Water potential

Estimated frond water potential () of plants in the drought experiment differed significantly
among treatment groups and over time (Fig. 4). Multiple linear regression showed that
predicted y differed significantly over time (F1,128 = 39.6, P <0.001), between water
treatments (F1,128 = 95.1, P <0.001), and light treatments (F1,128 = 6.0, P < 0.05). However,
did not differ significantly among the four species (F3,128 = 0.2, P = 0.9), suggesting similar
drying rates under drought conditions. Pairwise comparisons revealed significantly lower
in Week 12 than Week 2 (estimate: -0.5, P < 0.001). Frond water potential was also
significantly lower in drought treatments than watered treatments (estimate: 0.8, P <0.001),

and lower under high light than low light (estimate: -0.2, P < 0.05).

0.0+
-0.51
h Group
3 R Drought, high light
s -1.01 ; Drought, low light
= -~ Watered, high light
- Watered, low light
-1.51
-2.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Week
Fig. 4. Estimated frond water potential (y) of epiphytes in the four treatment groups during
the simulated drought (between Weeks 1 and 12) and recovery phase (between Weeks 12 and
14). Points represent the mean y per week and group, and error bars represent the standard
error. Colours denote treatment groups: pink (drought, high light), yellow (drought, low
light), green (watered, high light), and blue (watered, low light).
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4.3.5. Isotope analysis

Stable isotope analysis revealed differences among the four epiphytic ferns (Table 2). Foliar

o13C differed significantly among species (F327 = 12.8, P < 0.0001) and was higher

(indicating greater WUE) during the dry season (F127 = 6.4, P <0.05). Asplenium flaccidum

had significantly lower (more negative) 6'3C than P. elaeagnifolia (estimate: 4.4, P < 0.001),

L. pustulata (estimate: 3.2, P <0.001) and 4. polyodon (estimate: 1.9, P <0.05). Pyrrosia

elaeagnifolia was more water-use efficient with higher (less negative) 6'°C than 4. polyodon

(estimate: 2.5, P < 0.01). However, 6'°C did not differ significantly between L. pustulata and

P. elaeagnifolia (estimate: -1.2, P=0.11) or L. pustulata and A. polyodon (P = 0.76). See

Supplementary Materials, Table S5, for ANOVA results comparing isotopes among species

and seasons.

0'°N also varied significantly with species (F327 = 6.0, P < 0.01) and season (Fi27=14.2, P <

0.001). Asplenium flaccidum had significantly lower 6'°N than P. elaeagnifolia (estimate:
3.1, P<0.05) and L. pustulata (estimate: 2.8, P < 0.05). Likewise, 4. polyodon had

significantly lower 6'°N than P. elaeagnifolia (estimate: 2.6, P < 0.05) and L. pustulata

(estimate: 2.3, P < 0.05). There was no significant difference in 6'°N between P.

elaeagnifolia and L. pustulata (estimate: 0.3, P =0.75) or A. flaccidum and A. polyodon

(estimate: 0.5, P = 0.69).

Table 2. Mean + SE (n = 4) stable isotope values for the four epiphytic fern species and two

seasons.

Season Species 013C (%o) 0N (%o) Total N (%)

Dry ASPPOL -29.03+0.57  0.38+0.53 1.06+0.03

(February)  ASPFLA -30.86+0.42  -0.11£0.26 0.86+0.04
LECPUS -28.61+0.15  4.64+0.29 0.98+0.04
PYRELA -26.97+0.50  3.31+0.16 0.81+0.03

Wet ASPPOL -30.99+0.29  -0.92+0.71 1.994+0.05

(July) ASPFLA -32.92+0.24  -1.46%0.31 1.14+0.05
LECPUS -28.86+0.15  -0.54+0.51 1.18+0.05
PYRELA -28.02+0.45 1.39+0.37 1.554+0.05
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Differences in total nitrogen were detected among species (F327 = 7.1, P <0.01) and between
seasons (F127=49.2, P <0.001). Asplenium polyodon showed higher total nitrogen than A.
flaccidum (estimate: 0.4, P <0.01), L. pustulata (estimate: 0.3, P <0.01) and P. elaeagnifolia
(estimate: 0.3, P < 0.05). However, total nitrogen did not vary significantly between A.
flaccidum and L. pustulata (estimate: -0.1, P = 0.4), A. flaccidum and P. elaeagnifolia
(estimate: -0.1, P = 0.2), or L. pustulata and P. elaeagnifolia (estimate: -0.05, P = 0.6).

4.4. Discussion

During the 12-week simulated drought, epiphytic ferns in this ex-sifu experiment showed
declines in photosynthetic capacity, stomatal conductance, and photochemical efficiency.
Over time, drought conditions affected epiphyte physiological responses more strongly than
light availability. In support of H1, the generalist P. elaeagnifolia (perhaps the most widely
distributed vascular epiphyte in New Zealand) exhibited greater drought resistance under low
and high light conditions than the other species that exhibit preferences for more shaded,
damp microhabitats. H2 was supported by photoinhibition exhibited in 4. polyodon, the
species most closely associated with the tree fern microhabitat. However, the generalist
species L. pustulata was no more drought-resistant than the Asplenium species, and 4.

Sflaccidum did not exhibit photoinhibition under high light.

4.4.1. Factors shaping epiphyte communities

Previous research identified epiphyte host preferences in two cities on the North Island, New
Zealand (Rogers et al., 2026, under review). Network analysis showed non-random
interactions, suggesting that deterministic processes play a key role in the structure of urban
epiphyte communities. Host species that persist in modified urban environments and provide
a suitable establishment surface for epiphytes can augment epiphyte diversity (Rogers et al.,
2025). Constrained host assemblages and less stable microclimates in highly modified urban
plant communities may strengthen epiphyte-host interactions. Trait matching between
epiphyte root and rhizome traits and host substrate characteristics may contribute to

microhabitat preferences, although species ecophysiology also likely plays an important role.

4.4.2. Epiphyte drought responses and recovery

We hypothesised that epiphyte drought responses contribute to patterns of epiphyte-host

interactions in urban settings. Generalist epiphytes growing on a wider range of hosts and
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environments were therefore predicted to exhibit greater drought resistance than species
associated with the damp, cool tree fern microhabitat. We found evidence of higher drought
resistance in the generalist P. elaeagnifolia, which maintained Amax and Fy/Fr, under drought
stress. However, L. pustulata was more susceptible to drought stress, rapidly declining in
Amax after approximately three weeks without water. Upon rehydration, recovery of P.
elaeagnifolia was modest, reflecting minimal physiological decline during the drought,

whereas L. pustulata recovered significantly under both low and high light treatments.

The epiphyte most closely associated with tree ferns (4. polyodon) was least tolerant of water
scarcity and high light, rapidly closing its stomata and reducing photosynthetic capacity
under drought to minimise water loss. In contrast, 4. flaccidum was least responsive to
drought conditions or light treatments, maintaining consistently low Amax and gs and stable
Fy/Fm. The limited physiological response of 4. flaccidum to drought suggests that it is a
conservative species that limits water loss via low stomatal conductance, and its maintenance

of water content (i.e., lack of water stress) is expressed through minimal changes in Fy/Fu.

Contrary to H2, frond mortality was higher under drought conditions for generalist epiphytes
than for the species associated with the tree fern microhabitat. Generalist species (e.g., P.
elaeagnifolia and L. pustulata) may shed fronds after a certain period of water stress to
minimise lamina surface area and escape drought effects. Increased growth rates of generalist
species may also contribute to higher frond mortality (e.g., via higher frond turnover) than
those with preferences for cool, damp microhabitats. For example, 4. flaccidum has thick,
coriaceous fronds that exhibit low photosynthetic capacity, which may result in lower frond
mortality. Epiphytic orchids may be forced to shed leaves under drought stress or may exhibit
leaf shedding to avoid drought (Zhang et al., 2016), although we are unaware of any research
demonstrating that epiphytic ferns utilise this strategy. Other morphological traits not
assessed here that likely affect species drought responses include total frond area and lamina

succulence (Ferguson et al., 2022).

4.4.3. Light responses

On average, species maximum rates of CO; uptake (Amax) were 2.3 pumol m2s™! (Asplenium
flaccidum), 2.6 umol m?s! (4. polyodon), 2.9 umol m?s™! (Lecanopteris pustulata), and 3.5

umol m2s'! (Pyrrosia elaeagnifolia). These values are similar to the average Amax measured
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in >80 other epiphytic species (3 pmol m?s!; Zotz, 2016). While individual effects of light
treatments did not significantly influence Amax or gs during the experiment, species recovery
of Amax varied significantly between light treatments. Significant interactive effects between
light and water treatments support previous research that photoinhibition caused by high light
is especially severe when combined with drought conditions (Hietz and Briones, 2001).

Strong temporal trends illustrated increasingly negative effects of this interaction over time.

Photochemical efficiency in A. polyodon was most negatively affected by high light, which
did not fully recover during the recovery phase. The other species associated with tree ferns
(4splenium flaccidum) did not exhibit photoinhibition under either low or high light
treatments. Furthermore, P. elaeagnifolia and L. pustulata did not exhibit significant
photoinhibition under high light, suggesting greater light tolerance. Observed photoinhibition
in A. polyodon supports H2 that species closely associated with tree ferns are more
susceptible to photoinhibition under high light than generalists. However, the limited
response of A. flaccidum suggests that it is more tolerant of light environments and has a
weaker association with the tree fern microhabitat. Further research monitoring epiphyte
performance on their preferred hosts (and natural substrate) is needed to better understand

how species physiology influences epiphyte-host relationships.

4.4.4. Water-use efficiency and nutrient acquisition

Foliar 6'3C indicates a plant’s intrinsic water-use efficiency; higher (less negative) 6'°C
suggests greater water-use efficiency (Pate, 2001). In support of H1, 6'3C increased from tree
fern specialists to generalist epiphytes, suggesting tree fern specialists are less water-use
efficient. The four species also exhibited higher 6'3C in the dry season than in the wet season,
indicating higher WUE with reduced water availability. None of the species appear to use
crassulacean acid metabolism (6'*C higher than -20%o), but P. elaeagnifolia showed the
highest WUE. Mean 6'3C values of P. elaeagnifolia in the dry season (-27.0) were
comparable to the tropical epiphytes measured by Kluge et al. (1989), including Asplenium
nidus (-26.3), Pyrrosia adnascens (-25.7) and Nephrolepis acutifolia (-25.7).

The main nutrient sources of plants can be inferred from 6'°N analysis. In epiphytes, lower
foliar 15N values have been linked to a greater reliance on nitrogen from atmospheric

deposition, whereas higher §'°N values suggest nitrogen is mainly sourced from the host
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substrate or canopy soil (Hietz et al., 2002), although differences in isotopic fractionation
during nitrogen uptake can also contribute to these differences (Wania et al., 2002).
Significantly lower 6'°N values in 4. flaccidum and A. polyodon than in P. elaeagnifolia and
L. pustulata suggest that the former rely more on atmospheric nitrogen. However, drought
stress can significantly impact N isotope discrimination via photosynthesis (Wania et al.,
2002). Higher 6"°N of some species (e.g., L. pustulata) may therefore reflect greater
reductions in photosynthesis under drought conditions. Differences in host substrate nutrient
composition (tree ferns versus woody hosts) may also influence these results. Further

research measuring 6'°N of both epiphytes and host substrate is needed.

Low total nitrogen content in fronds may result from morphological variation among species
rather than poor nitrogen supply (Hietz et al., 1999). Although total nitrogen was significantly
higher in A. polyodon than in the other three epiphytic ferns, this result may reflect reduced
lamina succulence compared to 4. flaccidum, P. elaeagnifolia and L. pustulata, which have

water-storing tissue that can reduce protein concentrations.

4.5. Conclusions

We found significant differences in the drought responses of four epiphytic ferns, associated
with their microhabitat and host preferences. In urban environments, these relationships may
be strengthened by unstable microclimates and constrained host assemblages. Although ferns
are generally considered shade plants, some species occur in well-lit environments with
fluctuating humidity. This study highlights the variation in environmental tolerance and
ecophysiology of epiphytic ferns, which may influence the structure of epiphyte
communities. Research on other species and taxonomic groups, and in-situ measurements, are
required to fully elucidate how abiotic conditions shape epiphyte communities. Protecting
and restoring suitable microhabitats and hosts, such as tree ferns, is crucial for epiphyte

diversity as drought events increase.
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Chapter 5. Microclimate stability and tree ferns enhance obligate epiphyte richness

Abstract

Human impacts on the environment pose threats to indigenous biodiversity, particularly
vascular epiphytes — structurally dependent plants that are susceptible to environmental
change. How disturbance affects epiphyte diversity is unclear because direct environmental
effects are difficult to disentangle from indirect effects via host assemblages. We compared
key environmental predictors of obligate epiphyte richness in lowland urban and non-urban
forests. Species data and a year of microclimate data were collected for urban forest plots,
and plant and macroclimate non-urban data were from national repositories for vegetation
surveys and environmental geospatial layers. Urban epiphyte communities were less diverse
with fewer epiphytic shrubs, lycophytes, and orchids than higher elevation non-urban plots,
partly explained by elevation. Tree fern basal area positively influenced epiphyte richness in
urban and non-urban forests, whereas woody tree basal area positively influenced non-urban
richness but negatively influenced urban richness. Elevation, mean annual temperature,
precipitation and humidity did not significantly influence non-urban epiphyte richness.
Structural equation modelling showed that Dicksonia squarrosa basal area and relative
humidity stability had direct positive effects on obligate epiphyte richness in urban forests.
Our results underscore the role of tree ferns as hosts across the urban-rural gradient in our
North Island, New Zealand study areas. Epiphyte diversity increased with microclimate
stability and the availability of suitable host species, highlighting key ecological constraints

to be addressed by urban restoration projects.

5.1. Introduction

Vascular epiphytes are structurally dependent non-parasitic plants that contribute
disproportionately to plant diversity in tropical and temperate rainforests (Taylor et al. 2022).
Their strong reliance on atmospheric sources of water and nutrients makes them sensitive to
environmental change. Global patterns show epiphyte species richness declining with
increasing latitude, as tropical rainforests and precipitation decline (Taylor et al. 2022).
Epiphytes can make up approximately 50% of the vascular flora in tropical rainforests (Kelly
et al. 2004). Temperate regions support a less diverse epiphytic flora, although montane
forests in the Himalayas and rainforests of Chile and New Zealand are comparable to many

tropical rainforests (Zotz 2005). Given the sensitivity of epiphytes to environmental change,
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they can serve as useful indicators for conservation and restoration, particularly in modified

urban environments (Kromer et al. 2025).

Landscape processes hypothesised or shown to influence epiphyte richness include rainfall
(Cardelus et al. 2006), temperature (Taylor et al. 2021), elevation (Wolf and Flamenco-S
2003), and days of cloud cover (Taylor et al. 2022). Areas with high rainfall are usually more
conducive to epiphytes, although this relationship is not strictly linear (Wolf and Flamenco-S
2003). Precipitation generally increases with elevation, yet epiphyte richness often peaks at
mid-elevations in cloud forests (Cardelus et al. 2006). In addition, natural disturbance events
such as wildfire severely impact epiphyte communities by altering forest structure and host

composition at the landscape scale (Bartels and Chen 2012).

Forest structure and host composition determine epiphyte habitat availability and quality. Tall
forests with diverse host assemblages are expected to support higher epiphyte diversity, as
they provide a range of substrates for epiphyte colonisation (Burns 1995; Bartels and Chen
2012; Woods et al. 2019). Differences in host traits, architecture and life histories increase
habitat heterogeneity by creating gradients in light, humidity, and temperature (Sanger and
Kirkpatrick 2017). Nevertheless, some species are poor hosts, often with smooth or flaky
bark that can deter epiphyte establishment (Zotz 2016). Clumped epiphyte distributions may
result from the presence of suitable, large host species (Grubb et al. 1963; Nieder et al. 2000;
Zotz and Schultz 2008). Therefore, the increased prevalence of suitable host species may be

more important for epiphyte richness in vegetation plots than host species richness.

Tree basal area has been positively correlated with epiphyte species richness and abundance
(Ding et al. 2016). However, the effect of tree fern basal area on epiphyte richness has
received less attention. Tree ferns are ubiquitous and are often excellent hosts due to their
structurally complex root mantles with high moisture retention and megaphylls that provide a
sheltered microhabitat for epiphytes. In New Zealand urban forests, tree ferns were found to
host more diverse vascular epiphyte assemblages than woody angiosperm trees (Rogers et al.
2025) — a result also found in non-urban forests of Costa Rica (Moran et al. 2003).
Overlapping habitats of tree ferns and epiphytes may strengthen these relationships (Roberts
et al. 2005).
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Stands of trees that host epiphytes form an epiphyte metacommunity where local factors and
dispersal determine community composition (Rogers et al. 2026, under review). Abiotic
factors influencing epiphyte communities on individual trees include air temperature, vapour
pressure deficit (Cardelis and Chazdon 2005) and microhabitat characteristics (Sanger and
Kirkpatrick 2017). At the stand level, forest age positively influences epiphyte richness and
density, as microclimates tend to be more stable in late-successional communities (Oswaldo
et al. 2022). Water scarcity is possibly the most significant abiotic constraint of vascular
epiphytes (Zotz and Hietz 2001); consequently, relative humidity can considerably regulate
their occurrence (Ding et al. 2016). Elevated temperatures may exacerbate drought stress in
epiphytes (Toivonen et al. 2017; Williams et al. 2020), and the urban heat island effect
associated with densely populated human settlements may hinder the establishment of viable

epiphyte populations (Mondragén and Mora-Flores 2023).

Land-use practices impact epiphyte communities by altering abiotic and biotic conditions.
Urban forests subject to ongoing forest clearance due to land development tend to support
less diverse and more homogeneous epiphyte communities. This phenomenon is primarily
attributed to smaller, fragmented vegetation patches and less stable microclimates in urban
settings (Adhikari et al. 2015; Gallego et al. 2025). Drought-tolerant species have been shown
to dominate urban epiphyte communities compared with old-growth forests (Einzmann et al.
2016). A North Island New Zealand study found that urban forests supported only
approximately 55% of the regional epiphyte species pool, a pattern that correlated with
warmer, drier microclimates (Bryan 2011). However, research on key environmental
predictors of urban and non-urban epiphyte diversity is limited, particularly in temperate

regions (Kromer et al. 2025).

Previous research has described differences between epiphyte communities in non-urban and
urban environments (Bryan 2011) and demonstrated that humidity and tree basal area
positively influence urban epiphyte richness and density (Wallace et al. 2017). Here, we
investigated environmental factors structuring obligate epiphyte communities at local and
regional scales, focusing on the role of tree ferns. Three hypotheses were tested: (H1) urban
forests support less diverse and more homogeneous epiphyte communities compared to non-
urban forests; (H2) host species richness and composition (using basal areas) contribute to
differences between urban and non-urban epiphyte communities; and (H3) urban epiphyte

richness increases with habitat quality (i.e., forest age, the availability of preferred hosts such
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as tree ferns, and microclimate stability). To evaluate these non-exclusive and potentially
interacting drivers, we used a causal network approach (Fig. 1), guided by key references

documenting pathways that influence urban plant communities.

( Pathway Reference
Tree fern fii Relative humidity i Brock etal. (2017)
i basal area ’ range ii Rogers et al. (2025)

viii
. \ iii Brock et al. (2018)
vi A 4 .

iv Wallace et al. (2017)
Forest age ) Ebhg?t; v Brock et al. (2018)
DDy LERIChIEsS vi Toivonen et al. (2017)
&: v y 1 vii Toivonen et al. (2017)
X Ding et al. (2016)

vii Maximum Host species ix Krémer et al. (2005)
Canopy cover .
— temperature richness X Bartels and Chen (2012)

Fig. 1. 4 priori structural equation model (SEM) hypothesising environmental factors
underpinning obligate epiphyte richness in urban forests. Each pathway is supported by

references shown in the figure.

5.2. Materials and methods
5.2.1. Study areas

The central North Island of New Zealand has a warm temperate climate. New Plymouth is a
small coastal city with a mean annual temperature of 14 °C, an average annual rainfall of
1,400 mm and an annual average of 8 ground frost days (Taranaki Regional Council 2022;
NIWA 2020). Hamilton is in the central North Island, with a mean annual temperature of
13.7 °C, an annual rainfall of 1,190 mm and an annual average of 46 ground frost days
(NIWA 2020). New Zealand’s major urban centres have low indigenous vegetation cover,
ranging from less than 1% to 9% (Clarkson and Kirby 2016). Hamilton has less native-
dominated vegetation (~2.5%) than New Plymouth (~8.9%).

To compare urban and non-urban epiphyte communities dominated by trees and shrubs
(hereafter, forests for simplicity), we collected data from two North Island cities and from
National Vegetation Survey (NVS) plots in numerous forest parks. Urban forests are often
associated with younger, more fragmented, and less diverse plant communities than non-
urban forests (MacKay et al. 2011). However, urban forests can support assemblages

dominated by stress-tolerant species, and comparisons with contiguous non-urban forests are
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needed to identify distributional gaps in species and inform conservation strategies (Jarquin-

Pacheco et al. 2025; Gallego et al. 2025).

Hamilton

® Urban plots
[ City boundary
Satellite Maps

NVS nonurban plots

O Hamilton
@ New Plymouth

Satellite Maps

0 1 2km
-_—

New Plymouth

Fig. 2. Study sites of non-urban vegetation plots from the National Vegetation Survey (NVS)
(left; blue dots; n = 34), and urban plots are represented by green dots in Hamilton (top right;
n = 20) and New Plymouth (bottom right; n = 21).

The NVS plots used in this study ranged in latitude from -37.5 (Kaimai-Mamaku Forest Park)
to -40.2 (Ruahine Forest Park), within protected forest parks on the North Island (Fig. 2).
These NVS plots were designated as “non-urban” forest plots because they were situated in
contiguous forest with a minimum area of 350 ha. Conversely, the urban forest plots were in

forest patches ranging from 0.1 to 30 ha.

5.2.2. Data collection

Vegetation surveys were conducted in two cities on the North Island of New Zealand. A total
of 41 plots were measured in Hamilton and New Plymouth. We aggregated two datasets to
capture two distinct landforms in the cities and a wider range of site ages and microclimates

that likely influence epiphyte species richness (Table 1). Topographic depressions (e.g.,
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gullies) can provide microclimate buffering by reducing wind and solar radiation exposure
(McNichol et al. 2024; Jucker et al. 2018). Hence, plots for the two datasets were classified as
either measured in gullies (i.e., topographic depressions) or in smaller, flat reserves with less
stable microclimates. Eighteen 200 m? plots (20 x 10 m) were surveyed in reserves following
a method developed by the People, Cities and Nature research programme (PCaN 2024).

Another 23 plots were measured in gullies using a 3 m radius (28 m?).

For each vegetation plot survey, we identified and counted vascular epiphyte and host
species, and recorded host species DBH (diameter at breast height, 1.35 m). We focused on
native obligate and hemi-epiphytes in this study (hereafter, epiphytes); facultative and
accidental epiphytes were excluded from the analyses. Obligate or holo-epiphytes are species
that occur almost exclusively on other plants, while hemi-epiphytes usually germinate in the
canopy and send their roots to the forest floor (Burns 2010; Kirby 2016). Epiphytes used in
our analyses are listed in Supplementary Materials, Table S1. The species nomenclature

follows Breitwieser and Heenan (2023).

A temporal gap exists between the measurement periods of our datasets (2017 and 2024),
although similar annual temperatures and rainfall during these years suggest it had a
negligible effect on the microclimate data collected (NIWA 2017; NIWA 2024). The mean
annual temperature was comparable in New Plymouth in 2017 (14.2 °C) and 2024 (14.1 °C),
and in Hamilton in 2017 (14.5 °C) and 2024 (14.4 °C). Total annual rainfall was similar in
New Plymouth in 2017 (1,253 mm; 203 days of rainfall) and 2024 (1,086 mm; 203 days of
rainfall), although rainfall was considerably higher in Hamilton in 2017 (1,381 mm; 168 days
of rainfall) than in 2024 (842 mm; 150 days of rainfall). See the full comparisons for
temperature and rainfall in Supplementary Materials, Figs. S1-2; Tables S2—S3.

Table 1. Mean + SE obligate epiphyte richness, forest age, tree fern basal area and daily

range in relative humidity for the two datasets per city assessed in the SEM.

City Dataset Year n Obligate Forest Tree fern Relative
epiphyte age (yrs) basal area humidity
richness (m*ha™) range (%)

Hamilton Gullies 2024 11 56+1.0 31+11 41.6+6.9 31.3£14

Hamilton Reserves 2017 9 0.1+0.1 17+£10 54+54 59.3+1.1

New Plymouth Gullies 2024 12 3.8+0.8 90+ 10 22.8+8.1 295+12

New Plymouth Reserves 2017 9 0.6+0.4 19+11 14+1.0 498+1.5
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There is ongoing debate regarding the influence of plot shape on plant richness; however,
plot shape is considered to have a minimal effect on richness when sampled within a single
vegetation type, such as our forest plots (Keeley and Fotheringham 2005; Giiler et al. 2016).
Nevertheless, to standardise epiphyte and host species richness for differences in plot area,

we used the species-area relationship (SAR) power-law:
S=cA”

where S represents species richness, ¢ represents small-scale richness (e.g., per 1 m?), 4 is the
area, and z is the accumulation coefficient (i.e., the rate at which species richness increases
with sampled area). We determined z for the 200 m? plots using the linear form of the SAR
and applied the resulting multipliers to the smaller 28 m? plots (1.43) and the 400 m? plots
(0.89) to adjust species richness for comparison. The SAR is considered one of the oldest and
closest approximations to an ecological law (Arrhenius 1921; Lomolino 2000), offering a
simple yet effective approach for comparing vegetation surveys across different plot sizes
(Barandun et al. 2026). Epiphyte richness has been shown to scale with host size (Flores-
Palacios and Garcia-Franco 2006; Wang et al. 2017), so it is expected to follow a power law
function similar to the universal SAR. Using predicted species richness for the 200 m? plots,
we scaled the richness of the 23 smaller urban plots and the larger 400 m? non-urban plots to

enable comparison in our models.

We selected ecologically relevant variables hypothesised to explain variation in epiphyte
richness. Hourly measurements of relative humidity and temperature were systematically
recorded at the 41 plots for a year using HOBO (Honest Observer by Onset, Bourne,
Massachusetts, United States of America) data loggers, placed on a tree nearest to the plot
centre at DBH. Additional data collected at each plot included canopy cover (using the
%Cover CanopySurveying application) and vegetation age (i.e., years since active plantings
commenced) obtained from unpublished databases (MacKay 2006; Wallace 2017; HCC
2021).

National Vegetation Survey (NVS) data from non-urban forests enabled a comparison with
the urban epiphyte communities (Table 2). We selected NVS plots from the North Island that
measured vascular epiphytes and DBH of trees and tree ferns with DBH > 2.5 cm. As some

plots were spatially clustered, a random selection of one plot per unique geographic
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coordinate (n = 34) was made using the “delete duplicate geometries” tool in QGIS (a
geographic information system) to ensure spatial independence. We further refined the data
to include only plots below 600 m a.s.l., which approximates the altitudinal transition from
lowland to upland forest in the Waikato region (Clarkson 2002). The 20 x 20 m NVS plots
followed nationally developed methodology (Hurst and Allen 2007). Tree fern and woody
tree basal areas were calculated using DBH measurements. Environmental variables
hypothesised to influence epiphyte richness were extracted from NZEnvDS (McCarthy et al.
2021) for each plot using the “sample raster file” tool in QGIS. These variables were

elevation, mean annual temperature, mean annual humidity, and total annual precipitation.

Table 2. Mean + SD of epiphyte richness, mean relative humidity, elevation, host richness,
and tree fern and woody tree basal area in urban and non-urban forest plots. Climate data

were obtained from NZEnvDS.

Urban Non-urban

(n=41) n=34)
Obligate epiphyte richness 28+3.2 88=+59
Mean annual relative humidity (%) 80.2+1.2 813+1.3
Total annual precipitation (mm) 1,473 £193 2,038 £ 302
Mean annual temperature (°C) 13.7+0.1 11.9+0.7
Elevation (m) 42 +18 336 £137
Host species richness 1.7+1.8 9.0+4.7
Tree fern basal area (m* ha'!) 19.3+£25.6 83+11.7
Woody tree basal area (m? ha'!) 15.6+15.7 46.8 +23.3

5.2.3. Data analysis

Statistical analyses were completed in R version 4.4.2 (R Core Team 2024). A comparison of
epiphyte community composition between urban and non-urban plots was conducted with
PERMANOVA using the “adonis2” function in the “vegan” R package (Oksanen et al.
2013). Community dissimilarity was evaluated using the Jaccard index on a binary (presence-
absence) matrix to account for sparse data. The PERMANOV A model accounted for datasets
as a blocking factor and elevation as a covariate. To visualise the differences in epiphyte
community composition, we used nonmetric multidimensional scaling (NMDS). Indicator
species of urban and non-urban forests were identified using the “indicspecies” R package

and overlaid on the ordination. Furthermore, a rarefaction and extrapolation curve using the
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“INEXT” R package (Hsieh et al. 2016) helped confirm increased species richness in non-
urban plots after accounting for sampling effort (Supplementary Materials, Fig. S3).

To determine the range in relative humidity (i.e., humidity stability) from data collected at
each vegetation plot, which we expected to influence obligate epiphyte richness, we first
calculated daily mean values. For each plot, we then calculated the minimum and maximum
relative humidity (from the mean values) and determined the range by subtracting the former

from the latter (Supplementary Materials, Fig. S4).

Linear mixed-effects models (LMMs) were fit using the “lme4” R package (Bates et al. 2015)
to assess 12 bivariate relationships influencing urban epiphyte richness. Our models included
city as a fixed effect and site as a random effect to account for the nested study design. Fig. 4
presents urban bivariate relationships using generalised linear models (GLMs) and
generalised additive models (GAMs). In addition, we fitted six GLMs with Gamma
distributions to examine environmental drivers of epiphyte richness in non-urban forests.

Likelihood-ratio tests were used for the six non-urban GLMs.

Prior to structural equation modelling (SEM), the linearity of all relationships for the urban
data was examined using regression diagnostics. Two SEMs were then completed to explain
obligate epiphyte richness using the ‘piecewiseSEM’ R package (Lefcheck 2016). The first
SEM included total tree fern basal areas, and the second model focused on the effect of
Dicksonia squarrosa basal area on epiphyte richness. We completed the second model to test
the direct effects of D. squarrosa, the species most dominant in the gully systems, which may
provide a substrate more conducive to epiphytes. In contrast, species such as Cyathea
dealbata can occur in drier environments on vegetation patch edges in urban settings.
Constituent LMMs were used in the SEM with city as a fixed effect and site as a random
effect. Fisher’s C statistic determined model fit, with well-fit models yielding small C

statistics and P values > 0.05.

For the first SEM, the most parsimonious model of obligate epiphyte richness in urban forests
was obtained by removing nonsignificant pathways (a=0.05) from the a priori global model
that did not fit the data well and indicated missing paths (Fisher’s C=79.5, df =12, P <
0.0001; Fig. 1). To improve model fit, we excluded maximum daily temperature from the

model, as it was highly correlated with relative humidity. We then removed the
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nonsignificant pathway between tree fern basal area and epiphyte richness. Additionally,
forest age did not significantly affect tree fern basal area, but tree fern basal area significantly
influenced canopy cover, so we adjusted these pathways accordingly. As a final step, we
added a correlated error term between tree fern basal area and the range in relative humidity
to account for the bidirectional relationship. For the second SEM, we used the improved
model fit from the first SEM but replaced total tree fern basal areas with Dicksonia squarrosa

basal area (the most prominent tree fern species in the gullies).

5.3. Results

A total of 46 obligate epiphyte species were recorded across all plots. Non-urban plots (n =
34; 1.4 ha) had 45 species, and urban plots (n = 41; 0.43 ha) had 16 species. The 46 species
included ferns (32), lycophytes (1), nests (3), orchids (5), and shrubs (5). Epiphytic ferns
dominated both urban and non-urban plots, although no lycophytes and only one of the five
epiphytic shrubs (Griselinia lucida) were recorded in the urban plots. The only species
exclusively in urban plots was Arthropteris tenella. After accounting for differences in plot
area, non-urban plots had an average of 9 species, compared with 3 in urban plots. Likewise,

the average host species richness was higher in non-urban plots (9) than in urban plots (2).

5.3.1. Epiphyte communities of urban and non-urban forests

Epiphyte community composition differed significantly between the urban and non-urban
vegetation plots (F152 = 5.2, P <0.01) and with elevation (F1,52 = 2.0, P <0.01). Some
overlap existed in ordination space between urban and non-urban plots (Fig. 3), although
urban epiphyte communities were comparatively less diverse. Furthermore, urban reserves
supported lower diversity than urban gullies, with minimal variation in epiphyte composition
(Fig. 3). The only indicator species of urban forests was the epiphytic fern Tmesipteris
lanceolata. The 13 indicator species associated with non-urban forests were seven ferns:
Hymenophyllum dilatatum, H. nephrophyllum, H. rarum, H. sanguinolentum, Notogrammitis
billardierei, N. heterophylla, Tmesipteris tannensis; one nest Astelia solandri; three orchids
Dendrobium cunninghamii, Earina autumnalis and E. mucronata; one lycophyte

Phlegmariurus varius; and one tree Griselinia littoralis.
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Fig. 3. Epiphyte community composition of urban vegetation plots (blue symbols) and non-
urban (green symbols) using nonmetric multidimensional scaling (NMDS). Datasets are
represented by shapes: gullies (square), reserves (triangle), and NVS (circles). Convex hulls
are drawn around the two locations or forest types. The ordination achieved a “fair” stress
score of 0.15. Six-letter codes represent indicator species of urban (blue) and non-urban

(green) epiphyte communities.

5.3.2. Host species composition effect on epiphyte richness

Host species richness was positively associated with epiphyte richness in urban (F139 = 17.8,
P <0.001, D*> = 65.8%) and non-urban plots (/1,32 = 3.9, P < 0.05, D> = 8.9%). Tree fern
basal area also positively influenced epiphyte richness in urban (Fi39= 7.7, P <0.01, D> =
44.2%) and non-urban plots (F,32 = 6.1, P < 0.05, D*> = 13.7%). Woody tree basal area had
inconsistent effects on epiphyte richness — with a negative effect in urban plots (F139= 6.4, P
<0.05, R? = 14.5%) and a positive effect in non-urban plots (F1,32 = 5.9, P <0.05, D> =
13.2%).

Average plot basal areas (m? ha'!') highlighted the dominance of tree ferns in urban plots,
including Dicksonia squarrosa (13.3), Cyathea cunninghamii (2.2), and C. medullaris (2.2).
In comparison, the most prominent woody trees were Dacrycarpus dacrydioides (2.0),

Cordyline australis (1.9), Pittosporum eugenioides (1.7), and Melicytus ramiflorus (1.4).
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Non-urban plots were dominated by woody tree species, such as Pterophylla racemosa (9.3),

Beilschmiedia tawa (4.8), and M. ramiflorus (4.4); prominent tree fern species were Cyathea

smithii (3.9), C. dealbata (2.4), and D. squarrosa (1.1).

5.3.3. Environmental predictors of epiphyte richness

LMMs showed that urban epiphyte richness was negatively influenced by the mean daily
range in relative humidity (F130=50.3, P < 0.001, R? = 56.5%) and the mean daily
temperature (F139=38.5, P < 0.001, R?> = 49.1%). Epiphyte richness increased with D.
squarrosa (wheki) basal area (Fi131=27.1, P <0.001, R?> = 44.3%) and canopy cover (F139=
28.2, P <0.001, R? = 42.4%).

Indirect relationships influencing epiphyte richness included the positive effects of tree fern
basal area (F139=10.3, P <0.01, R? = 17.8%) and D. squarrosa (wheki) basal area on
canopy cover (Fi2s=12.1, P<0.01, R? = 23.2%). Likewise, forest age positively influenced
canopy cover (Fi30=48.9, P <0.001, R?> = 56.7%) and negatively influenced the range of
relative humidity (F139=17.6, P <0.001, R? = 51.3%).

107



Dataset ¢ Gullies ¢ Reserves

City » Hamilton » New Plymouth

1] 1] 172
(@g (b)g , (c)8
C C C 3
§ {:_J 3 E) 2] &4 .a L4 ° °
—_ — — [ ] -
e e? R RETE
> >1 >11a
< ey ey
= 290 201e e . . .
) 30 40 50 60 & 20 40 60 80 & o 20 40 60 80
RH range (%) Canopy cover (%) Wheki basal area (m? ha™)
[} (2] [2]
(d)g (e)g . g, A
c o a <5 R cY]s ,
£ N ° . . £ ° £20]ea A
o 2 aA ° L A A A Q 15 A
; 1 da e o A ; 1 A A ; 1‘0 S oy
_‘é\ . - 20 A ° A 205 4
S odle a - - i i i S00ipa ss o e —3
) 0 25 50 75 & o 2 4 6 i 0 20 40
Tree fern basal area (m*ha™") Host species richness Woody basal area (m? ha™")
(9 (h)=2 o0 ()=
x S
(2 60 ° 213 Ada L ° o A o~ 60
40 6014 A
§ 30 “‘A:“ o, .A e A % 40 ° § 30 ‘:“3‘ ® o, ~ %
z 2 - 2 ol - - i ;
0 25 50 75 8 0 25 50 75 20 40 60 80
Tree fern basal area (m2 ha‘1) Tree fern basal area (m2 ha‘1) Wheki basal area (m2 ha'1)
()= (k) S
=100 S .n]ese =
) 60 = s A
Q go| A%Aa o 2 o f’: % 0 80 °e
Q ° 0750 A A Q 60 ° A A
S 601, Ao . 2 40]4 3 $
6240'-‘ Ta] 8 .. 5401 e n *
S o8 -~ 0 7 2 A P TRL . ¥ S ——
O 0 20 40 60 80 25 50 75 100 O 25 50 75 100
WhekT basal area (m? ha™") Age (years) Age (years)

Fig. 4. Bivariate relationships influencing obligate epiphyte richness in urban environments.
Symbol shapes and colours represent the cities and datasets: green circles (Hamilton gullies),
green triangles (New Plymouth gullies), blue circles (Hamilton reserves), and blue triangles
(New Plymouth reserves). Generalised additive models (GAMs) were used to predict
epiphyte richness from tree fern basal area (d) and host species richness (e); the remaining
relationships were fitted using generalised linear models (GLMs). Grey ribbons represent the

95% confidence intervals.

Non-urban generalised linear models (GLMs) revealed that epiphyte richness was not
significantly influenced by mean annual temperature (132 = 0.6, P = 0.5, D> = 1.4%) or
elevation (Fi 32 = 1.8, P = 0.2, D?> = 4.6%). Furthermore, neither mean annual humidity (¥ 3>
=2.5,P=0.1, D*> = 5.4%) nor total annual precipitation (Fi 3 = 1.7, P= 0.2, D* = 3.5%)
significantly influenced epiphyte richness. Limited variation in humidity (80-84%) and
precipitation (1,350-2,400 mm) at the non-urban plots may have led to nonsignificant

relationships with epiphyte richness.

5.3.4. Causal pathway analysis of urban epiphyte richness
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The final SEM, including total tree fern basal area, fit the data well (Fisher’s C = 8.5, df =8,
P =0.4; Fig. 5) and explained 61% of the variation in epiphyte species richness. The SEM
indicates that epiphyte richness increases with relative humidity stability (i.e., a smaller
range) and with greater canopy cover. Forest age had an indirect positive effect on epiphyte
richness by enhancing relative humidity stability and increasing canopy cover. While tree
fern basal area positively influenced canopy cover, a bidirectional relationship with relative
humidity was apparent in the data, though not statistically significant (Table 3). There were
no correlated paths between forest age and tree fern basal areas, or humidity stability and
canopy cover. Differences between the two cities were negligible, with no statistically

significant effects on the SEM variables (Fig. 5).

109



(a) City
[
; -0.035
e N
Relative humidity
range
City 0767 L 8 J 0570 City
1 0.592 | -0.193 \ 10.556
e I
Forest age Tree fern basal Obligate
g L area ) epiphyte richness
*
0.768 | '0-412
0.269 City 0.317
Canopy cover
'.0.297
City
(b) City
[
, -0.035
[Re]ative humidity]
range
City -0.767 & 0435 City
[ . -
10592 | -0.136 \ 1-0.097
0.355 i
Forest age Wheki basal area | ——— . Obhg?te
epiphyte richness

0.714
0.378 l Ci

* v
Y0580 -
_-70213

ty .

'
d

[ Canopy cover ]

f_0.167

City

Fig. 5. Final SEMs illustrating drivers of obligate epiphyte species richness using data from

Hamilton and New Plymouth, two cities on the North Island, New Zealand. The first model

tested the effects of tree fern basal area (a), and the second tested the effects of wheki

(Dicksonia squarrosa) basal area (b) on epiphyte richness. Linear mixed-effects models with

site as a random effect were fit for each relationship. Arrow width is proportional to the

standardised path coefficients. Dashed arrows represent nonsignificant relationships, and blue

boxes represent city effects on each variable.
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Table 3. Final results for the first SEM testing causal pathways of obligate epiphyte richness.

Statistically significant P-values at the 0=0.05 level are in bold. Caution should be taken

when interpreting estimates of categorical predictors (i.e., city) that represent multiple

contrasts.
Response Predictor Estimate Standard SE df P-value R?
estimate
Epiphyte Relative -0.04 -0.57 0.009 31 <0.001 0.61
richness humidity range
Canopy cover 0.01 0.32 0.005 36 <0.05
City -0.39 -0.56 1 0.054
Relative Forest age -0.30 -0.77 0.070 23 <0.001 0.1
humidity range
City -0.45 -0.04 1 0.787
Canopy cover  Forest age 0.53 0.71 0.086 18 <0.0001 0.62
Tree fern BA 0.24 0.27 0.095 33 <0.05
City -6.75 -0.30 1 0.256
Forest age City 19.46 0.59 1 0.075 0.12
Tree fern BA City -10.54 -0.41 1 0.245 0.04
~Tree fern BA  ~ Relative -0.19 -0.19 41 0.117

humidity range

Table 4. Final results for the second SEM testing causal pathways focused on the effect of

wheki (Dicksonia squarrosa) basal areas on obligate epiphyte richness. Statistically

significant P-values at the 0=0.05 level are in bold. Caution should be taken when

interpreting estimates of categorical predictors (i.e., city) that represent multiple contrasts.

Response Predictor Estimate Standard SE df P-value R?
estimate

Epiphyte Relative -0.030 -0.435 0.010 31 <0.01 0.66
richness humidity range

Canopy cover 0.008 0.213 0.005 26 0.157

Wheki BA 0.014 0.355 0.006 29 <0.05

City -6.13 -0.097 1 0.664
Relative Forest age -0.303 -0.767 0.072 23 <0.001 0.51
humidity
range

City -0.451 -0.035 1 0.913
Canopy Forest age 0.494 0.714 0.087 12.513 <0.001 0.65
cover

Wheki BA 0.387 0.378 0.121 30.392 <0.01

City -3.14 -0.167 1 0.528
Forest age City 19.5 0.592 1 0.075 0.12
Wheki BA City -15.7 -0.589 1 <0.05 0.14
~Tree fern ~ Relative -0.136 -0.136 41 0.202
BA humidity range
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The second SEM, testing the effect of D. squarrosa basal area on epiphyte richness, also fit
the model well (Fisher’s C = 3.6, df = 6, P = 0.7; Fig. 5), explaining slightly more variation in
epiphyte richness than the first SEM (66%). Replacing tree fern basal area with D. squarrosa
basal area made the effect of canopy cover on epiphyte richness nonsignificant (Table 4).
Compared to the first SEM, this model showed both a significant direct effect of D.
squarrosa on obligate epiphyte richness and indirect (although not significant) effects via its

influence on canopy cover.

5.4. Discussion

Abiotic and biotic factors play important roles in structuring plant communities
(Gotzenberger et al. 2012). The structural dependence of vascular epiphytes makes them
vulnerable to changes in microclimate and host assemblages (Hietz 1999). Our results
supported H1: urban epiphyte communities were less diverse and compositionally distinct
from non-urban communities, with only approximately one-third of the richness recorded in
the non-urban plots. In support of H2, we found that differences in host species richness and
composition (using basal areas) between urban and non-urban forests influenced the epiphyte
communities. Host species richness and tree fern basal area were positively correlated with
obligate epiphyte species richness in both urban and non-urban forest stands. The influence of
woody tree basal area was inconsistent: it negatively influenced urban epiphyte richness but
positively influenced non-urban epiphyte richness. Support for H3 (that habitat quality drives
urban epiphyte richness) was found from the causal pathway analysis where stable humidity
and Dicksonia squarrosa basal area increased epiphyte richness. These results highlight both
the indirect effects of vegetation age and the direct role of microclimate conditions and host

assemblages for providing suitable epiphyte habitat.

5.4.1. Epiphyte communities of urban and non-urban forests

Urban forests generally support limited reservoirs of epiphyte diversity attributed to their
altered biophysical conditions (Jarquin-Pacheco et al. 2025). The average and total obligate
epiphyte richness of our urban plots was approximately one-third of the richness of non-
urban plots. Whilst the epiphyte communities in the larger non-urban forest patches were
more diverse, the difference in the average elevation (approximately 300 m) should be
considered when interpreting these results. Non-urban plots at higher elevations likely

experience increased rainfall and cooler temperatures. A series of hierarchical environmental
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filters, from regional to local urban species pools, likely determines community assembly
(Keddy 1992). Climate and biogeography are important at regional scales, while species traits
(e.g., dispersal mechanisms and physiological constraints) are pertinent at local scales
(Aronson et al. 2016). These processes acting at different spatial scales likely shape epiphyte

community composition and help determine the realised diversity observed within plots.

Compositional analyses showed that ferns dominated epiphyte assemblages at both urban and
non-urban plots. Unlike tropical regions, the taxonomic spectrum of temperate epiphyte
communities is dominated by ferns and fern allies (Zotz 2005). Nonetheless, life forms such
as shrubs, lycophytes and orchids form a significant component of New Zealand’s epiphytic
flora but were largely absent from the urban plots. Species not recorded in the urban plots
that are naturally absent from Hamilton (but only uncommon in New Plymouth) were the
shrubs Brachyglottis kirkii and Pittosporum cornifolium, the tree Metrosideros robusta, and
the orchids Dendrobium cunninghamii and Bulbophyllum pygmaeum. Fragmentation and
possum browsing may be implicated for the shrubs (Cowan et al. 1997), whilst wind-
dispersed lycophytes and orchids may be limited by unsuitable habitat in younger urban

forests (Adhikari et al. 2015; Rogers and Clarkson 2025).

5.4.2. Host species composition effect on epiphyte richness

Host species richness had a significant positive effect on epiphyte richness in urban and non-
urban forests. However, the urban data demonstrated a hump-shaped relationship; epiphyte
richness declined when plots included more than four host species. One possible explanation
for this result is the dominance of the high-quality host Dicksonia squarrosa in some plots,
which, when forming a dense monospecific stand, may inhibit the colonisation of other host
species. Other measured plots with increased host richness but lacking high-quality species

such as D. squarrosa may have contributed to lower epiphyte richness.

Host compositional analysis using basal areas accentuates the role of tree ferns in enhancing
epiphyte richness across both forest types. Woody tree basal area had an inconsistent
relationship with epiphyte richness: it negatively influenced urban epiphyte richness but
positively affected non-urban epiphyte richness. The negative effect of woody tree basal
areas in urban sites may result from unfavourable environmental conditions (e.g., drier, less

stable microclimates), and a lack of high-quality hosts. An urban study in Mexico found that
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woody cover positively influenced bromeliad richness but not overall epiphyte communities
(Aoki-Gongalves et al. 2023). Hence, woody hosts may only enhance the diversity of a
certain group of epiphytes.

Host quality, here defined as the mean epiphyte richness recorded on a host species, was
highest in the urban plots for the tree ferns C. medullaris (4 species) and D. squarrosa (3),
and the angiosperm trees Beilschmiedia tawa (4 species), Laurelia novae-zelandiae (4) and
Alectryon excelsus (4). Higher densities of high-quality tree fern host species may account for
the positive effect of tree fern basal areas on epiphyte richness. Meanwhile, the high basal
areas of poor woody host species such as D. dacrydioides and P. eugenioides likely underpin
the negative relationship between woody tree basal area and epiphyte richness in urban

forests.

In undisturbed forests, epiphyte diversity generally increases with the size of individual hosts
(Flores-Palacios and Garcia-Franco 2006; Shen et al. 2022). At a larger scale, but in support
of increased habitat availability leading to richer epiphyte communities, we found a positive
relationship between plot woody tree basal area and epiphyte species richness in the non-

urban plots.

5.4.3. Environmental predictors of epiphyte richness

We attempted to minimise the effects of elevation in our comparison between urban and non-
urban epiphyte communities by limiting the non-urban plots to < 600 m a.s.l. (Table 2),
which had a 60 m elevational overlap. However, richer epiphyte communities at higher
elevation non-urban plots may be partially driven by environmental factors. For example,
sites at higher elevations generally experience higher precipitation and cooler temperatures,
which can impact epiphyte communities. Additional comparisons of urban and non-urban
epiphyte communities at similar elevations are therefore necessary to disentangle the role of

biotic and abiotic factors on epiphyte richness.

Relative humidity range had a strong negative effect on urban epiphyte richness, highlighting
the importance of stable microclimates for epiphyte communities. Temperature negatively
influenced urban epiphyte richness but had no significant effect on non-urban epiphyte

richness. While the impact of temperature on epiphytes in temperate regions remains poorly
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understood (Zotz 2005), these relationships may reflect the negative effect of warmer
temperatures in urban forests that intensify epiphyte drought stress. Still, a higher-resolution

climate dataset for non-urban plots may further reveal the effect of temperature.

5.4.4. Causal pathway analysis of urban epiphyte richness

The SEMs showed that forest age and tree fern basal area were significant indirect predictors
of obligate epiphyte richness in the urban forest plots. Contrary to a priori expectations,
forest age did not significantly affect tree fern basal area, possibly because tree ferns occur
across successional stages and can persist for more than 250 years (Brock et al. 2016).
However, increasing forest age positively influenced relative humidity stability and higher
tree fern basal areas led to increased canopy cover, thereby enhancing obligate epiphyte
richness. The importance of stable humidity and forest age aligns with previous research

(Wallace et al. 2017).

The first SEM showed no direct effects of total tree fern basal area on epiphyte richness,
which we hypothesised was the result of plots dominated by species such as Cyathea
dealbata, which can occur in drier habitats on vegetation patch edges. Hence, the second
SEM focused on D. squarrosa basal area to test the effects of this tree fern host that can
dominate gully floors. The second SEM found a direct positive effect of D. squarrosa basal
area on epiphyte richness. This result likely reflects greater habitat overlap between epiphytes
and D. squarrosa than other tree fern species measured in this study. However, it may also
reflect other characteristics of D. squarrosa that are more conducive to epiphytes than

Cyathea species.

A bidirectional relationship between tree fern basal area and humidity stability in our study
suggests that while sites with stable humidity likely aid tree fern establishment, tree ferns
may likewise contribute to microclimate stability via shading effects. Disentangling the
directionality of this relationship requires additional measurements in a range of ecological
contexts. Humid habitats are often necessary for tree fern establishment, regeneration and
physiological performance (Hunt et al. 2002; Riafio and Briones 2015). Topographic
depressions (e.g., gullies) in urban settings that retain high humidity should, therefore, be

more conducive to tree ferns than topographically uniform vegetation patches. Nonetheless,
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tree ferns cast deep shade (Coomes et al. 2005), which may contribute to stable microclimate

conditions.

While the SEM identified some key environmental predictors of urban epiphyte richness, the
effects of forest patch size, shape, connectivity, and plant dispersal limitations require further
attention. In addition, although climate station data show minimal differences in rainfall and
temperature between the two measurement years (2017 and 2024), our results may be
confounded by temporal effects. Future studies that employ uniform plot methodologies
across urban-rural gradients in a shorter time span are necessary to confirm the primary

factors influencing epiphyte diversity in temperate regions.

5.5. Conclusions

We identified compositional differences between urban and non-urban obligate epiphyte
communities, as well as key environmental predictors of epiphyte richness. Poorly
represented life forms and lower epiphyte diversity in urban forests are likely attributable to
younger, fragmented plant communities with unstable microclimates. This study emphasises
the importance of mature forests, stable microclimates, and the availability of high-quality
hosts (e.g., Dicksonia squarrosa) for epiphyte richness. Long-term protection of forest
remnants in cities is therefore critical for the protection and enhancement of indigenous
epiphyte diversity as well as efforts to expand, buffer and reconnect them by restoration
planting. To aid macroecological investigations of epiphytic plant communities, high-
resolution regional climate data are necessary to further disentangle environmental predictors
of epiphyte richness across natural and anthropogenic gradients, such as urban-rural

transitions.
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Chapter 6. Synthesis

6.1. Discussion

This thesis helps fill knowledge gaps on the ecology of vascular epiphytes and host
assemblages in New Zealand urban forests through four interconnected research strands. The
analyses range in scale from individual epiphyte biology to community assemblage and
regional comparisons of epiphyte diversity. This breadth of approach has significantly
advanced understanding of the ecology of indigenous vascular epiphytes in New Zealand

urban forest communities.

In Chapter 2, tree ferns were shown to augment native plant species richness by enhancing
ground fern and epiphyte richness in urban plant communities. The high proportion of
vascular epiphytes hosted by tree ferns underscores the importance of these hosts, which
often occur in cool, sheltered microhabitats within predominantly warm, dry urban
environments. Factors contributing to epiphyte-host interactions and host preferences were
then revealed, including epiphyte root and rhizome traits (Chapter 3) and epiphyte
physiological responses to water and light availability (Chapter 4). Finally, environmental
predictors of obligate epiphyte richness were identified in urban and non-urban forests

(Chapter 5).

6.1.1. Tree ferns in urban plant communities

The role of tree ferns in urban plant communities in New Zealand was quantified for the first
time (Chapter 2). As observed in non-urban forest studies, tree ferns acted as ecological
filters in Hamilton, exerting a significant influence on community assembly (Turner et al.,
2012; Brock et al., 2018). Tree ferns augmented native plant diversity, primarily by
increasing ground fern species richness (65% of species were exclusively in plots with tree
ferns) and vascular epiphyte richness (90% of species were recorded on tree ferns). Tree ferns
facilitate epiphyte richness by providing a suitable establishment surface. Overlapping
habitats may also contribute to their positive association with ground ferns in our study.
Additionally, tree ferns may reduce competition and modify the local environment through

shading effects.
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Plant community structure and composition also differed with the presence of tree ferns —
plots with tree ferns had higher total basal areas, dominated by tree ferns with occasional
shade-tolerant angiosperm trees. Plots with tree ferns also had fewer light-demanding
angiosperm and conifer tree species, consistent with other research showing competitive
relationships among these groups (Coomes et al., 2005; Forbes et al., 2016). However, tree
fern basal area was positively (though not significantly) associated with native sapling
richness, which may be partly explained by the presence of shade-tolerant species absent in
plots without tree ferns, such as Schefflera digitata, Fuchsia excorticata and Laurelia novae-

zelandiae.

Restoration age (i.e., time since active plantings at a site) positively influenced the richness of
native seedling, sapling, and tree species (Wallace et al., 2017). However, restoration age
independently explained slightly less variation in plant community composition than tree fern
basal area. This result confirms the strong influence of tree ferns on Hamilton plant
communities, thereby warranting further research in other cities in New Zealand and

internationally.

6.1.2. Epiphyte traits and community structure

A novel approach to examining the mechanisms underlying epiphyte-host interactions—
specifically through the measurement of epiphyte root and rhizome traits—provided evidence
of deterministic structuring for the first time in New Zealand cities (Chapter 3). A central
goal of ecology is to understand the influence of stochastic and deterministic processes on
community structure (Connor and Simberloff, 1979; Hubbell, 2011). Inconsistent trends
show that stochastic processes (e.g., dispersal constraints) influence community structure at a
biogeographic level (Taylor and Burns, 2015; Janzen et al., 2020) or suggest that both
processes simultaneously influence epiphyte community structure (Francisco et al., 2021).
However, deterministic processes may exert stronger effects than stochastic processes at a
local scale in tree crowns (Wagner et al., 2021) and in disturbed forests (Koster et al., 2009;

Werner and Gradstein, 2009; Dislich and Mantovani, 2016).

In support of niche theory, this study identified different epiphyte metacommunities on tree
ferns than on woody hosts, with no evidence of spatial structuring. These relationships were

partially explained by trait matching between epiphyte root and rhizome traits and broad host
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types (based on bark or substrate type. Specifically, epiphytes exhibiting a preference for tree
ferns had more abundant and longer rhizome hairs; species predominantly associated with
woody hosts had shorter rhizome scales; and generalist epiphytes had wider rhizomes, longer
roots, and longer and more abundant scales. Furthermore, the stronger host preferences
observed in Hamilton, which has less diverse host assemblages than New Plymouth, suggest
that deterministic processes have a greater influence on epiphyte community structure in

cities with younger, more fragmented vegetation.

6.1.3. Physiological responses of epiphytes in relation to microhabitat preferences

In Chapter 4, links were identified between epiphyte physiological responses to water and
light availability and their microhabitat preferences. These results support those of Chapter 3,
suggesting that deterministic processes (e.g., environmental filters) can significantly
influence the structure of urban epiphyte communities. This study provides new insights into
the ecophysiology of four New Zealand epiphytic ferns; the only previous research on the
water relations of any of these species was conducted in 1986 (Bannister, 1986). Drought
conditions severely affected Asplenium polyodon, the species most closely associated with
the tree fern microhabitat, resulting in rapid declines in photosynthetic capacity (4max) and
stomatal conductance (gs). In contrast, the generalist species Pyrrosia elaeagnifolia, which
often grows on woody trees, demonstrated drought resistance. The other generalist,
Lecanopteris pustulata, unexpectedly did not exhibit drought resistance, demonstrating
steeper declines in gas exchange than P. elaeagnifolia. Finally, A. flaccidum, which is
associated with tree ferns in urban settings, employed drought avoidance, maintaining low yet

consistent Amax and gs.

In water-scarce environments, drought resistance or avoidance likely contributes to the
success of species such as P. elaeagnifolia and A. flaccidum (Campany et al., 2021). In
contrast, drought-sensitive species like A. polyodon may be restricted to cool, damp habitats.
While P. elaeagnifolia showed higher water-use efficiency based on ¢'3C, it did not exhibit
Crassulacean acid metabolism (CAM), as found in other Pyrrosia species internationally

(Winter et al., 1986; Chiang et al., 2013).

Light treatments mimicking two distinct epiphyte microhabitats—tree ferns, characterised by

low-light conditions, and woody trees, characterised by high-light conditions—revealed
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interspecific variation in light tolerance. For example, 4. polyodon exhibited photoinhibition
under high light, as indicated by a decline in predawn F./Fr, (the maximum potential quantum
efficiency of Photosystem II), whereas P. elaeagnifolia tolerated elevated light levels. These
results are consistent with previous research suggesting that generalist epiphytes dominate
disturbed habitats because they tolerate more exposed and drier microclimates than specialist

epiphytes (Elias et al., 2021).

6.1.4. Environmental determinants of epiphyte diversity

Finally, environmental predictors of obligate epiphyte diversity were determined for urban
and non-urban forests at a regional scale (Chapter 5). Significant differences in the epiphyte
community composition were found between urban and non-urban forests. Urban epiphyte
communities were less diverse, supporting a limited pool of species found across the central
North Island of New Zealand. The scarcity of specialist shrub and nest epiphytes in the
measured urban plots aligns with other research that suggests that epiphyte communities are
generally homogeneous in human-modified systems (Alvim et al., 2021; Jarquin-Pacheco et
al., 2025; Menini Neto et al., 2025). However, because the non-urban plots were, on average,
300 m higher in elevation than the urban forest, this study cannot disentangle the relative
contributions of abiotic and biotic differences, and comparisons with contiguous lowland

forest are necessary.

Consistent with the view that epiphytes are primarily constrained by water availability (Zotz
and Hietz, 2001), humidity stability was a significant predictor of obligate epiphyte richness
in cities. In non-urban forests, elevation, precipitation, temperature, and humidity did not
significantly influence epiphyte richness; however, these results may reflect the lower-
resolution data available at this scale. At the individual-host level, size and age have
consistently been shown to positively influence epiphyte diversity (Flores-Palacios and
Garcia-Franco, 2006; Wagner and Zotz, 2020; Donoghue and Turner, 2022). The present
study identified a significant effect of host composition, measured using basal area, on
epiphyte diversity, consistent with previous research (Oishi and Doei, 2015). This study
quantified, for the first time at the plot level, the effect of host basal area using two host
types, tree ferns and woody hosts—on epiphyte richness. Tree fern basal area positively
influenced obligate epiphyte richness in both urban and non-urban plots, consistent with

international and national research highlighting the importance of tree ferns as hosts
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(Mehltreter et al., 2005; Gaxiola et al., 2008; Brock and Burns, 2021). In contrast, woody tree

basal area positively affected epiphyte richness in non-urban plots but negatively affected it

in urban plots. This latter finding may indicate either a lack of mature, high-quality host

species in urban forests or a reduced role of woody trees relative to tree ferns in these

communities.

6.2. Research applications

This research has identified the following recommendations for the management of tree ferns

and vascular epiphytes in urban ecological restoration projects:

Extant tree fern stands should be protected and enhanced to diversify pioneer
communities and augment native species richness. Planting shade-tolerant trees that
naturally occur with tree ferns, such as Schefflera digitata in this research and
Laurelia novae-zelandiae, as documented by Bystriakova et al. (2011), will encourage
sites to follow the natural successional trajectory. However, manipulating tree fern
stands (i.e., reducing the density of dominant canopy species to increase diversity) or,
less severely, removing megaphyll leaf litter may help establish light-demanding
angiosperms and conifers.

Vegetated sites near water bodies (e.g., lakes or streams) or within landform
depressions (e.g., gullies) offer opportunities to maintain and enhance tree fern and
epiphyte diversity, as they retain moisture and provide cool, sheltered habitat.

The colonisation and survival of epiphyte species sensitive to environmental change
require sufficiently large, mature host species and host assemblages that provide
stable microclimates. While urban environments generally contain few old-growth
forest remnants or mature trees, protecting these habitats is critical for epiphyte
diversity. Restoration projects should ensure the long-term protection and planting (to
assist regeneration) of suitable host species to ensure the persistence of viable
epiphyte populations in urban forests.

Indicator species can guide the prioritisation of urban forest patches for conservation
and restoration. These species can indicate progress towards established restoration
goals. For instance, the presence of locally uncommon, hygrophilous epiphyte species
that are largely found growing on tree ferns in urban forests signals biodiversity
opportunities. Changes in the frequency and distributions of indicator species also

indicate changes in the trend and condition of urban forests.
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6.3. Recommendations for further research

e Long-term experiments assessing community composition across a gradient of tree
fern densities (e.g., basal areas) are needed. These data are necessary to confirm the
facilitative effects of tree ferns on ground ferns and epiphytes reported in Chapter 2,
and to determine the density threshold at which tree ferns hinder tree regeneration and
potentially arrest successional processes.

e Traits of additional epiphyte species, other than the 10 measured in Chapter 3, should
be assessed to determine the entire range of variation in New Zealand’s epiphytic
flora contributing to epiphyte-host relationships. Simultaneous measurement of
epiphyte root and leaf traits, along with host substrate traits, would better determine
the degree of trait matching between epiphytes and host species.

e Physiological measurements of a wider range of epiphyte species growing on their
natural host substrates (i.e., in-situ measurements) are essential to confirm the
relationships identified in Chapter 4 and to further elucidate the relationships between
epiphyte performance and microhabitat preferences. Further research is also required
to compare the physical and chemical properties of tree ferns and woody trees that
influence epiphyte establishment, including water retention. Understanding epiphyte
species tolerance to environmental conditions will help disentangle factors structuring
epiphyte communities in disturbed and undisturbed forests.

e QGreater plot replication, using standardised methodology along an urban—non-urban
gradient, is needed to further establish key environmental predictors of obligate
epiphyte richness at the regional level. Microclimate data from existing permanent
vegetation plots (e.g., NVS plots) would complement species occurrence data and
enable further investigation of the factors shaping epiphyte communities.

e Trials monitoring the success rates of transplanting tree ferns and epiphytes will help
identify opportunities for restoration projects to accelerate the establishment of these

focal plant groups.

6.4. Conclusions

In conclusion, this thesis advances our understanding of epiphyte-host interactions in
temperate cities in New Zealand. Epiphytes can serve as useful bioindicators of forest

structural complexity and integrity in human-disturbed environments, given their dependence
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on suitable host species and their association with stable microclimates. Knowledge of
epiphyte ecology can therefore inform the management of plant communities, helping to
minimise further losses in epiphyte diversity in urban settings. This research has provided
early insights into the factors contributing to epiphyte-host interactions in urban temperate
environments. Trait complementarity and niche overlap between epiphytes and broad host
types supported non-random interactions, which were likely strengthened by constrained host
assemblages and less stable microclimates in urban forests. For example, the root and
rhizome traits of more specialised epiphytes, including fine rhizomes with fewer scales,
appear to restrict certain drought-sensitive species to tree ferns in urban environments. Tree
ferns can support diverse epiphyte assemblages because they provide a structurally complex
substrate conducive to epiphyte establishment. Nevertheless, the niche overlap between tree
ferns and shade-tolerant, drought-sensitive epiphytes suggests that abiotic and biotic factors
jointly influence epiphyte community structure. As cities warm and drought events become
more frequent, protecting habitats suitable for epiphytes vulnerable to microclimatic change

will be essential to maintaining and enhancing indigenous plant diversity in urban forests.
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Figure Al. Rarefaction and extrapolation curves for each plot. Data were extrapolated to 200

individuals to investigate whether sampling intensity satisfied the expected native species

richness. Colours represent the four study groups: unrestored with tree ferns (dark blue),

unrestored without (light blue), restored with (dark green) and restored without (light green).
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BLEMIN: Blechnum minus

BLEPAR: Blechnum parrisiae
COPROB: Coprosma robusta
CYAMED: Cyathea medullaris
DACDAC: Dacrycarpus dacrydioides
DEPPET: Deparia petersenii
DICSQU: Dicksonia squarrosa
*HEDHEL: Hedera helix

HOHPOP: Hoheria populnea
HYMFLA: Hymenophyllum flabellatum
*LIGSIN: Ligustrum sinense
MELRAM: Melicytus ramiflorus
*MYOSYL: Myosotis sylvatica
PITEUG: Pittosporum eugenioides
PITTEN: Pittosporum tenuifolium
PYRELA: Pyrrosia elaeagnifolia
RUMADI: Rumohra adiantiformis
TMEELO: Tmesipteris elongata
TMELAN: Tmesipteris lanceolata

TRIVEN: Trichomanes venosum

Figure A2. Redundancy analysis (RDA) of the effect of restoration age and tree fern basal

area (BA) on influential species (six-letter codes). Our study groups were based on

restoration status (restored, unrestored) and the presence of tree ferns (with, without). Species

colours represent indicator species of the study groups: restored sites with tree ferns (dark

green), restored sites without tree ferns (light green) and unrestored sites with tree ferns (dark

blue). Species in grey are eight of the most abundant species, and red species (2) represent

indicator species of unrestored sites with tree ferns that are also abundant species. These 10

most abundant species accounted for 62% of the mean relative abundance. An asterisk

denotes exotic species.
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Figure S1. Vegetation plot design (200 m?). Seedlings were measured in 10 circular seedling
subplots (represented by numbers; 1.5 m radius), and ground ferns, groundcover, saplings,

trees and epiphytes were measured per square subplot (represented by letters; 25 m?).
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Figure S2. Variation partitioning of the effects of tree fern basal area and restoration age on
community composition. Spatial predictors were removed as they did not have a significant

influence on community structure.

134



Table B1. Pairwise comparisons of vascular plant communities (native and exotic

abundances) among the four site types using permutational multivariate analysis of variance

(PERMANOVA) and accounting for restoration age (i.e., years since native plantings started)

as a covariate.

Group 1 Group 2 F-value R’ P-value
Unrestored without Restored with 2.23 0.47 <0.05
Unrestored without Restored without 2.25 0.47 <0.05
Unrestored with Restored with 2.58 0.51 <0.05
Unrestored with Unrestored without 4.61 0.43 <0.05
Unrestored with Restored without 4.68 0.65 <0.05
Restored with Restored without 0.87 0.13 0.68

Table B2. Indicator species associated with three of our site types. Indicator values represent

the strength of the relationship between the species abundances and the site type; values

closer to 1 signal stronger associations. An asterisk denotes an exotic species.

Indicator  P-value
Site type Species
value
Tmesipteris elongata 1.00 <0.01
Tmesipteris lanceolata 0.92 <0.01
Trichomanes venosum 0.96 <0.01
Blechnum minus 0.93 <0.01
Unrestored sites with tree ferns
Rumohra adiantiformis 0.87 <0.05
Dicksonia squarrosa 0.89 <0.01
Hymenophyllum flabellatum 0.87 <0.05
*Myosotis sylvatica 0.87 <0.05
Blechnum parrisiae 0.87 <0.05
Restored sites with tree ferns
Cyathea medullaris 0.87 <0.05
Restored sites without tree Pittosporum eugenioides 0.97 <0.01
ferns Pittosporum tenuifolium 0.80 <0.05

Table B3. Scientific names associated with the six-letter species codes presented in the trees

and tree fern basal area facet plot (see Figure 5). Common and family names are also

provided.
Status Six-letter code Scientific name Common name Family
Exotic ACENEG Acer negundo Box elder Sapindaceae
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Native

ALNGLU
FATJAP
JUGAIL
LIGLUC
LIGSIN
PRUSER
SALCIN
SALXFRA
SOLMAU
ALEEXC
COPROB
COPTEN
CORAUS
CORLAE
CYADEA
CYAMED
DACCUP
DACDAC
DICFIB
DICSQU
FUCEXC
GENLIG
HOHPOP
HOHSEX
KNIEXC
KUNERI
LAUNOV
MELRAM
METEXC
METROB
MYRAUS
NESCUN
PIPEXC
PITCRA
PITEUG
PITTEN
PODTOT
PRUFER
PRUTAX
PSEARB
SCHDIG
SOPMIC
VITLUC

Alnus glutinosa

Fatsia japonica

Juglans ailantifolia
Ligustrum lucidum
Ligustrum sinense
Prunus serrulata

Salix cinerea

Salix *fragilis

Solanum mauritianum
Alectryon excelsus
Coprosma robusta
Coprosma tenuicaulis
Cordyline australis
Corynocarpus laevigatus
Cyathea dealbata
Cyathea medullaris
Dacrydium cupressinum
Dacrycarpus dacrydioides
Dicksonia fibrosa
Dicksonia squarrosa
Fuchsia excorticata
Geniostoma ligustrifolium
Hoheria populnea
Hoheria sextylosa
Knightia excelsa

Kunzea ericoides
Laurelia novae-zelandiae
Melicytus ramiflorus
Metrosideros excelsa
Metrosideros robusta
Myrsine australis
Nestegis cunninghamii
Piper excelsum
Pittosporum crassifolium
Pittosporum eugenioides
Pittosporum tenuifolium
Podocarpus totara
Prumnopitys ferruginea
Prumnopitys taxifolia
Pseudopanax arboreus
Schefflera digitata
Sophora microphylla

Vitex lucens

Alder

Fatsia
Japanese walnut
Tree privet
Chinese privet
Japanese cherry
Grey willow
Crack willow
Woolly nightshade
Titoki
Karamu
Hukihuki

T1 kouka
Karaka

Ponga
Mamaku
Rimu
Kahikatea
Wheki-ponga
Whekt
Kotukutuku
Hangehange
Houhere
Houhere
Rewarewa
Kanuka
Pukatea
Mahoe
Pdhutukawa
Northern rata
Red mapou
Black maire
Kawakawa
Karo

Tarata
Kohthi
Totara

Miro

Matat
Whauwhaupaku
Pate

Kowhai

Pdriri

Betulaceae
Araliaceae
Juglandaceae
Oleaceae
Oleaceae
Rosaceae
Salicaceae
Salicaceae
Solanaceae
Sapindaceae
Rubiaceae
Rubiaceae
Asparagaceae
Corynocarpaceae
Cyatheaceae
Cyatheaceae
Podocarpaceae
Podocarpaceae
Dicksoniaceae
Dicksoniaceae
Onagraceae
Loganiaceae
Malvaceae
Malvaceae
Proteaceae
Myrtaceae
Atherospermataceae
Violaceae
Myrtaceae
Myrtaceae
Primulaceae
Oleaceae
Piperaceae
Pittosporaceae
Pittosporaceae
Pittosporaceae
Podocarpaceae
Podocarpaceae
Podocarpaceae
Araliaceae
Araliaceae
Fabaceae

Lamiaceae
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Table S1. Site age and history of the sixteen vegetation plots. Restoration age refers to the

time since native plantings began at a site (unpublished Hamilton City Council restoration

database; Mackay et al. 2011). Maximum age is based on tree cores of the largest tree in each

plot. Site history information is from Downs et al. (2000).

Restoration . o
Study group Plot Maximum age Site history/management
age
Dacrycarpus dacrydioides forest planted > 50 years
AJ Seeley Gully 52 35 ago. Cyathea dealbata and C. medullaris were
prominent in the understory.
Surrounded by Dacrycarpus dacrydioides forest
Minogue Park 33 9 planted 33 years ago and dominated by Hoheria
. populnea with some Cyathea medullaris.
Restored with . .
Adjacent to an Agathis australis grove planted
tree ferns .
approximately 15 years ago. Canopy of Kunzea
Pukete Farm Park 15 15 o . . .
ericoides with Cyathea medullaris and C. dealbata in
the understory.
Riverside vegetation supporting Melicytus
North Pukete 21 21 ramiflorus, Cyathea medullaris and C. dealbata.
Plantings took place approximately 20 years ago.
Canopy of native pioneer trees, such as Pittosporum
Brymer Park 23 16 Py . P . . P
eugenioides and Melicytus ramiflorus.
Podocarpus totara forest was planted approximately
. Hamilton Lake 21 13 21 years ago. Some understory species were planted,
Restored without .
tree ferns but many are naturally regenerating.
ree
Tauhara Park 25 4 A stand of Pitt?sporu@ eugenioides plant.ed 25 years
ago, with native understory species.
Pittosporum eugenioides forest with Melicytus
Till's Landing 18 18 POTUIL CUS: 4
ramiflorus and Pseudopanax arboreus.
A canopy of the exotic tree Salix cinerea with
Chelmsford Park NA 9 occasional Prunus serrulata. Dicksonia squarrosa
was prominent in the understory.
A stand of Dicksonia squarrosa with scarce native
Unrestored with ~ Mangaiti Gully NA 11 trees. Carex geminata was also prominent in the
tree ferns damp semi-swamp areas.
. Salix cinerea forest with Dicksonia squarrosa and
River Road Gully NA 15 .
occasional Fuchsia excorticata.
Edge of a Dicksonia squarrosa stand with occasional
Mangaonua Gully NA 6 .
Schefflera digitata and Coprosma robusta.
Salix cinerea forest with other prominent exotic trees
Hukanui Gully NA 12 : YRerp ,
such as Ligustrum sinense and L. lucidum.
Exotic canopy of Alnus glutinosa and Salix *fragilis
Donny Park NA 13 Py . & L frag
with low native species richness.
Unrestored An exotic canopy of Juglans ailantifolia and Salix
without tree ferns  Porritt Stadium NA 17 cinerea. Tradescantia fluminensis formed dense
ground cover, preventing tree regeneration.
Exotic canopy of trees such as Salix Xfragilis and
Sandford Park NA 7 Prunus serrulata. Groundcover was mainly

Tradescantia fluminensis and Hedera helix.

Downs TM, Clarkson BD, Beard CM. 2000. Key Ecological Sites of Hamilton City, CBER Contract Report No.
5., Hamilton, Centre for Biodiversity and Ecology Research (University of Waikato).
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MacKay DB, Wehi PM, Clarkson BD. 2011. Evaluating restoration success in urban forest plantings in

Hamilton, New Zealand. Urban Habitats. 6(1).

Table S2. Pairwise comparisons of native vascular plant communities among the four site

types using permutational multivariate analysis of variance (PERMANOVA) with restoration

age (i.e., years since native plantings started) as a covariate. Data were Hellinger-

transformed.

Group 1 Group 2 F-value )'g P-value
Unrestored without Restored with 2.47 0.50 <0.05
Unrestored without Restored without 2.96 0.54 <0.05

Unrestored with Restored with 2.85 0.53 <0.05

Unrestored with Unrestored without 4.86 0.45 <0.05

Unrestored with Restored without 5.53 0.69 <0.01
Restored with Restored without 1.37 0.35 0.15

Table S3. Three leading dominant trees or tree ferns for each site type based on the average

basal area presented with the standard deviation. An asterisk denotes an exotic species.

Group Species Life form Average basal area (m” ha™)

Dicksonia squarrosa Tree fern 20.28+11.20
Unrestored sites with tree ferns *Salix cinerea Tree 0.79+1.00
Dicksonia fibrosa Tree fern 0.73+1.50
*Salix cinerea Tree 1.93+£2.70
Unrestored sites without tree ferns *Alnus glutinosa Tree 1.10£2.19
*Salix Xfragilis Tree 1.07+1.86
Cyathea dealbata Tree fern 5.38+0.60
Restored sites with tree ferns Kunzea ericoides Tree 2.90+3.60
Melicytus ramiflorus Tree 2.06£1.50
Pittosporum eugenioides Tree 5.30+5.43
Restored sites without tree ferns Kunzea ericoides Tree 3.13+4.63
Melicytus ramiflorus Tree 3.00+2.01
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Fig. S1. Urban epiphyte-host network using binary presence/absence data from the 32 urban

sites. The bipartite plot illustrates the strength of relationships. Full network analysis results

using null model analysis are provided in Table S3.
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Fig. S2. Compositional differences of epiphyte assemblages on individual hosts using non-

metric multidimensional scaling (NMDS). The top two plots are the full dataset split into data

from Bryan (2011) on the left and the present study on the right. Triangles denote hosts
measured in New Plymouth, and circles represent hosts measured in Hamilton. Colours
represent the three host types: tree ferns (green), angiosperm trees (pink), and conifer trees

(blue). Stress scores were fair for both the Bryan (2011) ordination (0.12) and the present

study (0.10). The bottom two plots show the full dataset split by the two cities: New

Plymouth (left) and Hamilton (right). Stress scores were fair for New Plymouth (0.09) and

Hamilton (0.14).
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Fig. S3. Epiphyte root and rhizome trait correlation heat map. Codes denote traits: hair length
(HL), hair abundance (HA), scale abundance (SA), rhizome diameter (RD), scale length (SL),
standard root length (SRL) and maximum plant length (MPL). SRL, HL, HA and RD were
log-transformed, and all traits were standardised (i.e., centred on the mean and scaled to unit

variance).

Table S1. Site information for the 32 sites assessed in Hamilton and New Plymouth. The
city, site, restoration age (i.e., the time since plantings began), native obligate epiphyte
richness and abundance, and host richness and abundance are provided per site. Hamilton site
restoration ages were sourced from an unpublished Hamilton City Council (HCC) database,
and New Plymouth site ages were from Bryan (2011). Sites with a restoration age of 0 have

not been actively restored.

City Site RestorationObligate Obligate  Host Host
age epiphyte epiphyte richness abundance
richness abundance

Hamilton Al Seeley 52 5 31 6 5

Hamilton Ashmore Court 25-100 1 1 1 1

Hamilton Berkley 100+ 1 4 1 5

Hamilton Braithwaite 25-100 1 4 1 4

Hamilton Chelmsford 0 8 331 5 34
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Hamilton Claudelands 100+ 6 51 7 10
Hamilton Hammond 100+ 9 41 5 19
Hamilton Hillcrest 100+ 2 3 1 5
Hamilton Hudson 15-25 2 2 1 1
Hamilton Hukanui 0 3 22 1 1
Hamilton Mangaiti 13 9 762 2 41
Hamilton Mangakotukutuku May-15 3 7 1 4
Hamilton Mangaonua 0 7 31 2 5
Hamilton Mooney 100+ 1 3 1 3
Hamilton North Pukete 0 3 67 4 4
Hamilton Onukutara May-15 2 4 1 3
Hamilton Pukete East 25-100 4 28 3 5
Hamilton Pukete Farm 15 2 7 2 1
Hamilton Ranfurly 15-25 1 1 1 1
Hamilton River Rd 0 9 1,793 2 47
Hamilton Sandford 0 3 7 2 1
Hamilton St Andrews 15-25 1 1 1 1
Hamilton Tauhara 25 1 1 1 1
Hamilton Tauhara River 25-100 4 12 5 5
New Plymouth ~ Budley 100+ 10 38 5 5
New Plymouth ~ Huatoki 50-100 14 &9 4 5
New Plymouth ~ Huatoki North 50-100 7 305 4 5
New Plymouth ~ Huatoki South 50-100 173 5 6
New Plymouth ~ Pukekura North 25-100 3 156 6 12
New Plymouth ~ Pukekura South 25-100 11 173 8 6
New Plymouth ~ Ratapihipihi 100+ 17 175 11 11
New Plymouth ~ Te Henui 15-100 10 18 2 5
Total 28 4341 31 262

Table S2. Mantel Test results for each dataset and separately for each city within the datasets

using 999 permutations. Epiphyte community dissimilarity was calculated using the Bray-

Curtis index, and geographic distance was based on site coordinates.

Data Mantel statistic r P-value
Present study 0.021 0.332
Bryan (2011) 0.101 0.154
Present study, Hamilton 0.040 0.290
Present study, New Plymouth -0.258 0.542
Bryan (2011), Hamilton 0.071 0.348
Bryan (2011), New Plymouth 0.024 0.417
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Table S3. Epiphyte species allocated to the three groups (i.e., generalist epiphytes and

epiphytes with preferences for tree ferns or woody hosts). The twelve epiphyte species were

from six families and consisted of nine ferns and three orchids.

Group Species Family Class
Tree ferns Asplenium polyodon Aspleniaceae Fern
Hymenophyllum flabellatum Hymenophyllaceae Fern
Tmesipteris lanceolata Psilotaceae Fern
Trichomanes venosum Hymenophyllaceae Fern
Generalists Asplenium flaccidum Aspleniaceae Fern
Earina mucronata Orchidaceae Orchid
Lecanopteris pustulata Polypodiaceae Fern
Pyrrosia elaeagnifolia Polypodiaceae Fern
Woody hosts Arthropteris tenella Tectariaceae Fern
Bulbophyllum pygmaeum Orchidaceae Orchid
Drymoanthus adversus Orchidaceae Orchid
Lecanopteris scandens Polypodiaceae Fern

Table S4. Null model results (using ‘Econullnetr’ R package) testing the strength of

epiphyte-host relationships using presence/absence data of epiphyte records on host species at

the site level (n = 32). One hundred null models compared the observed with the expected

number of interactions to determine whether each relationship was weaker or stronger than

expected. Statistically significant interactions involving the 12 study species are presented. A

lower and upper 95% confidence interval and standard effect sizes (SES) are presented for

each interaction.

Epiphyte species Host species Observed  Null Lower 95 Upper 95 Test SES
CI CI
Arthropteris tenella Laurelia novae-zelandiae 3 1.1 0.0 2.0 Stronger  2.57
Asplenium flaccidum Cyathea medullaris 1 2.8 1.2 3.8 Weaker -2.28
Asplenium flaccidum Dicksonia fibrosa 4 23 2.0 3.0 Stronger  3.52
Asplenium flaccidum Dicksonia squarrosa 12 8.9 7.2 10.8 Stronger  2.59
Asplenium flaccidum Knightia excelsa 0 1.3 1.0 2.0 Weaker -2.69
Asplenium flaccidum Salix % fragilis 1 2.0 2.0 2.0 Weaker NA
Asplenium flaccidum Salix cinerea 2 1.1 1.0 1.8 Stronger  2.85
Asplenium polyodon Cyathea medullaris 0 1.3 1.0 2.0 Weaker -2.69
Asplenium polyodon Dicksonia squarrosa 11 7.2 6.0 8.8 Stronger  3.68
Asplenium polyodon Salix * fragilis 0 1.0 1.0 1.0 Weaker NA
Bulbophyllum pygmaeum Knightia excelsa 2 0.3 0.0 1.8 Stronger  2.52
Earina mucronata Dacrycarpus dacrydioides 0 1.5 1.0 2.0 Weaker -2.85
Earina mucronata Knightia excelsa 0 1.1 0.2 2.0 Weaker -1.94
Earina mucronata Laurelia novae-zelandiae 6 4.4 4.0 5.8 Stronger  2.29
Hymenophyllum flabellatum  Dicksonia squarrosa 5 32 2.0 4.0 Stronger  2.28
Lecanopteris pustulata Dicksonia fibrosa 3 1.8 1.0 2.8 Stronger  1.90
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Lecanopteris pustulata Melicytus ramiflorus 5 2.5 1.0 4.0 Stronger  1.97
Lecanopteris pustulata Salix cinerea 2 0.6 0.0 1.0 Stronger  2.71
Lecanopteris scandens Alectryon excelsus 4 2.8 1.5 3.0 Stronger  1.90
Lecanopteris scandens Coprosma autumnalis 0 2.1 1.2 3.0 Weaker -3.70
Lecanopteris scandens Dacrycarpus dacrydioides 1 1.9 1.2 2.0 Weaker -2.85
Lecanopteris scandens Dicksonia squarrosa 5 3.8 3.0 4.0 Stronger  2.85
Lecanopteris scandens Melicytus ramiflorus 5 3.1 2.0 4.8 Stronger  2.17
Lecanopteris scandens Salix % fragilis 0 1.0 1.0 1.0 Weaker NA
Lecanopteris scandens Vitex lucens 0 1.4 0.2 2.0 Weaker -2.00
Pyrrosia elaeagnifolia Alectryon excelsus 6 3.1 2.0 4.0 Stronger  3.31
Pyrrosia elaeagnifolia Laurelia novae-zelandiae 7 59 5.0 6.8 Stronger  1.94
Pyrrosia elaeagnifolia Salix cinerea 2 0.6 0.0 1.0 Stronger  2.71
Tmesipteris lanceolata Cyathea medullaris 4 1.2 0.0 3.0 Stronger  2.47
Tmesipteris lanceolata Dicksonia squarrosa 11 8.1 7.0 9.0 Stronger  3.31
Trichomanes venosum Dicksonia squarrosa 12 8.0 7.0 9.8 Stronger  4.24
Trichomanes venosum Salix % fragilis 0 1.0 1.0 1.0 Weaker NA

Table S5. Indicator species of three host types (tree ferns, angiosperm trees and conifer
trees). Indicator values denote the strength of the relationship between the epiphyte species
and the group; higher values signal stronger relationships. Data were from the present study

and Bryan (2011).

Group Species Indicator value P value
Tree ferns Hymenophyllum flabellatum 0.210 <0.05
Rumohra adiantiformis 0.289 <0.05
Tmesipteris elongata 0.701 <0.01
Tmesipteris lanceolata 0.549 <0.01
Trichomanes venosum 0.776 <0.01
Angiosperm trees Astelia hastata 0.499 <0.01
Earina mucronata 0.368 <0.05
Angiosperm trees & Pyrrosia elaeagnifolia 0.802 <0.01
conifer trees Lecanopteris scandens 0.533 <0.01
Astelia solandri 0.316 <0.05
Griselinia lucida 0.261 <0.05
Hymenophyllum sanguinolentum  0.254 <0.05
Conifer trees & tree Asplenium flaccidum 0.581 <0.01
ferns

Table S6. Scientific names associated with the six-letter codes presented on Fig. 4. The

number of iNaturalist NZ epiphyte observations (November 2025) for each species is also

provided.
Group Six-letter code Scientific name No. of observations
Epiphyte species ASPPOL Asplenium polyodon 177
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TMELAN Tmesipteris lanceolata 158
TRIVEN Trichomanes venosum 150
HYMFLA Hymenophyllum flabellatum 91
ASPFLA Asplenium flaccidum 311
MICPUS Lecanopteris pustulata 287
PYRELA Pyrrosia elacagnifolia 369
EARMUC Earina mucronata 223
DRYADV Drymoanthus adversus 180
BULPYG Bulbophyllum pygmaeum 126
ARTTEN Arthropteris tenella 35
MICSCA Lecanopteris scandens 78
Host species DICSQU Dicksonia squarrosa 643
CYAMED Cyathea medullaris 118
CYADEA Cyathea dealbata 85
DICFIB Dicksonia fibrosa 20
MELRAM Melicytus ramiflorus 145
PHOCAN Phoenix canariensis 119
KNIEXC Knightia excelsa 95
SALCIN Salix cinerea 88
BEITAW Beilschmiedia tawa 57
METEXC Metrosideros excelsa 53
PTERAC Pterophylla racemosa 46
SALFRA Salix fragilis 46
PITEUG Pittosporum eugenioides 41
CORAUS Cordyline australis 39
RHOSAP Rhopalostylis sapida 38
DIDSPE Didymocheton spectabilis 36
ALEEXC Alectryon excelsus 33
KUNERI Kunzea ericoides 33
VITLUC Vitex lucens 33
QUEROB Quercus robur 27
BEITAR Beilschmiedia taraire 20
LAUNOV Laurelia novae-zelandiae 20
MAGCAM Magnolia campbellii 18
GRILIT Grisiliena littoralis 16
FUCEXC Fuchsia excorticata 14
MYRAUS Mpyrsine australis 14
LITCAL Litsea calicaris 12
SOPMIC Sophora microphylla 12
HEDARB Hedycarya arborea 11
LEUFAS Leucopogon fasciculatus 11
ACAMEL Acacia melanoxylon 10
PODTOT Podocarpus totara 68
DACDAC Dacrycarpus dacrydioides 50
PODLAE Podocarpus laetus 31
AGAAUS Agathis australis 26
DACCUP Dacrydium cupressinum 23
PHYTRI Phyllocladus trichomanoides 20
PINRAD Pinus radiata 14
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Table S7. Linear mixed effects model results testing the effect of host category on rhizome

diameter, standard root length (SRL), scale abundance and scale length. Response variables

were log-transformed and standardised (i.e., centred on the mean and scaled to unit variance).

The models accounted for plant size (maximum plant length) and epiphyte species as fixed

effects. Plant identity was accounted for as a random effect.

Model (response) Predictors Estimates CI P-value
Rhizome diameter (Intercept) -0.13 -0.26 —0.00 0.054
Host category [tree ferns] -1.09 -1.21--0.97 <0.001
Host category [woody trees] 0.20 0.09-0.31 <0.001
Maximum plant length 0.28 0.20-0.36 <0.001
Epiphyte [ASPFLA] 1.12 0.94-1.31 <0.001
Epiphyte [ASPPOL] 1.97 1.73-2.21 <0.001
Epiphyte [EARMUC] -0.15 -0.35-0.06 0.172
Epiphyte [HYMFLA] 0.28 0.16 —0.41 <0.001
Epiphyte [LECPUS] 1.28 1.14-1.42 <0.001
Epiphyte [LECSCA] -0.13 -0.23 —-0.02 <0.05
Epiphyte [TMELAN] 0.88 0.74 —1.02 <0.001
SRL (Intercept) 0.31 -0.01 - 0.63 0.058
Host category [tree ferns] -0.44 -1.06 -0.18 0.162
Host category [woody trees] -0.65 -0.99 --0.31 <0.001
Maximum plant length 0.67 0.47-0.86 <0.001
Epiphyte [ASPPOL] 0.09 -0.51-0.68 0.774
Epiphyte [EARMUC] -0.28 -0.59-0.03 0.072
Epiphyte [HYMFLA] -0.34 -0.64 —-0.04 <0.05
Epiphyte [LECPUS] 0.06 -0.24-0.37 0.681
Epiphyte [PYRELA] -0.06 -0.52-0.40 0.812
Scale abundance (Intercept) 1.28 0.84 -1.71 <0.001
Host category [tree ferns] -1.82 -2.58 —-1.07 <0.001
Host category [woody trees] -1.01 -1.48 --0.55 <0.001
Maximum plant length 0.40 0.04-0.75 <0.05
Epiphyte [ASPFLA] -1.60 -2.40—-0.80 <0.001
Epiphyte [LECPUS] -1.54 -2.13--0.94 <0.001
Epiphyte [LECSCA] 1.15 -1.59--0.71 <0.001
Scale length (Intercept) -0.12 -0.54 -0.30 0.564
Host category [tree ferns] 0.06 -0.61-0.74 0.852
Host category [woody trees] -0.82 -1.22 --0.41 <0.001
Maximum plant length 0.29 -0.03 -0.61 0.074
Epiphyte [ASPFLA] 0.85 0.13-1.57 <0.05
Epiphyte [LECPUS] 0.34 -0.18 - 0.86 0.195
Epiphyte [LECSCA] 0.47 0.09 -0.84 <0.05
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Fig. S1. Mean + SE (n = 3) of Amax (2), gs (b) and Fy/Fn, (c) of each epiphytic ferns during the
recovery phase (Week 12-14) when plants that were in the drought treatments were

rewatered.
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flaccidum (cross), ASPPOL: Asplenium polyodon (circle), LECPUS: Lecanopteris pustulata

(square) and PYRELA: Pyrrosia elaeagnifolia (triangle).

Table S1. Pairwise comparisons of species Amax between Week 2 and Week 12, and under

low or high light. For each contrast, the estimate, standard error, degrees of freedom, ¢-value

and P-value are provided. Statistically significant P-values at the a=0.05 level are in

boldface.

Week, Light Contrast Estimate SE df t P-value

Week 2, low light ASPFLA-ASPPOL  -1.53 0.60 77 -2.54  0.06
ASPFLA-LECPUS  -1.80 0.60 77 -2.99  <0.05
ASPFLA-PYRELA  -145 0.60 77 -2.41 0.08
ASPPOL-LECPUS  -0.27 0.60 77 -045 097
ASPPOL-PYRELA  0.08 0.60 77 0.14 1.00
LECPUS-PYRELA  0.35 0.60 77 0.58 0.94

Week 12, low light ASPFLA-ASPPOL  0.67 0.60 77 1.11 0.68
ASPFLA-LECPUS  1.13 0.60 77 1.88 0.25
ASPFLA-PYRELA  -1.88 0.60 77 3,12 <0.05
ASPPOL-LECPUS  0.46 0.60 77 0.77 0.87
ASPPOL-PYRELA  -2.55 0.60 77 -4.23  <0.001
LECPUS-PYRELA  -3.01 0.60 77 -5.00  <0.001

Week 2, high light ASPFLA-ASPPOL  -0.68 0.60 77 -1.13  0.67
ASPFLA-LECPUS  -2.10 0.60 77 -349  <0.01
ASPFLA-PYRELA  -1.96 0.60 77 -3.25  <0.01
ASPPOL-LECPUS  -1.43 0.60 77 -2.37  0.09
ASPPOL-PYRELA  -1.28 0.60 77 -2.13  0.15
LECPUS-PYRELA  0.15 0.60 77 0.24 1.00

Week 12, high light ~ ASPFLA-ASPPOL  -0.08 0.60 77 -0.13 1.00
ASPFLA-LECPUS  -0.63 0.60 77 -1.04  0.73
ASPFLA-PYRELA  -0.40 0.60 77 -0.67 091
ASPPOL-LECPUS  -0.55 0.60 77 -0.92  0.80
ASPPOL-PYRELA  -0.33 0.60 77 -0.54 095
LECPUS-PYRELA  0.23 0.60 77 0.37 0.98
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Table S2. Pairwise comparisons of the gs of plants in the two water treatments and over time

(Week 2 versus Week 12). Statistically significant P-values are in boldface.

Water treatment, week Estimate SE df t P-value
Drought, Week 2 0.010 0.006 85 1.870 0.065
Drought, Week 12 0.038 -.006 85 6.847 <0.0001

Table S3. Pairwise comparisons of predawn F/F, over time (Week 2 versus Week 12), and

between water and light treatments. Statistically significant P-values are in boldface.

Week, water treatment, light Estimate SE z P-value
Week 2/Week 12, drought, high light 1.135 0.167 6.799 <0.0001
Week 2/Week 12, drought, low light 0.287 0.187 1.531 0.126
Week 2/Week 12, watered, high light 0.051 0.181 0.285 0.776
Week 2/Week 12, watered, low light 0.021 0.184 0.113 0.910

Table S4. Recovery linear mixed effects model results for photosynthetic capacity (4max) and
stomatal conductance (gs), and generalised linear mixed model results for photochemical
efficiency (Fv/Fm). Models included only drought-treatment plants (i.e., unwatered).
Predictors for each model were species, time (i.e., Week 12 versus Week 14), and light
treatments, and significant interactions. F-values (for the LMEs) or y? (for GLMM) and P-
values are provided for each explanatory variable. Statistically significant P-values are in

boldface.

i Amax (recovery) gs (recovery) F./Fm (recovery)
Predictor(s) )
F P-value F P-value y P-value
Species 8.52 <0.001 1.67 0.20 9.61 <0.05
Time 0.15 0.71 14.61 <0.001  0.04 0.85
Light 2.46 0.13 2.33 0.14 18.44  <0.001
Species x Time 4.61 <0.05 8.97 <0.01
Light x Time 1.39 0.25
Species x Light 4.37 <0.05
Species x Time x Light 6.83 <0.01
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Table S5. Analysis of variance (ANOVA) results comparing 6'°C, 6'°N and total nitrogen

among species and seasons. Statistically significant P-values are in boldface.

Response Predictor F P-value R?
o"C Species 12.826 <0.0001 0.569
Season 6.441 <0.05
oSN Species 6.049 <0.01 0478
Season 14.204 <0.001
Total N Species 1.778 0.194 0.22
Season 4.031 0.063
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Fig S1. Daily mean temperature recorded at the Ruakura climate station in Hamilton, 2017
(top left) and 2024 (bottom left), and at the airport in New Plymouth, 2017 (top right) and
2024 (bottom right). Data were obtained from the NIWA national climate database. Grey

ribbons represent the period the vegetation surveys were conducted.

151



Hamilton New Plymouth

80 80+
L]
L]
L]
60 60
L]
B € A
E £ . oo
»_(E 40 . o 'y »_“_’ 404
L]
P o . . . o o ) .
| . L . d .
20 . L o P T 20 o %
° ° o ® oo
.. z ..= ° .. e [ ] ° - ..
° ° e © o o o ® o .
LJ
NI LY SRR VT TP X S ey ol e tdn s RS
Jan 2017 Apr 2017 Jul 2017 0Oct 2017 Jan 2018 Jan 2017 Apr 2017 Jul 2017 Oct 2017 Jan 2018
Date Date
80 80+

604

[+
o

B ps B
£ E .
= 40 =
T 40 540 .
£ £
© © . L]
14 x °
L] L]
. o * [
204 *® - - - 20
° . o o °
. o ° . o o
® o ° e & %
e e %% °
04 owe %o %M, we .Ooo*'o..o*.‘ O | ceo 04
Jan 2024 Apr 2024 Jul 2024 Oct 2024 Jan 2025 Jan 2024 Apr 2024 Jul 2024 Oct 2024 Jan 2025
Date Date

Fig S2. Daily mean rainfall recorded at the Ruakura climate station in Hamilton, 2017 (top
left) and 2024 (bottom left), and at the airport climate station in New Plymouth, 2017 (top
right) and 2024 (bottom right). Data were obtained from the NIWA national climate database.

Grey ribbons represent the period the vegetation surveys were conducted.
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Fig S3. Rarefaction curves illustrating sampling effort for obligate epiphyte species richness
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The number of plots was extrapolated to n = 40 in the non-urban dataset to enable

comparison with the urban dataset.
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Fig S4. Daily relative humidity data from the gully (green symbols) and reserve (blue
symbols) vegetation plots. Mean daily relative humidity values are represented by diamonds,
while smaller circles represent minimum or maximum values. The gully sites occurred within
topographic depressions with less microclimatic variation, whereas the reserve vegetation

plots were on flat, smaller patches of vegetation.
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Table S1. List of obligate (i.e., holo-epiphyte) and hemi-epiphyte species used in this study.
The list was adapted from Kirby (2016).

Epiphyte species Life form Classification
Abrodictyum caudatum Ferns & fern allies Obligate
Arthropteris tenella Obligate
Asplenium flaccidum Obligate
Asplenium polyodon Obligate
Davallia tasmanii Obligate
Hymenophyllum armstrongii Obligate
Hymenophyllum bivalve Obligate
Hymenophyllum demissum Obligate
Hymenophyllum dilatatum Obligate
Hymenophyllum flabellatum Obligate
Hymenophyllum flexuosum Obligate
Hymenophyllum frankliniae Obligate
Hymenophyllum lyallii Obligate
Hymenophyllum malingii Obligate
Hymenophyllum minimum Obligate
Hymenophyllum multifidum Obligate
Hymenophyllum nephrophyllum Obligate
Hymenophyllum peltatum Obligate
Hymenophyllum pluviatile Obligate
Hymenophyllum pulcherrimum Obligate
Hymenophyllum rarum Obligate
Hymenophyllum revolutum Obligate
Hymenophyllum rufescens Obligate
Hymenophyllum sanguinolentum Obligate
Hymenophyllum scabrum Obligate
Hymenophyllum villosum Obligate
Loxogramme dictyopteris Obligate
Lecanopteris novae-zealandiae Obligate
Lecanopteris pustulata Obligate
Notogrammitis angustifolia Obligate
Notogrammitis billardierei Obligate
Notogrammitis heterophylla Obligate
Notogrammitis pseudociliata Obligate
Notogrammitis rawlingsii Obligate
Phlegmariurus billardierei Obligate
Phlegmariurus varius Obligate
Psilotum nudum Obligate
Pyrrosia elaeagnifolia Obligate
Rumohra adiantiformis Obligate
Tmesipteris elongata Obligate
Tmesipteris lanceolata Obligate
Tmesipteris sigmatifolia Obligate
Tmesipteris tannensis Obligate
Tmesipteris horomaka Obligate
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Trichomanes venosum

Obligate

Astelia hastata Nests Obligate
Astelia microsperma Obligate
Astelia solandri Obligate
Bulbophyllum pygmaeum Orchids Obligate
Bulbophyllum tuberculatum Obligate
Dendrobium cunninghamii Obligate
Drymoanthus adversus Obligate
Drymoanthus flavus Obligate
Earina aestivalis Obligate
Earina autumnalis Obligate
FEarina mucronata Obligate
Pterostylis silvicultrix Obligate
Taeniophyllum norfolkianum Obligate
Brachyglottis kirkii Shrubs/trees Obligate

Griselinia littoralis

Griselinia lucida

Metrosideros bartlettii
Metrosideros robusta

Non-strangling

hemiepiphyte

Non-strangling
hemiepiphyte

Strangling hemiepiphyte
Strangling hemiepiphyte

Pittosporum cornifolium Obligate
Pittosporum kirkii Obligate
Peperomia blanda Succulents Obligate
Peperomia tetraphylla Obligate
Peperomia urvilleana Obligate

Table S2. Daily temperature statistics for Hamilton and New Plymouth in 2017 and 2024.

City Daily temperature 2017 2024

Hamilton Mean 14.5 14.4
Median 14.6 14.3
SD 4.2 4.2
Minimum 3.6 5.9
Maximum 22.5 24.7

New Plymouth Mean 14.2 14.1
Median 14.2 13.8
SD 3.5 3.5
Minimum 4.9 6.2
Maximum 222 23.5
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Table S3. Daily rainfall statistics for Hamilton and New Plymouth in 2017 and 2024.

City Daily rainfall 2017 2024

Hamilton Mean 8.2 5.6
Median 3.2 3.1
SD 12.5 7.2
Minimum 0.1 0.2
Maximum 77.4 47.6
Total 1381 842
Rain days (n) 168 150

New Plymouth Mean 6.2 54
Median 24 24
SD 8.8 8.2
Minimum 0.2 0.2
Maximum 46.4 63.6
Total 1253 1086
Rain days (n) 203 203
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