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ARTICLE INFO ABSTRACT
Keywords: As the most remote archipelago in the world, the Hawaiian Islands are home to a highly endemic and dis-
Tropical islands harmonic biota that has fascinated biologists for centuries. Forests are the dominant terrestrial biome in Hawai‘i,

Hybrid restoration
Regime shifts
Invasive species
Biogeography
Community assembly

spanning complex, heterogeneous climates across substrates that vary tremendously in age, soil structure, and
nutrient availability. Species richness is low in Hawaiian forests compared to other tropical forests, as a
consequence of dispersal limitation from continents and adaptive radiations in only some lineages, and forests
are dominated by the widespread Metrosideros species complex. Low species richness provides a relatively
tractable model system for studies of community assembly, local adaptation, and species interactions. Moreover,
Hawaiian forests provide insights into predicted patterns of evolution on islands, revealing that while some
evidence supports “island syndromes,” there are exceptions to them all. For example, Hawaiian plants are not as
a whole less defended against herbivores, less dispersible, more conservative in resource use, or more slow-
growing than their continental relatives. Clearly, more work is needed to understand the drivers, sources, and
constraints on phenotypic variation among Hawaiian species, including both widespread and rare species, and to
understand the role of this variation for ecological and evolutionary processes, which will further contribute to
conservation of this unique biota. Today, Hawaiian forests are among the most threatened globally. Resource
management failures — the proliferation of non-native species in particular — have led to devastating declines in
native taxa and resulted in dominance by novel species assemblages. Conservation and restoration of Hawaiian
forests now rely on managing threats including climate change, ongoing species introductions, novel pathogens,
lost mutualists, and altered ecosystem dynamics through the use of diverse tools and strategies grounded in basic
ecological, evolutionary, and biocultural principles. The future of Hawaiian forests thus depends on the synthesis
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of ecological and evolutionary research, which will continue to inform future conservation and restoration

practices.

1. Introduction

The eight main Hawaiian Islands (Hawai‘i, Maui, Lana‘i, Kaho‘olawe,
Moloka‘i, O‘ahu, Kaua‘i, Ni‘thau) have inspired biologists for centuries,
serving as a living laboratory and a model study system for ecology and
evolution. Owing to their extreme isolation and steep environmental
gradients, the Hawaiian Islands provide unparalleled opportunities to
investigate biogeography, community ecology, assembly theory,
biogeochemistry, and adaptive radiations. Increasingly, the global
threats of habitat loss, non-native species, and climate change are
radically altering the abundance and distributions of the highly endemic
biota, inspiring new research in restoration ecology and conservation
biology. Whereas previous reviews have synthesized specific aspects of
Hawaiian biology, including forest population dynamics (Mueller--
Dombois et al., 2013), invasion biology (D’Antonio et al., 2017),
nutrient cycling (Vitousek, 2004), carbon cycling (Selmants et al.,
2017), and forest restoration ecology (Friday et al., 2015), none have
explicitly tried to integrate broadly across fields, leaving the literature
on evolutionary processes largely separated from that on global threats
and conservation. Moreover, while earlier reviews often encompass
multiple ecosystems, we focus here on forests because of their domi-
nance in terrestrial Hawai‘i. Our goal is to synthesize forest research
broadly across evolution, ecology, and conservation because these fields
are inherently linked, and new insights may be gained by considering
them simultaneously.

Hawaiian forests have served as a biological microcosm in part
because their evolutionary and ecological processes are amenable to
study. Features of Hawaiian forests that facilitate study include younger
lineages distributed across a well-characterized island-age gradient, less
complex trophic webs, and more simplified species interactions, at least
among the native species (Gruner, 2004). Especially noteworthy is that
most Hawaiian forest overstories, particularly on Hawai‘i Island, are
dominated in large part by a singular tree species, Metrosideros poly-
morpha, across broad environmental gradients and sharp ecotones.
Although several other dominant and co-dominant canopy species occur
in forests, dominance is high and diversity is low in Hawai‘i compared to
tropical forests elsewhere (Craven et al., 2018; Ostertag et al., 2014).
With their simple species composition and structure, and partitioning
across islands of known ages, Hawaiian forests offer an opportunity to
explore the patterns and processes of speciation (Choi et al., 2020; Gil-
lespie, 2016; Roderick and Gillespie, 1998), community formation
(Gillespie, 2004; Shaw and Gillespie, 2016), the roles of niche versus
neutral processes in structuring plant diversity in tropical forests
(Hubbell, 2006; Kraft et al., 2008; Leibold and McPeek, 2006), and the
importance of biodiversity for ecosystem functioning (Poorter et al.,
2017).

We focus on native forests because they are an extensive ecosystem
type in the main Hawaiian Islands (Appendix A), harboring a largely
endemic biota and dominating the islands’ watersheds and nutrient
cycling (Selmants et al., 2017). While there is a vast literature on Ha-
waiian forests, we do not aim to include every study in our review.
Instead, our purpose is to highlight key areas of discovery in Hawaiian
forest research, and to identify gaps in knowledge that should serve as a
basis for future study. We first provide a brief overview of the physical
environment in order to provide context for subsequent discussions of
adaptive radiations, forest diversity, tree demography, and the evolution
of island syndromes. Species interactions are less well studied in Ha-
waiian forests, perhaps owing to dramatic shifts in native species
abundances and distributions over recent centuries. Throughout this
review, we will highlight gaps in our knowledge about historical native
species interactions and discuss how invasions have led to novel

interactions, often with cascading effects on population dynamics,
community patterns, and ecosystem function. We then discuss how
restoration and conservation scientists have addressed global threats
such as climate change and invasions, expanding our understanding of
Hawaiian forests. Given that Hawai‘i’s Indigenous people (Native Ha-
waiians) have complex and dynamic relationships with forests and
native biodiversity (Winter et al., 2020a, c), we also consider how bio-
cultural perspectives shed new light on Hawaiian forest ecology and
function, particularly in the context of restoration and conservation.

2. Physical environment

Understanding the physical environment is paramount to any dis-
cussion of Hawai‘i’s vegetation. Of fundamental importance is the vol-
canic substrate, which changes with age and interacts with climate and
vegetation to provide the chemical and physical soil structure on which
plants grow (Chadwick et al., 1999; Vitousek, 2004). The volcanic na-
ture of the Hawaiian Islands and high surface water flow lead to the
formation of steep elevation gradients and sharp ecotones that interact
with trade-winds and disturbances such as seasonal storms and wildfires
to establish the complex and striking environmental heterogeneity that
underlies the forest structure and function.

2.1. Volcanic origin and soils

The Hawaiian Islands are born from an oceanic hotspot where
magma emerges through the earth’s crust, producing new submarine
volcanoes that eventually emerge as basaltic shield volcanoes (Appendix
B). As plate tectonics shift the Pacific Plate towards the northwest at
7—-10 cm per year, a young volcano eventually moves beyond the hot-
spot and transitions from the shield-building stage to a post-shield stage
where subsidence and erosional processes dominate (MacDonald et al.,
1983; Ziegler, 2002). The combination of near-constant eruption of
magma from the hotspot and tectonic movement has created an archi-
pelago of 132 land formations—including islands, atolls, and sea-
mounts—spanning > 2500km from Lo‘ihi Seamount to Kure Atoll
(Eakins et al., 2003). Importantly, the bathymetry shows that many of
the individual islands of today were historically connected during times
of lower sea levels (e.g., Maui, Kaho‘olawe, Lana‘i, and Moloka‘i, known
as Maui Nui (Price, 2004)), and that over time, the sizes and degree of
isolation of islands have changed, influencing the distributions of spe-
cies (Funk and Wagner, 1995; Price and Elliott-Fisk, 2004).

The islands and volcanic substrates of Hawai‘i have been dated with
considerable certainty (Sherrod et al., 2007), yielding an unusually
precise temporal context for studies of the evolution and assembly of
biological communities. For example, the dates of formation of the
Hawaiian Islands provide fairly robust calibration points for performing
molecular dating analyses (Baldwin and Sanderson, 1998). These data
enable a detailed understanding of the tempo and mode of lineage
diversification in response to local biological, climatological, and
geographical conditions or events, and permit researchers to piece
together the order of community assembly across the islands (Rominger
et al., 2016).

The gradient in substrate age, in combination with complex vari-
ability in climate, topography, and assemblages of colonizing organisms,
has led to remarkably diverse soils across the main Hawaiian Islands
(Appendix C). Ten of the twelve global soil orders and at least 250
distinct soil series are represented. The most widespread soils are
Andisols (39 %), Histosols (26 %), Oxisols (10 %), and Mollisols (8%),
with the six other orders making up the remaining 17 % (Deenik and
McClellan, 2007). The soil orders are not uniformly distributed across
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the islands. Volcanically derived Andisols are most common on the
younger islands of Maui (40 %) and Hawai‘i (52 %), whereas highly
weathered Oxisols are common on the older islands of Kaua‘i (44 %),
O‘ahu (37 %), Moloka‘i (39 %), and Lana‘i (48 %). Soils with high
organic matter content, Histosols, make up a large proportion of Hawai‘i
Island substrate (39 %) but are rare on the older islands (0-4 %) (Deenik
and McClellan, 2007). Andisols develop from ash, cinder, pumice or
other ejecta, and weather into soils that hold high amounts of organic
matter and water; they support the most productive and carbon-dense
woody ecosystems (Deenik and McClellan, 2007). Histosols form on
lava flows as early successional vegetation decays, and thus have high
organic matter that can support vast M. polymorpha-dominated forests,
spanning dry to wet environments. Oxisols support somewhat less pro-
ductive woody ecosystems as a result of nutrient limitations that occur
over long substrate-weathering gradients, which explains why they are
more common on older islands (Vitousek, 2004).

Nutrient availability in the three most abundant soil types is strongly
related to soil order and climate. All soils in Hawai‘i start out limited by
nitrogen (N), owing to the lack of N in the initial volcanic substrate
(Crews et al., 1995). Over time, N accumulates in the ecosystem through
atmospheric deposition and biological N fixation (Crews et al., 1995). In
wetter areas, the Andisols and Histosols on the younger islands experi-
ence significant loss of nutrients, especially N, calcium (Ca), and po-
tassium (K), and these conditions can lead to soil acidification,
accumulation of aluminum (Al), and binding of phosphorus (P) into
forms that are not readily available for plant uptake (Deenik and
MecClellan, 2007). Over time, this leads to a shift in the ratio of N and P
across the Hawaiian Islands as well as other chronosequences globally
(Wardle et al., 2004). These infertile conditions also characterize Oxi-
sols, in which considerable weathering has led to high levels of Al and
iron (Fe) oxides and low cation exchange capacity (Deenik and
McClellan, 2007). How forest productivity is maintained as rock-derived
nutrients such as P, Ca, magnesium (Mg), and K weather away was not
well understood until recently, when isotopic tracer techniques were
able to demonstrate that cations arrive as marine aerosols while P is
imported via dust from Asia (Chadwick et al., 1999) and northern Africa
(Vogel et al., 2021). Much remains to be learned, however, about how
these atmospherically derived nutrients, especially P, cycle within Ha-
waiian soils and interact with climate (Helfenstein et al., 2018), as well
as other nutrient inputs such as those from seabirds (Mulder et al.,
2011).

2.2. Climate

The climate of the Hawaiian Islands is characterized by wide and
steep gradients in both temperature (Appendix D) and precipitation
(Appendix E). Owing to the high and steep topography of the main
islands, mean annual temperature varies from 4 to 24 °C, with temper-
ature gradients up to 8 °C per kilometer (e.g., Northern Moloka‘i, Central
Kaua‘i, and Waipi‘o Valley on Hawai‘i Island). Seasonal temperature
variability is low, however, because of the tropical latitude and the
buffering effects of the ocean. In contrast to temperature, for much of
Hawai‘i, rainfall is seasonal and occurs primarily between October and
April. Mean annual precipitation (MAP) varies from 204 to 10,200 mm
across the islands, with precipitation gradients as steep as 2200 mm per
kilometer. Due to orographic lift of the northeasterly trade-winds across
Hawai‘i’s mountainous terrain, windward areas receive on average
twice as much rainfall (2400 mm) as leeward areas (1200 mm). Yet not
all precipitation in Hawai‘i is trade wind-driven, with other weather
patterns contributing to total precipitation and extreme rainfall events
(Kodama and Barnes, 1997). Southerly Kona storms that typically occur
in the winter, for instance, provide 20 % of MAP on average for leeward
areas (Kaiser, 2014). Elevational gradients in climate relate to the
occurrence of the trade wind inversion on the taller islands, which in-
hibits cloud formation above roughly 2000 m above sea level. Reduced
clouds above the inversion lead to greater insolation and lower
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precipitation and relative humidity at high elevations (Cao et al., 2007).
The trade wind inversion has a major effect on moisture availability for
plants, effectively setting the maximum elevation limit of forests
(Kitayama and Mueller-Dombois, 1994; Loope and Giambelluca, 1998).
Beyond local factors, Hawai‘i’s climate is also partly determined by
naturally occurring inter-annual variability including the El
Nino-Southern Oscillation (ENSO), the Pacific Decadal Oscillation
(PDO), and the Pacific/North American teleconnection pattern (PNA)
(Frazier et al., 2018).

Hawai‘i’s climate is in a state of flux. Long-term climate records show
an increasing number of days with no rain and a substantial drying
trend, particularly in dry forests (Frazier and Giambelluca, 2017; Timm
et al., 2015). Drying effects on forests are likely to be exacerbated by
significant warming trends for the entire archipelago (Kagawa-Viviani
and Giambelluca, 2020). On the windward sides of the islands, a
recently documented increase in trade wind inversion days could mean
steeper precipitation gradients near the top of the forest line (Krush-
elnycky et al., 2016), and there is some evidence that a lifting cloud base
in at least part of the archipelago may be driving declines in mean
annual precipitation in low- to mid-elevation forests (Kagawa-Viviani
and Giambelluca, 2020).

Beyond these inter- and intra-annual trends, projecting long-term
climate shifts for Hawaiian forests is challenging and requires consid-
eration of both regional and local dynamics. The existing precipitation
projections for the state have generally agreed on a future in which wet
areas remain stable or become wetter, and dry areas become drier
(Timm et al., 2015; Zhang et al., 2016). However, these patterns are
based on a limited number of models, and a broader set of regional
climate models is needed to understand the robustness of these pro-
jections. Beyond shifts in mean precipitation, emerging research in-
dicates changes in climate extremes as well. Notably, tropical cyclones,
or hurricanes, only rarely reach the Hawaiian Islands compared to other
islands, particularly those in the Caribbean, but the frequency of hur-
ricane occurrence is projected to increase with global warming (Mur-
akami et al., 2013). Ongoing climate shifts may also lead to either
increasingly intense or frequent ENSO events, which generally lead to
drier winter conditions in Hawai‘i (Cai et al., 2018; Freund et al., 2019;
Lu et al., 2020). Changes in storm tracks may lead to more frequent
high-intensity storms over the islands than has historically been the case
(Sugi et al., 2017; Tamarin-Brodsky and Kaspi, 2017).

These shifts in climate are likely to disproportionately influence
Hawai‘i’s native flora as island species tend to have more narrow dis-
tributions and small population sizes than their continental counterparts
(Harter et al., 2015). Hawaiian forest species vary in their abundances
and distributions, making it difficult to predict how climate change will
influence their persistence in the future (Box 1, Fig. 1). Given the limited
potential for species on islands to shift their distributions latitudinally,
Hawaiian forest species are largely restricted to shifting distributions in
elevation. Pollen records indicate historical shifts in Hawaiian forests as
a result of climate change (Hotchkiss and Juvik, 1999). Recent research
indicates that expecting simple warming-related upslope shifts in spe-
cies and forest communities is overly simplistic (Crimmins et al., 2011;
Gibson-Reinemer and Rahel, 2015). For example, the upper elevation
forest limit in Maui is determined not only by temperature, but also
moisture (Crausbay et al., 2014). A study of changing species distribu-
tions over time on Mauna Loa, Hawai‘i Island showed that between 1970
and 2010, native species contracted their low-elevation range limits
without expanding at their upper range limits, likely because they had
already reached the upper limit set by the trade wind inversion (Koide
et al., 2017). This finding contrasted with the trend observed for
non-native species, which inhabited lower elevations in 1970, and have
since expanded upward, presumably as a result of suitable habitats at
high elevations. Whereas both native and non-native plants are likely
similarly limited by the trade wind inversion, increasing abundances of
non-native species at high elevations may restrict the ability of native
species to adapt or shift ranges in response to climate change.
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Box 1
Conserving Hawaiian forest under a changing climate.

Hawaiian forests include species that vary considerably in their spatial distributions (Section 4, Figure 1). Managing Hawaiian forests under a
changing climate to maximize persistence of species that vary so dramatically in climate niche breadth is complex and likely to require multiple
strategies rather than a single one-size-fits-all approach. An important first step was a recent vulnerability assessment, which found that the
future climatic niches of hundreds of Hawaiian plant species may not coincide with their current ranges, and furthermore, that many native
plant species currently occupy ranges that by 2100 will not match their optimal observed climatic niche (Fortini et al., 2013). Because these
assessments did not incorporate potential intraspecific variation in climate stress tolerance or account for discrepancies between the current
distributions used to quantify climate envelopes and historical distributions before human activities and invasive species altered species dis-
tributions, additional research is still needed.

For widespread species, it is generally assumed that populations that span steep climatic gradients are locally adapted, leading to ecotypes.
While population genetic differentiation and evidence for local adaptation has been detected for some species in parts of their ranges, especially
for M. polymorpha (Section 4), most Hawaiian plant species have not been examined for local adaptation to climate variables. For microendemics
with narrow climate ranges, even less is known about climate stress tolerance to inform management under changing climates. Because assisted
migration is likely to be required to translocate species to suitable future climates, precise population-scale data on climate-stress tolerance is
needed to ensure suitable matching between seed source and out-planting sites. Growing mismatches between current and historical climates
may already contribute to reduced seedling emergence of M. polymorpha across a precipitation gradient on O‘ahu Island (Barton et al., 2020),
emphasizing the urgency of research in this area. Finally, phenotypic plasticity and genetic variation available for local adaptation to changing
climate may be viable strategies for short-lived forest species, but these data are generally absent for most Hawaiian plant species (Leopold and

Perspectives in Plant Ecology, Evolution and Systematics 52 (2021) 125631

Hess, 2019; Westerband et al., 2020; Westerband et al., 2019).

It has remained difficult to scale up species-specific predictions of
future distributions to the entirety of Hawai‘i’s forests. This is partly due
to the poor fit of current, widely used ecosystem models that were
originally developed for continental systems (Bachelet et al., 2015;
Maguire et al., 2015). Nevertheless, recent ecological models for Hawai‘i
indicate a possible expansion of climatic conditions suitable for the dry
and wet extremes of forests, and narrowing of areas currently most
suitable for the more mesic forests, which are the most diverse of
Hawai‘i’s forest types (Fortini and Jacobi, 2018). Whereas drier condi-
tions have been linked to increased tree mortality and decreased growth
in some tropical forests (Allen et al., 2017; Engelbrecht and Kursar,
2003; McDowell et al., 2018), little is known about how forests in
Hawai‘i’s dry areas will respond to increased drying trends. Depending
on the scale and species’ responses, it is plausible that future changes in
Hawai‘i’s climate could trigger dramatic shifts in plant community
composition and ecosystem processes. For example, a study of native
plant mortality on Mauna Loa during an El Nino drought suggests that
severe drought can cause a shift in dominance from woody to herba-
ceous species (Lohse et al., 1995), often with cascading effects on
wildfire regimes (see next section).

2.3. Disturbance

Physical disturbances are regular, natural features of island ecosys-
tems (Mueller-Dombois and Fosberg, 1998). Typically, the spatial extent
and intensity of disturbance are inversely correlated with frequency (e.
g., limbfalls are more common than island-wide cyclones). Although
Hawai‘i Island is well known for patterns of disturbance and plant suc-
cession associated with volcanic eruptions and earthquakes, the most
common disturbances in forests are flooding and landslides caused by
extreme rainfall events, wind damage from tropical cyclones, and
wildfire (Box 2, Fig. 2).

The Hawaiian Islands regularly experience localized, extreme rain-
fall events, e.g., 940 mm in 24 h on Hawai‘i Island in 2000 and 254 mm
in 12 h on O‘ahu in 2004 (Chu et al., 2009), which can cause landslides
owing to Hawai‘i’s steep topography (MacDonald et al., 1983). In 2018,
a national rainfall record was set on Kaua‘i with 1262 mm within a 24 -h
period (Arndt et al., 2018), causing widespread landslides and flooding.
Aside from these extreme events, little is known about landslide fre-
quency or severity in Hawai‘i (Restrepo and Vitousek, 2001; Restrepo
et al., 2003). The most comprehensive assessment, based on 50 years of
aerial photographs from southeast O‘ahu, estimated that landslides

range in size from 10-5860 m?> (median 111 mz, mean 291 mz), are
typically triggered by heavy rainfall, and affect about 0.6 % of the sus-
ceptible landscape per year (Peterson et al., 1993). For Hawai‘i Island,
however, landslide disturbance rates as high as 15 % biomass loss per
century have been reported (Restrepo et al., 2003).

Tropical cyclones (formally called hurricanes in the Central North
Pacific) can affect terrestrial ecosystems in several ways; high winds
blow down limbs and trees, heavy rains cause landslides and flooding,
and storms flood coastal lowlands (Lugo, 2008; Smith et al., 2012). The
Central North Pacific experiences an average of three hurricanes per
year (range 0-10), with frequencies during El Nino years three times as
high as in La Nina years (Clark and Chu, 2002). Because the main Ha-
waiian Islands occupy only a small portion of this region, they experi-
ence strong hurricanes at relatively long intervals, although the
frequency is expected to increase with global warming (Murakami et al.,
2013). Models estimate that the islands experience hurricanes with wind
speeds of 230, 204, 185, and 148 km/h at intervals of 137, 59, 33, and
12 years, respectively (Chu and Wang, 1998). In contrast to storm
damage to other tropical forests (Chazdon, 2003), storm damage to
Hawaiian forests from tree mortality and increased litterfall has not been
well documented. An exception is Hurricane Iniki on Kaua‘i (Asner and
Goldstein, 1997; Harrington et al., 1997; Herbert et al., 1999). Efforts to
determine the effects of major historical storms on present forest
structure could capitalize on the extensive Hawaiian language news-
paper record of over 125,000 printed pages from 1834 to 1948 (Businger
et al., 2018). These newspapers detail weather and geophysical events
such as hurricanes and earthquakes, for example, the Category-3 Hur-
ricane in 1871 that devastated the islands of Hawai‘i and Maui (Businger
et al., 2018).

Wildfires are a disturbance commonly associated with volcanic ac-
tivity, although there is also evidence of non-volcanic fires in Hawai‘i
from charcoal aged >7300 years old, well before Polynesians arrived
(Kinney et al., 2015). Studies of soil charcoal demonstrate that wildfires
occurred historically in evergreen broadleaf wet forests (Smith and
Tunison, 1992), with a mean fire return of 700-1000 years (Mueller--
Dombois et al., 1977). Naturally occurring wildfires in Hawai‘i were
likely localized, of low intensity, and initiated by lightning or lava after
extended periods of drought (Ainsworth and Kauffman, 2010; Muel-
ler-Dombois, 1981; Sorenson, 1979; Vogl, 1969). As a result, native
Hawaiian plants tend to have limited adaptations to wildfire as a
frequent natural disturbance (LaRosa et al., 2008), although re-sprout-
ing following fire, and heat- and smoke-tolerant seeds indicate historical
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Fig. 1. Hawaiian forests include widespread abundant species such as the foundational Metrosideros polymorpha (A), as well as micro-endemics with highly con-
strained distributions, such as Cyrtandra dentata (B), restricted to gulches on O‘ahu Island. Photo credits: Elizabeth Stacy (A) and Adam Williams (top left image in A),

Kapua Kawelo (B).

or in situ evolution of fire tolerance in at least some native trees and
shrubs (Ainsworth and Kauffman, 2009; Loh et al., 2009).

The Hawaiian Islands have undergone drastic changes in wildfire
dynamics due to the introduction and spread of non-native plants and
humans themselves who ignite fires at a much greater rate than has
occurred naturally (Trauernicht et al., 2015). The non-native spe-
cies-wildfire cycle (D’Antonio and Vitousek, 1992) has been widely
studied in Hawai‘i and is one of the more important causes of native
forest degradation, particularly in dry and mesic habitats (D’Antonio
et al., 1998; Ellsworth et al., 2014; Mack and D’Antonio, 1998). For

example, wildfires fueled by non-native C4 grasses have resulted in the
loss of >60 % of seasonally dry sub-montane native forest (D’Antonio
et al., 2000; Hess et al., 1999; Hughes and Vitousek, 1993; Hughes et al.,
1991), greatly reducing the occurrence of Acacia koa - Deschampsia
nubigena parklands (Karpa and Vitousek, 1994; LaRosa et al., 2008), and
contributing to the loss of more than 90 % of the lowland forests in dry
regions (Bruegmann, 1996; Cabin et al., 2002; Litton et al., 2006).
Grass-fueled wildfires greatly increase fire frequencies by amplifying
fine fuel loads and changing microclimatic conditions (D’Antonio and
Vitousek, 1992; Freifelder et al., 1998). Over the past century in Hawai‘i
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Box 2
Disturbance regime change in Hawaiian forest.

Physical disturbances are regular, natural features of island ecosystems, and while lava flows are commonly associated with Hawai'i, they are
relatively rare at the archipelago-scale compared to hurricanes and flooding (Figure 2). The frequency of big storms is expected to increase in
Hawai'i as a consequence of climate disruption (Murakami et al., 2013). Intense storms disturb forest habitats by causing flooding and land-
slides, by causing damage to trees through limb breakage and treefall, and by altering biogeochemical dynamics (Herbert et al., 1999). Such
disturbances have cascading effects on forest dynamics by exposing substrate for invasive plant spread (Ostertag and Verville, 2002), reducing
habitat for associated rare and threatened birds and snails, and potentially spreading invasive pathogens (Barnes et al., 2018). In addition to
shifts in storm frequencies and severities, fire has increased dramatically in recent years, with devastating consequences for Hawaiian forests
(Trauernicht et al., 2015). Contemporary fires in Hawai'‘i are largely human-caused due to military and recreational activities (Figure 2). Other
small-scale disturbances due to invasive animals and human-caused habitat modifications are widespread and can have disproportionately large
effects on forest dynamics. For example, invasive pigs alter soil structure with their rooting behavior, with cascading effects on seedling
recruitment.

One of the primary challenges following disturbances such as landslides, fire, or even small-scale events is that cleared substrate provides an
opportunity for displacement of native plants by fast-growing invasive species. Mitigation of these threats under changing disturbance regimes is
challenging, particularly due to the remote location of many remaining native forests, and by the limited availability of native seeds to disperse
(naturally or by managers) into disturbed sites to facilitate native forest regeneration (Friday et al., 2015). Production of native seeds for
restoration requires knowledge of plant phenology, seed dormancy, and seedling establishment, which while increasing in scope, remain un-
known for most native Hawaiian forest species, illustrating the value of explicit integration of basic ecology with conservation and restoration

sciences.

Volcanoes National Park on Hawai‘i Island, there has been a more than
three-fold increase in the number of fires and a 60-fold increase in
average fire size (Tunison et al., 2000), and these trends are character-
istic of changes in wildfire activity across the entire archipelago
(Trauernicht et al., 2015). While non-native grasses have received most
of the attention in studies assessing the invasion-wildfire regime change,
invasion by other plant forms may also change wildfire dynamics by
altering fine fuels and microclimate (Ainsworth and Kauffman, 2009).
Continued research on the non-native species-wildfire cycle would in-
crease the capacity to restore and conserve native ecosystems
archipelago-wide (Ellsworth et al., 2015; Trauernicht, 2019).

3. Distribution, classification, and structure of Hawaiian forests
3.1. Distribution

Hawai‘i’s forests are distributed across a range of environments
(Appendix A), and currently cover approximately 34 % of the main
islands, occurring in dry (6%), mesic (10 %), and wet (18 %) environ-
ments (Jacobi et al., 2017). Forests also occur across almost the full
spectrum of soils present in Hawai‘i (Appendix C). Due to biogeographic
and evolutionary patterns of the flora (Section 4), many of the same
woody species are abundant across a variety of soil types and climates.
This situation is rare in continental tropical forests and presents an

Fig. 2. Physical disturbances are regular, nat-
ural features of island ecosystems and can
include lava flows (A, Kilauea volcano, Hawai‘i
Island. 3 May 2018; photo credit: USGS); hur-
ricanes (B, high resolution infrared image of
Hurricane Iniki making landfall on Kaua‘. 11
Sept 1992; photo Credit: NOAA); fires (C, 2018
West Side Fires on O‘ahu Island, which burned
approx. 6,000 acres; photo credit: P. Trauer-
nicht); and flooding (D, Hanlalei Valley, Kaua‘i
following heavy rains. April 2018; photo credit:
T. Rex).
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Box 3
Indigenous resource management (IRM) in Hawai ‘i.

Indigenous resource management (IRM) is the body of philosophies, strategies, and practices employed by Indigenous Peoples to systematically
manage abundance in context of habitats at the scale of landscapes and seascapes. IRM in Hawai'i involved the dividing of each island vertically
- from mountains to sea — into social-ecological regions (moku), each of which were further subdivided into social-ecological communities
(ahupua ‘a) that also typically extended from the mountains to the sea (Figure 3). The islands were also divided horizontally into social-ecological
zones, which spanned across regions and connected communities to one another in a contiguous manner via managed habitats. While each
island had a different suite of zones to manage resources, each community had to have at least one type of forest zone in order to properly
function while most communities managed several. One of the zones that was managed on each of the high islands, but not in every community,
was a sacred forest zone (wao akua), which is a zone of cloud forest managed as a refuge for endemic biodiversity that maintained core
watershed function. Within this system freshwater, nutrients, and sediment were managed vertically within each community; while species
abundance and connectivity were managed horizontally on a regional scale. This system of Hawaiian IRM began to break down in the 19th
century after European contact, with the last vestiges of it enduring into the middle of the 20th century (Winter et al., 2018). However, this
system of IRM is currently being revived in some communities under the auspices of biocultural restoration (Winter et al., 2020b; Winter et al.,
2020c) and is seen as a viable model to solve issues of sustainability and conservation at both local and global scales (Gon and Winter, 2019;

Winter et al., 2020b).

opportunity to investigate the role of soil and climate in driving plant
ecological processes and ecophysiological function.

While there are still large, contiguous regions of forest across the
islands, changes in resource management over the last two centuries
have led to a dramatic reduction in the percentage of area covered by
forests. During Hawai‘i’s pre-contact era, Indigenous resource manage-
ment strategies aimed to maintain forested landscapes (Box 3, Fig. 3)
(Winter et al., 2018, 2020a). Post-contact, these methods gave way to an
approach that prioritized plantations and pasturelands. The prolifera-
tion of non-native species has further shrunk the footprint of
native-dominated forest. Of the remaining forested area, Hawai‘i Island
has the highest percentage of native-dominated forests, whereas
human-modified forests now dominate much of the landscape on the
other islands, particularly on O‘ahu (Jacobi et al., 2017). Furthermore,
on each of the islands, more than half of the land area is covered by plant
communities of primarily non-native plant species (Jacobi et al., 2017).

3.2. Classification

Given the extreme variation in Hawai‘i’s physical environment
(Section 2), developing a classification system for vegetation that works
across the islands is notoriously difficult (Mueller-Dombois and Fosberg,
1998). First, most vegetation classifications do not account for substrate
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age and corresponding soil properties, which are known to influence
forest structure and composition. Second, the most common way to
characterize Hawaiian landscapes, and thus their plant communities, is
by climate, particularly mean annual temperature and rainfall (Appen-
dices D, E). While convenient, using climate as the primary means for
delineating communities is overly simplistic in Hawai‘i. For example,
although mean annual precipitation is a key predictor of plant com-
munities on a global scale (Holdridge, 1947), some Hawaiian regions
show no association between mean annual rainfall and soil moisture, as
the latter is also greatly influenced by fog, topography, seasonality, soil
texture, and soil age (Price et al., 2012). In addition, rainfall is difficult
to measure with high spatial resolution given Hawai‘i’s orographically
driven rainfall and topographic complexity (Frazier and Giambelluca,
2017; Giambelluca et al., 2013).

Considering the extreme environmental heterogeneity of the Ha-
waiian Islands, a system for classifying plant communities (Appendix F)
was developed based on elevation (a proxy for temperature), moisture,
and dominant physiognomy (Wagner et al., 1999). According to this
system, there are 58 unique woody plant communities in Hawai‘i,
excluding the coastal zone (Gagne and Cuddihy, 1990). Rather than
further delineate Hawai‘i’s woody plant communities, we take a holistic
view here, synthesizing research carried out in all of Hawai‘i’s native
forest types. In some communities, plants are of low stature, and these

Sacred Wet Remote Timber Agroecology ﬁ
Forest Zone Forestzone 4 Forestzone A Forest Zone and Habitation Zone

i

Fig. 3. Reproduced from Winter et al. 2018: A schematic model (A) and a spatial model (B) depicting the layout of a single social-ecological region (moku) based
on the Hawaiian social-ecological system on the island of Kaua'i. (A) The terrestrial and oceanic social-ecological zones and their subcategories are oriented
horizontally. Ahupua‘a or social-ecological communities are oriented vertically. (B) The moku of Halele'a encompasses numerous ahupua‘a, each with jurisdiction
over a full spectrum of terrestrial and oceanic social-ecological zones within its boundaries.
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Fig. 4. Comparisons of species diversity and mean annual rainfall for tropical forests that form part of the ForestGeo network (https://forestgeo.si.edu/), based on
previously published data (Davies et al., 2021; Ostertag et al., 2014). Species richness was calculated from species area curves, generated by plotting the cumulative
number of species against the number of 20 m x 20 m quadrats sampled (area) in each 4-ha (200 m x 200 m) plot until the entire plot was sampled. A) Hawai‘i is
similar to other tropical forests in mean annual rainfall but has B) dramatically lower species richness compared to forests on continents and islands at similar
latitudes. Multiple bars represent different sites within each country or region.

might arguably be referred to as shrublands; we include those here as As mentioned above, Hawaiian forests differ from many tropical
forests because they are often contiguous with higher-statured forest forests in having dominance by relatively few tree species and overall
stands. low species richness (Fig. 4) (Ostertag et al., 2014). Some of the most
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Table 1

Ranked species list of the ten most and least abundant plant species surveyed in
the 530 forest plots compiled in the OpenNahele database (Craven et al., 2018).
Plots are situated across all the main Hawaiian Islands, with the greatest sample
area on Hawai‘i Island. Relative abundance is the proportion of individuals for
that species among the total 43,590 individuals sampled across all plots.

Species Origin Rank Abundance  Relative Abundance
Metrosideros polymorpha native 1 0.330
Psidium cattleyanum non- 2 0.204
native
Cibotium glaucum native 3 0.090
Cibotium menziesii native 4 0.050
Cheirodendron trigynum native 5 0.035
Schinus terebinthifolia non- 6 0.029
native
Leucaena leucocephala non- 7 0.022
native
Acacia koa native 8 0.016
Psidium guajava non- 9 0.011
native
Ardisia elliptica non- 10 0.011
native
Dracaena aurea native 174 5.73E-06
Dracaena konaensis native 175 5.73E-06
Dubautia plantaginea native 176 5.73E-06
Melicope anisata native 177 5.73E-06
Myrsine lanaiensis native 178 5.73E-06
Pittosporum glabrum native 179 5.73E-06
Wikstroemia furcata native 180 5.73E-06
Euphorbia multiformis native 181 2.72E-06
Senna gaudichaudii native 182 8.59E-07
Pittosporum terminalioides  native 183 1.43E-07

common woody genera in Hawai‘i, which occur as dominants or
co-dominants in multiple community types and across elevation and
moisture gradients, include Acacia, Diospyros, Dodonaea, Metrosideros,
Leptecophylla, Nestegis, Sapindus, Cheirodendron, Bobea, Psychotria, and
Vaccinium (Appendix F). For some of these taxa, dominance appears to
be driven by the large number of ecologically diverged forms that exist
and whose physical traits allow them to establish over a range of

Table 2

Perspectives in Plant Ecology, Evolution and Systematics 52 (2021) 125631

substrate ages and environmental conditions (Appendix G). For
example, Metrosideros polymorpha (Myrtaceae) is the most abundant and
widespread tree (Table 1), and it dominates many of the woody plant
communities across a range of substrate age (including recent lava
flows), precipitation, and elevation, as well as various successional
stages from pioneer to climax communities. Metrosideros likely arrived
in the Hawaiian Islands 3-4 mya when the oldest main islands, Kaua‘i
and O‘ahu, were still forming (Dupuis et al., 2019; Percy et al., 2008),
thus providing a source of wind-dispersed seeds (Drake, 1992) for the
colonization of each younger island as it arose. Today, Metrosideros
(predominantly M. polymorpha) accounts for approximately one-third of
all tree stems in forest monitoring plots (Craven et al., 2018). More work
remains to be done to clarify why Metrosideros, a genus of slow-growing
species, have come to dominate Hawai‘i’s forests, although tolerance of
a wide range of environmental conditions seems to be key.

3.3. Structure

The structural characteristics of Hawaiian forests, such as stand
density, basal area, and biomass, are diverse and influenced by climatic,
substrate age, and soil properties. A combined approach of remote
sensing and plot-level data indicate that there are higher proportions of
aboveground biomass and lower proportions of litter and downed
woody debris in forests that occur in wet environments (Asner et al.,
2011, 2016; Hughes et al., 2014; Selmants et al., 2017). Total biomass
generally increases with precipitation (Ostertag et al., 2014), but not
with temperature in mature wet forests (Selmants et al., 2014). Even
within similar climates, aboveground biomass can vary considerably:
from 14 to 108.1Mg/ha in forests on the drier end and
200-958.9 Mg/ha in wetter forest environments (Imhoff, 1995; Litton
et al., 2006; Ostertag et al., 2014). In addition, live and detrital biomass
in wetter conditions generally increases with substrate age (Aplet and
Vitousek, 1994; Kitayama et al., 1997b). The variation in biomass values
is certainly due to factors other than climate, but should be evaluated
carefully due to inconsistencies among studies in how biomass is
measured and estimated. Thus, the abiotic factors underlying above-
ground biomass accumulation in Hawai‘i’s forests are complex, and

Characteristics of the ForestGeo forest dynamics plots arranged from low to high mean annual precipitation. Elevation, MAP, plot size, and number of trees reported in

(Davies et al., 2021); other variables reported in (Ostertag et al., 2014).

Site Plot Land MAP Dry Season Mean Plot Size ~ No. of Trees/ha Basal area Aboveground biomass
Code Type (mm) Months Elevation (m) (ha) Trees (m2/ha) (Mg/ha)
Palamanui, HI, USA PLN Island 835 12 265 4 15,652 3913 8.6 29.4
Mudumalai, India MUD Mainland 1255 6 1050 50 25,500 510 25.5 174.2
Huai Kha Khaeng, HKK Mainland 1476 6 596 50 72,500 1450 31.2 211.2
Thailand
Ituri, D.R. Congo ITU Mainland 1682 3.5 775 40 288,000 7200 35.4
Pasoh, Malaysia PAS Mainland 1788 1 80 50 300,211 6004.22 31 339.8
Doi Inthanon, Thailand DOI Mainland 1908 6 1670 15 73,269 4884.6 39.8
Dinghushan, DIN Mainland 1985 0 350 20 71,617 3580.85
Guangdong, China
Ilha do Cardoso, Brazil ILH Mainland 2100 1 6 10.2 40,000 3921.569 29
Mo Singto, Thailand MOS Mainland 2100 5 770 30.5 134,942 4424.328  31.77
Bukit Timah, BUK Island 2473 0 99 4 17,239 4309.75 345
Singapore
Barro Colorado Island, BCI Mainland 2551 3 120 50 208,400 4168 32.1 306.5
Panama
Khao Chong, Thailand KHA Mainland 2611 3 235 24 121,500 5062.5
Lambir, Malaysa LAM Island 2664 0 174 52 359,600 6915.385 43.5 497.2
Yasuni, Ecuador YAS Mainland 3081 0 230 50 297,778 5955.56 33 282.4
Palanan, Philippines PAL Island 3380 4.5 97 16 78,205 4887.813  39.8 290.1
Laupahoehoe, HI, USA  LAU Island 3440 1 1160 4 14,641 3660.25 67.3 247.9
Luquillo, Puerto Rico LUQ Island 3548 0 381 16 154,177 9636.063  38.3 276.1
Nanjenshan, Taiwan NAN Island 3582 0 320 5.88 12,133 2063.435 36.3
La Planada, Colombia LPL Mainland 4087 0 1818 25 105,400 4216 29.8 177.6
Sinharaja, Sri Lanka SIN Island 5016 0 500 25 193,400 7736 45.6 357.9
Korup, Cameroon KOR Mainland 5272 3 195 50 329,000 6580 32
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characterizing the interactions among these factors warrants consider-
ation of local environmental properties but also, the component of plant
structure measured.

A hallmark of ecological and biogeochemical studies in Hawai‘i has
been the ability to isolate the impact of single or multiple driving vari-
ables on the structure and function of terrestrial ecosystems by exam-
ining natural environmental gradients. The advantage of examining
these gradients in Hawai‘i is two-fold; the islands comprise extreme
variation in environmental conditions, yet because species richness is
low, species turnover is not nearly the confounding factor it is in other
locations. For example, the use of chronosequences — substrate-age
gradients — to infer processes such as substrate development, forest
succession, and ecosystem development over time — is best done in
systems like Hawai‘i that have low biodiversity and disturbances of low
frequency and severity (Walker et al., 2010). The long substrate-age
gradient across the island chain, ranging in age from ca. 300 to >4.1
million years (Crews et al., 1995), has been used to study ecosystem
development including soil nutrient availability (Crews et al., 1995;
Vitousek et al., 1988), ecosystem productivity (Herbert and Fownes,
1999), plant resource-use efficiency (Treseder and Vitousek, 2001), fine
root dynamics (Ostertag, 2001), decomposition (Hobbie and Vitousek,
2000), and forest succession (Kitayama and Mueller-Dombois, 1995).
This space-for-time substitution approach has helped to define our un-
derstanding of ecosystem development over long time periods and has
been generalized to far-removed ecosystems (Selmants and Hart, 2010).
Resource gradient studies have also yielded important insights. For
example, the Mauna Loa matrix gradient includes a series of sites that
together can disentangle effects of elevation from temperature and
precipitation, as well as lava flow age and lava type (Aplet and Vitousek,
1994; Crews et al., 1995; Kitayama et al., 1995). Other studies have
focused on rainfall (Austin and Vitousek, 2000; Schuur, 2001; Schuur
et al.,, 2001) and mean annual temperature gradients (Bothwell et al.,
2014; Giardina et al., 2014; Iwashita et al., 2013; Litton et al., 2011;
Pierre et al., 2017; Selmants et al., 2014).

It can be instructive to examine Hawaiian forests in the context of
other tropical forests. Hawai‘i has two long-term forest dynamics plots
on Hawai'‘i Island as part of the Smithsonian’s ForestGeo network, in
which all plots employ the same standardized methods, mapping and
measuring all stems < 1 cm diameter at breast height. Laupahoehoe is a
montane wet forest at 1160 m elevation, with a mean annual tempera-
ture (MAT) of 16 °C and mean annual precipitation (MAP) of 3440 mm.
Palamanui is a lowland dry forest at 265 elevation, 20 °C MAT and
835mm MAP. The two Hawaiian plots have strikingly low species
richness, with only 21 species at Laupahoehoe and 15 species at
Palamanui (Fig. 4). When forest structure is compared to the four sites
within +300 mm rainfall (Table 2), the montane wet forest site is similar
in biomass, in the intermediate range in terms of tree density, and high
in basal area (due to its high tree fern abundance, while other sites do
not have tree ferns). Thus, low species richness does not seem to
constrain many of the typical structural attributes found in this climatic
zone, and the structure of the Laupahoehoe forest is also similar to other
montane wet forests in Hawai‘i that are not part of this global network
(Ostertag et al., 2014). At the drier end of the spectrum, however,
Hawai‘i’s forests stand out in two ways: 1) very low basal area and
biomass, and 2) dry periods that are year-round rather than a wet/dry
seasonality. One indicator of a forest’s dryness is the number of
dry-season months, defined as months with < 100 mm rainfall (Mooney
et al., 1995). A global comparative study of climate relationships in dry
forests from Central America, South America, Africa, Asia, and Australia
catalogued dry seasons ranging from 0.6 to 5.9 months per year (Malhi
and Wright, 2004). However, several of the forests in Hawai‘i experience
12 dry season months per year (Ostertag et al., 2014; Sandquist and
Cordell, 2007). None of the other ForestGeo plots have such dry
year-round conditions (Table 2). Even the sites with the greatest sea-
sonality (6-months dry season at DOI, HKK, MUD) are not similar in
terms of diameter distributions or basal area, but the Hawaiian forest
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structure may be confounded by lava flow age.

There are several attributes of Hawaiian forests that may be
extremely consequential and that deserve more study in a comparative
framework. First, despite having a stem density similar to that of other
tropical wet forests (Table 2), the canopy of Hawaiian forests tends to be
quite open (Funk and McDaniel, 2010; McDaniel and Ostertag, 2010),
which influences understory vegetation dynamics including recruitment
and may be partially responsible for high invasion rates (see Section 5).
Second, Hawaiian climatic records show extreme inter-annual vari-
ability in precipitation, especially in drier sites (Frazier and Giambel-
luca, 2017; Sandquist and Cordell, 2007). The low predictability of
rainfall in Hawaiian forests likely affects plant function, and future
studies could examine how this variability shapes the evolution of seed
production and seedling regeneration, similar to approaches applied in
fire-prone ecosystems (Keeley et al., 2011).

3.4. Human-induced regime shifts

Island forests have been profoundly affected by humans. A number of
plants, mammals, and pathogens introduced by humans have adversely
influenced native biodiversity and led to various waves of extinctions,
each of which has had profound ecological ramifications in island systems
(Wood et al., 2017). Hawai'‘i is no exception, being first impacted when
seafaring Polynesians discovered the islands ca. 1000 years ago (Wilm-
shurst et al., 2011). The Polynesians brought with them a suite of plants
and animals (including most notably the dominant food crops kalo (taro,
Colocasia esculenta) and ‘uala (sweet potato, Ipomoea batatas) as well as the
Polynesian pig), which collectively comprised a portable biocultural
toolkit (sensu Winter et al., 2018b) that ensured their survival in their new
island home and allowed them to perpetuate their cultural traditions.
Using Indigenous resource management, Hawaiians employed their bio-
cultural toolkit to create mosaicked cultural landscapes (Box 3, Fig. 3),
including areas dedicated to agroforestry that combined native and
introduced species within highly managed novel plant communities
(Winter et al., 2018, 2020a). A modeled prototypical land division from
the ancient Hawaiian period (Box 3, Fig. 3) showed that as much as 40 %
of the land area in low-elevation regions was dedicated to these cultural
landscapes and novel forests (Winter and Lucas, 2017), with an even
smaller percentage of area representing forested landscapes that were
converted to field agro-ecology for the cultivation of crops such as taro
and ‘uvala (Kurashima et al., 2019). The remaining 60 % was dedicated to
maintaining various native forest types, including the wao akua (sacred
forest), a zone of montane cloud forests that functioned as source pop-
ulations for native species and preserved core watershed areas (Winter
et al., 2018; Winter and Lucas, 2017).

Paleoecological data indicate that forests in the Hawaiian Islands
have transitioned through a series of stable states over time (Athens
et al.,, 2002; Burney et al., 1995, 2001; Hotchkiss and Juvik, 1999),
punctuated by species turn-over driven by human-caused species in-
troductions and referred to as “regime shifts” (Folke et al., 2004).
Polynesian arrival is thought to have led to one of these regime shifts,
largely driven by the introduction of the Pacific rat (Rattus exulans),
which led to the initial collapse of lowland forest through seed depre-
dation, a pattern observed following rat introductions to islands globally
(Drake and Hunt, 2009). For example, in the mid-Holocene, lowland
forests of O'ahu were dominated by Pritchardia palms, the leguminous
shrub Kanaloa kahoolawensis, and Dodonaea viscosa, but seed depreda-
tion by Pacific rats led to rapid collapse of these lowland forests and
conversion to grasslands within the span of 50-100 years (Athens et al.,
2002). Radiocarbon data indicate that human settlement into these
disturbed lowland habitats occurred after collapse of the forests, sup-
porting the conclusion that the Pacific rat was the primary driver of this
regime shift (Athens et al., 2002). Various native animal species simi-
larly declined during the period after Polynesian arrival, including the
large birds such as the moa nalo (Thambetochen chauliodous) and Big
Island Goose (Branta rhuax) (James et al., 1987; Paxinos et al., 2002).
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Box 4
Community assembly of Hawaiian forest: the kipuka model system.

Community assembly at the archipelago-scale reflects long-distance dispersal to the Hawaiian Islands followed by diversification and inter-
island migration, as discussed in Section 4. In addition, local-scale community assembly processes have been relatively well studied in Hawai‘i,
particularly on Hawai‘i Island where forest fragments of various sizes occur throughout a landscape dominated by young lava flows (Figure 5).
These remnant forest fragments, the kipuka system, provide a model system for investigating classic ideas about assembly processes with respect
to habitat size and isolation from source communities as originally formalized by the Island Biogeography Theory (MacArthur and Wilson, 1967)
and later refined to account for matrix features affecting dispersal and meta-population dynamics (Laurance, 2008). Diversity across the kipuka
system corroborates general patterns reported elsewhere — higher species richness in larger kipuka with relatively lower edge/area ratios, and
more similar community composition among more connected kipuka for birds (Flaspohler et al., 2010), spiders (Vandergast and Gillespie,
2004), and root-associated fungi (Vannette et al., 2016). However, links between kipuka size, connectivity and diversity are not always
observed, suggesting that dispersal across the lava matrix may not be a hard barrier to more mobile forest organisms, such as canopy arthropods
(Petillon et al., 2020; Tielens et al., 2019).

The kipuka system may provide insights into forest responses to novel sources of fragmentation associated with agriculture, animal husbandry,
forestry plantations, suburbanization, and urbanization, which have reduced forest habitat and dissected previously large tracts of forest into
fragments of varying size and connectivity. How these landscape modifications intersect with invasive species and climate change to affect
Hawaiian forests are likely to be devastating to the future persistence of native island forest species, both in Hawai‘i and globally (Gillespie et al.,
2008). For example, invasive species are becoming so abundant in Hawaiian kipuka that they dilute any potential relationship between native
species richness and kipuka size or connectivity in birds and spiders (Flaspohler et al., 2010; Petillon et al., 2020), and invasive rats can alter
kipuka food web dynamics (Wilson Rankin et al., 2018). Notably absent from kipuka community assembly research are studies of plant diversity,
most likely as a consequence of the dominance of Metrosideros polymorpha within these forest fragments. However, the extrapolation of kipuka
research as a model for understanding forest fragmentation dynamics in Hawai‘i is limited by the absence of plant diversity studies, particularly
for the older Hawaiian Islands where community assembly is not dominated by M. polymorpha. Considering the negative effects of fragmentation
on forest canopy structure (Vaughn et al., 2014), cascading effects on plant diversity are likely.
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The loss of these species eliminated the guild of large browsing herbi-
vores from the Hawaiian Islands (see Section 7.1 for further discussion),
with cascading effects on forest food webs (James and Burney, 1997).
Although evidence reveals that over time, R. exulans spread into higher
elevations, forests remained dominated by native species for centuries,
likely because Hawaiians limited activity in montane areas (Athens
et al., 2002; Burney et al., 1995, 2001). This altered stable state was in
place for centuries until the arrival and proliferation of other non-native
species in the 19th century, including the black rat (Rattus rattus),
mosquitoes (Culex spp.), and Eurasian pigs (Sus scrofa), which interbred
with the Polynesian pig and then became feral (Burney and Kikuchi,
2006). These arrivals triggered the current regime shift and led to
widespread declines in native-dominated forests at all elevations. In

short, extinction events and ecological changes started with the arrival
of Indigenous peoples in Hawai‘i, then increased significantly in the
colonial and post-colonial periods with further species introductions and
altered land-management strategies, a pattern common within island
systems globally (Wood et al., 2017).

Indigenous resource management strategies and practices limited the
human footprint to low elevations (Gon et al., 2018) and promoted
connectivity throughout species distributions in the Hawaiian era
(Winter et al., 2018). The abandonment of those practices, along with
the proliferation of large-scale agriculture (e.g., cattle ranching and
monotypic plantations) in the 19th century, led to the rapid loss and
degradation of native ecosystems through increasing dominance by
non-native plants. This process has accelerated in the modern era (Gon

Fig. 5. Hawai‘i Island Kipuka. Photo credit: Andrew Richard Hara.
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et al., 2018). In addition, the Hawaiian landscape has become more
fragmented since human settlement. Whereas fragmentation is a natural
consequence of the active volcanoes that make up the younger Hawaiian
Islands (Vaughn et al., 2014), human-caused fragmentation is particu-
larly important on the older islands where volcanism is millions of years
in the past (Box 4, Fig. 5). Forest fragmentation likely influences plant
community dynamics via negative effects on reproduction and fitness
(Aguilar et al., 2006), by increasing conduits for non-native species, and
by altering the physical environment. Although natural fragmentation
caused by lava flows has been extensively researched in Hawai‘i (Flas-
pohler et al., 2010; Vaughn et al., 2014), the consequences of anthro-
pogenic fragmentation on Hawaiian forests has not been studied.

4. Diversity patterns and processes

The Hawaiian Islands have long been held as a model study system
for disentangling the roles of community assembly and evolutionary
processes in biodiversity (Emerson and Gillespie, 2008). As established
in the previous section, the archipelago comprises a geographically
isolated chronosequence of volcanic islands of known age (Sherrod
et al., 2007) and striking structural and climatological complexity. This
combination of features allows the study of the tempo and mode of
lineage diversification in response to local biological, climatological,
and geographical conditions and allows the tracking of community as-
sembly and whole-ecosystem evolution across islands (Rominger et al.,
2016).

Habitat suitable for colonization has existed on the islands for
roughly 30 million years (Clague, 1996), but the vast majority of extant
lineages derive from colonists that arrived within the past five million
years (Price and Clague, 2002). While the focus of this review is on
forests, in this section on diversity patterns, it is difficult to limit our
discussion only to forests, because almost all studies have been con-
ducted on an archipelago-scale. Studies focusing on diversity patterns by
habitat type would be extremely fruitful, given variation in selective
pressures across environments.

4.1. Biotic disharmony

As a result of Hawai‘i’s striking isolation from continental land-
masses, its biota is characterized by striking in situ species radiations and
the notable absence of whole groups that are widespread outside of the
islands. Strong barriers to dispersal have led to a biota comprising pre-
dominantly angiosperms, ferns, arthropods, gastropods, and birds (Carr,
1987). The islands’ endemic biota is derived almost entirely by in situ
speciation of a limited number of lineages, which allows researchers to
study the ecological and geographic drivers (Gillespie and Baldwin,
2009) and life history correlates (Price and Wagner, 2004) of biodi-
versity. Some Hawaiian lineages are hyper-diverse following spectacular
radiations within the islands (e.g. lobeliads, honeycreepers, some insect
groups) while many lineages that are well represented on continents are
absent from Hawai‘i (e.g., mangroves, figs, parrots, doves, terrestrial
mammals except bats). Endemism is a common feature of island biotas,
and thus the diversity patterns and processes characterized in the Ha-
waiian Islands may be represented of those of other systems (Gillespie
et al., 2013).

The origin of the Hawaiian flora is global. A recent update of Fos-
berg’s classic study (Fosberg, 1949) reports that of the 259 Hawaiian
plant lineages examined, 78 are of widespread origin, whereas other
common sources of the Hawaiian flora are Indo-Malayan (31),
Neotropical (34), North American (30), Australasian (28), East Asian
(10), and unknown (48) (Price and Wagner, 2018). A substantial num-
ber of lineages arrived in Hawai‘i via previous dispersal from other
Pacific Islands (Price and Wagner, 2018), indicating the importance of
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stepping stones in colonization process. The younger islands were
typically seeded by initial colonizations from older islands following
Funk and Wagner’s progression rule (Funk and Wagner, 1995; Shaw and
Gillespie, 2016). The widely observed unidirectional colonization of,
and subsequent diversification on, younger islands is likely the conse-
quence of limited niche availability and strong competition with resi-
dent populations constraining colonization of older islands. Several
counter-examples exist, however, of successful back-colonization of
older islands, such as species of Schiedea (Wagner et al., 1995),
Cyrtandra (Johnson et al., 2017), Clermontia (Givnish et al., 2013), and
Metrosideros (Percy et al., 2008; Stacy and Sakishima, 2019).

Natural colonization of the Hawaiian Islands by plants requires high
dispersibility and occurs via three major dispersal modes in increasing
order of importance: abiotic dispersal (water and wind), external bird
dispersal through adhesion of small seeds, and internal bird dispersal via
ingestion (Carlquist, 1974; Price and Wagner, 2004, 2018; Sakai et al.,
1995). These dispersal types show geographic patterning; external
dispersal by bird is proportionally higher from North American taxa and
lower in Pacific taxa, whereas internal bird dispersal is proportionally
higher in Austral and Pacific taxa, and lower in widespread taxa (Price
and Wagner, 2018). Because, on average, seed size is smaller for her-
baceous plants than for forest trees, Hawai‘i’s colonizing angiosperms
were likely predominantly herbaceous (Carlquist, 1974).

The native angiosperm flora found in all biomes across the main
islands comprises 1039 species derived from just 259 presumed colonists
(Price and Wagner, 2018). The exceptional endemism of Hawai‘i’s an-
giosperms (90 % at the species level) is due to dramatic radiations within
just a handful of these lineages. Indeed, the ten largest lineages represent
just 4% of original colonists yet comprise 41 % of Hawai‘i’s angiosperm
species (Price, 2004). In ferns and lycopods, diversification is more
modest, presumably due to the greater passive dispersibility (and thus
broader species distributions) of ferns, multiple colonizations to the
same island, and lower speciation rates (Driscoll and Barrington, 2007),
but there is still remarkably high endemism at 78.1 % of the 210 species
(Ranker et al., 2019).

Hawai‘i is also home to a disharmonic animal biota that plays
important roles in forests, including snails, spiders, and insects (Cowie
and Holland, 2008; Gillespie and Roderick, 2002; Holland and Cowie,
2009). For example, it has been estimated that there are approximately
10,000 native insect species derived from a mere ~350—400 coloniza-
tion events from around the Pacific (Eldridge and Miller, 1995; Howarth
and Mull, 1992). Conversely, the only terrestrial vertebrates native to
Hawai‘i are birds and one insectivorous bat species; reptiles, amphib-
ians, and non-volant mammals are absent from the native fauna, likely
reflecting the barriers to dispersal of large, non-flying animals. The
presence of such a disharmonic animal biota led to distinct plant-animal
interactions in Hawaiian forests compared to continental forests, in-
teractions which are now severely threatened by extinctions and altered
by invasions (discussed below).

4.2. Diversity patterns

Patterns of plant diversity at the scale of whole archipelagoes have
received extensive theoretical and empirical attention. According to the
dynamic theory of island biogeography, species richness is expected to
have a hump-shaped pattern with island age (Borregaard et al., 2017;
Lim and Marshall, 2017; Whittaker et al., 2017, 2008). Young islands are
expected to have low species richness that increases over time as colo-
nization from the older islands occurs; speciation rates are also highest
on young islands, as a consequence of high niche availability. As islands
age, they subside and lose size, eventually leading to a decline in rich-
ness, and these trends on young and old islands is expected to result in a
peak in species richness on intermediate-aged islands. The latter
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prediction is well supported by datasets from the Azores, Canaries,
Galapagos, Marquesas, and Hawaiian Islands (Whittaker et al., 2008).
For the current main Hawaiian Islands, species richness of plants is
greatest on Kaua‘i, and lowest on Hawai‘i Island (Craven et al., 2019;
Price, 2004), indicating that Kaua‘i is currently at the intermediate age
of Whittaker’s model and will lose species richness in the future. This
pattern of diversity extends to individual clades as well (Price, 2004),
with a majority of angiosperm lineages having peak richness on the
oldest island, Kaua‘i (seven of the ten richest lineages), and the lowest
species richness on the youngest island, Hawai‘i Island (true for nine of
the ten richest lineages).

Diversity patterns of Hawai‘i’s non-flowering plants are not as well-
characterized as those of flowering plants, although there are island
checklists for ferns and fern allies (Palmer, 2003; Ranker et al., 2019)
and mosses (Staples et al., 2004). Unlike angiosperms, ferns and lyco-
phytes tend to be widespread across all of the main islands (Ranker et al.,
2019), and thus do not appear to follow Whittaker’s model. Relatively
few studies have examined patterns of functional diversity among ferns
and lycophytes (Waite and Sack, 2010, 2011), and this is an important
gap in our knowledge as these are dominant members of the Hawaiian
forest understory.

Extant plant diversity in Hawai‘i is heavily represented by natural-
ized non-native species, which are abundant and widespread in Ha-
waiian forests (Table 1, Fig. 6), with several of the most abundant also
occurring across diverse forest types (Ainsworth and Drake, 2020). Be-
tween 1840 and 1999, 7866 ornamental species were brought to the
islands; of these, 420 have naturalized, 141 are listed as invasive, and 39
of those are identified as noxious (Schmidt and Drake, 2011). A more
recent estimate on the native and naturalized non-native plant species in
all Hawaiian biomes lists 1365 native and 1470 non-native species
(Wagner et al. 2005). A forest-specific inventory revealed that the
relative abundance of non-native plants varies considerably across
islands (Craven et al., 2018). Some non-native plants in Hawaiian forests
have clearly reached the final stages of invasion in which they contribute
to declines in native flora and fauna and disrupt ecosystem function
(Blackburn et al., 2011). Nonetheless, even with these examples, it re-
mains difficult to predict which of the more recent arrivals will spread
and disrupt Hawaiian forests in the future.
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4.3. Diversity processes: adaptive radiations

As mentioned above, a majority of Hawai‘i’s biodiversity stems from
adaptive radiations of relatively few colonizing lineages. These radia-
tions are shaped by the striking environmental heterogeneity of the
islands and facilitated by the disharmonic nature of Hawai‘i’s biota,
which is thought to leave open niches (Carr, 1987). Through adaptation
to contrasting environments, many Hawaiian plant groups display great
morphological diversity (Appendix G) and occur across a much broader
array of habitats than their mainland counterparts (Baldwin and Sand-
erson, 1998; Carlquist, 1974; Funk and Wagner, 1995; Ganders and
Nagata, 1984). Whereas some lineages provide evidence for the
importance of pollination mode and growth forms (woody versus her-
baceous) as drivers of adaptive radiation (Weller et al., 2017), mode of
seed dispersal is the most important correlate (Price and Wagner, 2004).
Specifically, lineages with seeds that are internally dispersed by birds
are the most speciose, and those with abiotically dispersed seeds are the
least species-rich. Moreover, Price and Wagner (2004) found that
broadly distributed lineages comprising isolated populations derived
through internally-bird-dispersed seeds are most likely to have under-
gone radiations. While this pattern indicates that stochastic processes in
small populations may contribute substantially to plant speciation in
Hawai‘i, the importance of genetic drift and mutation in these adaptive
radiations is not known. Further, with just a few exceptions (Ekar et al.,
2019; Givnish et al., 2004; Morrison and Stacy, 2014), the specific
abiotic factors associated with, and likely responsible for, species
diversification across Hawai‘i’s heterogeneous landscape have not been
examined.

Because of the recency of most colonization events, variation at
molecular markers used for plant phylogenetic analyses is low despite
high morphological diversity in many Hawaiian groups (Appendix G).
This problem is expected for recent and rapid radiations, and it frustrates
attempts for species-level phylogenies and thus robust tests of evolu-
tionary hypotheses in Hawaiian plants. For example, high cross-fertility
and frequent hybridization among closely related taxa may have
contributed to many Hawaiian plant radiations (Dunbar-Co et al., 2008;
Johnson et al., 2019; Nepokroeff et al., 2003; Wagner et al., 1999).
Natural hybridization that results in high fertility of first-generation

What factors drive displacement of native Hawaiian plants by invasives?

Nearly all native Hawaiian plant species interactions now directly or indirectly involve non-native plants, animals, or microbes. Non-native plants
are widespread in Hawaiian forests (Table 2), and across Hawaiian biomes the number of native and non-native species are similar in magnitude
being most abundant on the more heavily populated and disturbed islands. What factors are responsible for the displacement of native Hawaiian
plants by non-native invasives? Below we summarize four key processes that interact with one another to create unfavorable conditions for native

Hawaiian plants, thereby promoting invasive plant spread.

Anthropogenic influences

* Numerous and ongoing species introductions
— Should “native” plant communities established by
Polynesians be our conservation target?
Urbanization and forest fragmentation
— How can we mitigate disruptions to species
interactions and ecosystem dynamics?
— Do these processes provide conduits for invasives?
Which ones?
Ongoing global climate change driving range shifts
* Does this open habitat for non-native establishment?

Shifting ecosystem dynamics

+ Storms, droughts, and fires becoming more common
— Which native plant species (and associated species) are
most vulnerable?
+ Establishment of invasive C, grasses and N-fixing species
increases fuel load, C stocks, and soil N
— Which invasives are most favored by these shifts?
— How can these feedback loops be disrupted?
— What are the consequences for native plant recruitment?

Expansion of nitrogen-fixing

Species interactions
Morella faya (firetree), Maui

* Shifting community composition and species abundances
— Mycorrhizae: How is this driven by shifts in climate and
ecosystem function?
— Microbes: How can the spread of pathogens, including
avian malaria, be halted?
— Birds: How will long-term declines in seed-dispersing and
pollinating birds and bees drive further extinctions?
« Distinct and novel species interactions
* Are invasives better defended than natives?
* How do non-native ungulates facilitate further invasion?

D by Pueraria montana
(kudzu) reducing light availability, O‘ahu

Functional trait differences

* Natives more resource efficient in many but not all cases

* What proportion of natives are shade and fire intolerant,
and how do they cope with both?

— With increasing dominance by invasives, which store and
intercept less water than natives, what are the
consequences for ecosystem function?

+ Invasives grow more quickly than natives

* Under what conditions does this not hold?

* How does this alter local resource availability?

* How will this contribute to range shifts?

Abundance of Psidium cattleianum
. (strawberry guava) seedlings reduce

Photo credits: © Forest and Kim Starr for Morella and Psidium, Pueraria by A. Wester!

native species recruitment, Maui

Fig. 6. Simultaneous and interacting factors underly the displacement of native by non-native plants in Hawaiian forests.
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hybrids and thus allows for introgression between taxa appears to be a
regular feature in species-rich lineages such as Bidens (Ganders and
Nagata, 1983), as well as the forest trees Euphorbia (Koutnik, 1990), and
Cyrtandra (Carr, 1987; Ziegler, 2002). Introgressive hybridization
among incipient forms creates novel gene combinations that may pro-
mote adaptation to novel environments (Carr, 1987; Lewontin and
Birch, 1966) and thus adaptive radiation (Seehausen, 2013). Consistent
with this mechanism, recently evolved species of Scaevola originating
from hybridization have been confirmed through molecular data
(Howarth and Baum, 2005). In addition, intraspecific hybridization
within the hypervariable M. polymorpha (Stacy et al., 2016) has been
suggested as a source of some of the many varieties of this species
(Ziegler, 2002). The recency of evolutionary diversification of Hawaiian
plant groups and their propensity for hybridization make them ideal
systems for investigating the role of introgression in the evolution of
exceptional species richness (Meier et al., 2017).

Recent applications of next-generation DNA sequencing, are allow-
ing much improved insight into plant evolution in Hawai‘i (Choi et al.,
20205 Izuno et al., 2017; Knope et al., 2020). As these new techniques
allow for the construction of more accurate phylogenies, there is now an
opportunity to investigate intersections between functional traits
(Medeiros et al., 2019) and community diversity patterns. While such
research is flourishing in other geographic regions (Cadotte et al., 2019),
these synthetic approaches, merging community ecology and evolution,
are lacking for Hawai'‘i.

4.4. Diversity processes: incipient plant radiations and non-radiating
lineages

While the most species-rich groups have attracted the greatest
attention from evolutionary biologists, there are many widespread
species with tantalizing morphological variation that have received little
attention (Appendix G). Such species are especially interesting because
they offer the best opportunity for studying divergence and speciation in
progress (Ramsey et al., 2003; Via et al., 2000).

The best example of a lineage undergoing incipient radiation is Ha-
waiian Metrosideros. Only five species of Metrosideros are recognized in
Hawai‘i, and all are likely derived from a single colonist to the islands
3.1 £ 0.6 mya (Dupuis et al., 2019) to 3.9 + 2.5 mya (Percy et al., 2008).
Yet studies of the most ecologically and geographically dominant
member of this genus, M. polymorpha, reveal considerably more taxa
than the eight varieties currently described (Dawson and Stemmermann,
1990). These varieties and tentative races are distinguished through
vegetative characters and are non-randomly distributed across Hawai‘i’s
heterogeneous landscape, from wet forests and bogs to new lava flows,
deserts, subalpine zones, riparian zones, and windy cliffs (Stacy et al.,
2020). On Ko‘olau Volcano, O‘ahu, leaf micromorphological characters
differentiate six of seven infraspecific taxa of M. polymorpha (Sur et al.,
2018), and all taxa examined to date on Hawai‘i and O‘ahu show evi-
dence of local adaptation to particular environments or isolated abiotic
features of these environments (Cordell et al., 2000, 1998; Ekar et al.,
2019; Kitayama et al., 1997a; Morrison and Stacy, 2014; Stemmermann,
1983). The three most abundant varieties of M. polymorpha on Hawai‘i
Island also show heritable variation in floral characters consistent with
biotic selection across elevational and successional gradients (Stacy and
Johnson, 2021). The partial but significant reproductive isolating bar-
riers observed between taxa within islands (Rhoades, 2012; Stacy et al.,
2017) and the broad variation in the extent of genetic isolation of these
forms (DeBoer and Stacy, 2013; Izuno et al., 2017; Stacy et al., 2014;
Stacy and Sakishima, 2019; Stacy et al., 2020) are consistent with
ongoing adaptive radiation in Hawaiian Metrosideros (Stacy et al., 2014),
including the emergence of a riparian variety through incipient sym-
patric speciation (Choi et al., 2020). Evidence from across the genus
suggests that Metrosideros may have a high capacity for adaptation to
extreme environments, as evidenced by four independent origins of
stenophyllous rheophytes in Hawai‘i, New Caledonia (Dawson, 1992),
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Lord Howe Island (Green, 1990), and South Africa (Van Steenis, 1981).

In spite of Hawai‘i’s spectacular radiations, most angiosperm line-
ages comprise single species (Price, 2004). While some of these mono-
typic groups display intriguing morphological variation (Appendix G),
at least 15 endemic species appear monomorphic despite being widely
distributed throughout the islands (St. John, 1946). These species may
have evolved to become generalists as a consequence of ecological
release, although the reason for the failure of speciation in these groups,
many of which are species-rich in other parts of the world, is unknown.

4.5. Diversity processes: non-adaptive radiations

In some species-rich lineages, divergence does not seem to corre-
spond to abiotic or biotic variation, suggesting that diversification
occurred allopatrically through drift (i.e., that radiations are non-
adaptive). Among angiosperms, the species-rich genus Cyrtandra may
result from largely non-adaptive diversification (Carlquist, 1974).
Cyrtandra is a species-rich genus distributed throughout the Pacific with
recent diversification in the Hawaiian Islands (Johnson et al., 2017).
Nearly all Cyrtandra species are narrowly distributed within wet upland
forest understories; 57 of 60 species in Hawai‘i are single-island en-
demics (treating Maui Nui as a single island) with many described as
micro-endemics. Speciation within this group appears to have occurred
predominantly through geographic isolation of small populations
following founder events (Cronk et al., 2005; Johnson et al., 2017), with
associated phenotypic divergence through drift, and hybridization in
sympatry limited by postzygotic barriers (Johnson et al., 2015). Pur-
ported examples of non-adaptive radiations should be viewed with
caution, however, as they may result from agents of selection that are
more difficult to measure.

4.6. Adaptive shifts in phenotypes

The preponderance of adaptive radiations in Hawai‘i offers a unique
opportunity to investigate the evolution of phenotypic diversity and
ecological release. Some of the phenotypic trends observed in Hawaiian
plants are consistent with trait syndromes predicted for other island
biotas (Burns, 2019; Patino et al., 2017), while others are not.

Shifting species interactions and migrations from coastal to inland
habitats are thought to have driven phenotypic shifts in native Hawaiian
plants. Most plant colonizations to Hawai‘i occurred in open, dry, or
coastal areas, with many groups secondarily expanding into and
adapting to wet forests (Carlquist, 1974). Altered dispersibility associ-
ated with shifts in dispersal vectors have been described. For example, in
Bidens, there was loss of seed structures that attach to bird feathers, and
in Euphorbia, there was an increase in fruit and seed size and loss of
stickiness, both of which possibly reduced dispersibility (Wagner et al.,
2005); in contrast, the mints (Phyllostegia, Stenogyne) and some lobeliads
(Clermontia, Delissea, Cyanea) evolved fleshy fruits that attract birds (see
Section 6), which likely increased dispersibility (Givnish et al., 2009;
Lindqvist et al., 2003). Moreover, many of the largest-fruited (or
—seeded) species are restricted to the oldest islands of O‘ahu and Kaua‘i
(Carlquist, 1974), consistent with an evolutionary trend of increasing
fruit size over time. Distributions of floral traits indicate evolutionary
shifts as well, such as the evolution of moth pollination in Brighamia
within the otherwise bird-pollinated lobeliads (Walsh et al., 2019).

Evolution of woodiness from herbaceous ancestors is common in
Hawaiian angiosperms and has led to the highest global proportion of
woody species of any flora in the world (Carlquist, 1974). An excellent
example is the species-rich genus Euphorbia, with species transitions
from sprawling and prostate plants in dry, coastal scrublands to tall trees
in mid-elevation forests on O‘ahu (Yang and Berry, 2011). In Plantago,
woodiness has evolved twice, alongside the incursion into forest and
shrubland habitats from bogs (Dunbar-Co et al., 2008). The reasons
underlying increased woodiness in Hawai‘i’s flora are unknown, but
likely include the recurring evolution of wet-habitat forest species from
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coastal or dry habitat forest species, high rainfall in some forests fa-
voring trees or shrubs, and the islands’ relatively benign climate in some
regions, which promotes continued growth year round and the perennial
habit (Burns, 2019; Carlquist, 1974).

4.7. Effects of disharmony

Frontiers for future research involve understanding the effects of
disharmony on forest community composition, functional composition
and ecosystem functioning. For example, highly polymorphic species
such as M. polymorpha are widespread and abundant in Hawaiian forests
(e.g., present in 435/534 forest plots sampled across the islands (Craven
et al., 2018)), whereas species from the diverse adaptive radiation of
Cyrtandra are present in just two plots. Future examination of the in-
terconnections among plant traits and the effects of disturbances on
species, community, and ecosystem scale processes would provide new
insights into the dynamics of a highly endemic biota to changing as-
sembly and physical conditions, as has been shown elsewhere (Comita
et al., 2018).

5. Demography, life history, and functional ecology

Research on the population dynamics and ecology of Hawaiian forest
plants is heavily biased toward M. polymorpha, the most abundant and
widespread tree species, and Hawai‘i Island where the largest tracts of
intact native forest remain (Jacobi et al., 2017). Less is known about the
demography, functional ecology, and life history of Hawai‘i’s other
forest trees and forests on the older islands.

5.1. Hawaiian tree demography

Studies of tree demography in Hawai‘i are limited. Assessments of
stage- and size-class distributions have been conducted for a few of
Hawai‘i’s dominant species (Drake and Mueller-Dombois, 1993), but
these data have rarely been used to quantify population growth rates
and dynamics. Moreover, few studies have estimated growth and mor-
tality rates across multiple ontogenetic stages or environments, instead
providing snap-shots for a single ontogenetic stage and location. Recent
demographic studies have revealed that consumption by non-native
animals strongly influences the population dynamics of three endan-
gered Hawaiian forest shrubs (Bialic-Murphy and Gaoue, 2018; Bia-
lic-Murphy et al., 2017, 2018), but that each species is also affected by
different environmental factors such as precipitation (Bialic-Murphy
and Gaoue, 2018) and the availability of suitable germination sites
(Bialic-Murphy et al., 2017). These studies showcase the value of
long-term monitoring and demographic modeling for understanding the
factors regulating Hawaiian forest plant population dynamics and for
identifying key threats to endangered plant sustainability (Aguraiuja
et al., 2008; Wong and Ticktin, 2015).

Growth rate estimates for Hawai‘i’s woody species reveal consider-
able variation among species. For example, for eight species on Hawai‘i
Island, annual increases in trunk diameter ranged from 0.5 mm/yr for
Vaccinium calycinum, a understory shrub/small tree, to 4.0 mm/yr for
the canopy dominant A. koa; M. polymorpha was close to the lower end of
that range at 1.3 mm/yr (Hart, 2010). Faster growth rates have been
reported for some forest trees in dry sites on Hawai‘i Island, peaking
with the shrub/small tree Psydrax odorata at 8.9 mm/yr (Sandquist and
Cordell, 2007). In comparison, median growth rates of tropical tree
species outside of Hawai‘i range from 0.35 to 13.41 mm/yr in Costa Rica
(Lieberman et al., 1985), from 6.0-75 mm/yr in Puerto Rico (Lugo et al.,
1990), and 3.2-9.4 mm/yr in Venezuela (Worbes, 1999), indicating that
Hawaiian species are within the range of growth rates reported for other
topical forests, but may cluster at the slow end of the spectrum. Sur-
prisingly few studies have compared growth rates of native and
non-native forest species, with some evidence that non-native species
have higher growth rates than native trees (Pattison et al., 1998;
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Stratton and Goldstein, 2001). Additional research comparing a diverse
suite of growth metrics of native and non-native species throughout
ontogeny could elucidate the stage at which non-native trees appear to
out-compete native species, providing crucial insights into the
displacement of native by non-native species in Hawaiian forests.

Apart from the well-documented episodic mortality of M. polymorpha
(canopy dieback events), data on mortality rates are scarce for Hawaiian
forest species. In montane wet sites on Hawai‘i Island, annual mortality
ranged from 0.98 % for Ilex anomala to 5.82 % for Coprosma ochracea,
and annual mortality for M. polymorpha was 1.1 % (Hart, 2012). As
expected, mortality rates varied across ontogenetic stages (not consid-
ering seed and seedling stages) for both M. polymorpha and A. koa, with
the highest rates in the largest (oldest) trees (Hart, 2012). Mortality rates
and sources of mortality across the archipelago and across gradients,
including climate, disturbance, and species interactions (e.g. novel dis-
eases and natural enemies), are needed to better understand how
Hawai‘i’s plant populations may cope with future changes in the
environment.

5.2. Seedling recruitment in Hawaiian forests

Seedlings growing in Hawai‘i’s forests experience environmental
conditions that are distinct from other tropical forests for multiple rea-
sons. First, owing to the relatively open canopy of Hawaiian forests, light
levels in Hawaiian forest understories tend to be considerably higher, at
6.4 % transmitted irradiance (Inman-Narahari et al., 2013), than those
of other evergreen rainforests, which typically range from 0.01-3.0%
(Coomes and Grubb, 2000). In addition, Hawai‘i’s volcanic substrate
presents several challenges for seedling establishment, including low
nutrient availability and minimal water retention in young substrates.
The substrate-age gradient leads to different recruitment dynamics
across the archipelago, where young substrates are dominated by
episodic recruitment leading to even-aged stands, and older substrates
are dominated by gap-phase recruitment.

Seed dormancy, longevity (in storage), and germination patterns are
well described for many Hawaiian plants due to a focus over the past 20
years on seed banking for conservation (Baskin and Baskin, 2014; Chau
et al., 2019), although the extent to which these patterns reflect varia-
tion under natural conditions is unknown. Seed rain studies reveal
dominance by M. polymorpha, which deposits thousands of minute,
wind-dispersed seeds per m? per year (Cordell et al., 2009; Drake, 1992,
1998; Inman-Narahari et al., 2013). Typically, less than 20 % of these
seeds are embryo-filled (Burton, 1982; Drake, 1992), at least partially
due to pollen limitation (Stacy et al., 2017). Other native species may be
seed-limited with exceptionally low germination rates (Cordell et al.,
2009). Whether poor seed germination of Hawaiian forest plants is a
characteristic of the flora or a consequence of altered pollinator and
disperser communities is not known. Phenological patterns of flowering
and seed production remain poorly described for Hawaiian forest trees,
although many species are reported to have ripe fruits coinciding with
the wet season (Wagner et al., 1999). Upon maturation, seed con-
sumption by non-native rodents poses a serious threat to native plant
regeneration (Chimera and Drake, 2010; Pender et al., 2013; Shiels and
Drake, 2011). With the exception of species with physical dormancy
such as A. koa and Sophora chrysophylla, and a few other exceptions such
as Pipturus albidus, many native species do not form a persistent seed
bank (Drake, 1998).

Regeneration of Hawaiian forest plants occurs in various ways,
including seed germination on the ground and aerial substrates, sprouts
of individual trees, and simultaneous recruitment of whole stands
following periodic, widespread dieback. Coarse woody debris (CWD)
colonized by mosses during decomposition has relatively high nutrient
availability (Nadkarni and Matelson, 1992), and in montane wet sites on
both well-drained and water-logged soils, bryophyte-covered CWD is a
primary substrate for native seedling recruitment (Burton and Muel-
ler-Dombois, 1984; Cooray, 1974; Iwashita et al, 2013;
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Mueller-Dombois, 2000; Santiago, 2000). In water-logged soils, CWD
may also alleviate anaerobic conditions by elevating seedlings off the
substrate (Santiago, 2000). When CWD is far off the ground, as in nurse
logs, seedlings also gain the advantage of reduced disturbance by
non-native ungulates, such as feral pigs, or falling tree fern leaves (Busby
et al., 2010; Drake and Pratt, 2001). Many seeds germinate on tree ferns
(Cole et al., 2012; Drake and Pratt, 2001; Inman-Narahari et al., 2013),
which presumably offer similar protection from disturbance. Because
most previous seedling recruitment studies were conducted in unfenced
areas where ground recruitment is limited by ungulate disturbance, it is
likely that recruitment directly in the soil is more common than previ-
ously thought, as demonstrated by recruitment patterns in fenced areas
(Cole and Litton, 2014).

Light quantity and quality are important factors in Hawaiian forest
seedling recruitment. In general, seedling survival is higher under high-
light conditions, although high conspecific seedling density can
outweigh the benefits of high light (Inman-Narahari et al., 2016;
Schulten et al., 2014). Although Hawaiian forests tend to have a rela-
tively open canopy, understory light levels in Hawaiian montane wet
forest sites can be quite low where tree and ground ferns such as
Dicranopteris linearis form dense canopies (Russell et al., 1998), and the
increased light provided by treefall gaps may be important for seedling
recruitment in such forests, particularly for shade-intolerant canopy
species like A. koa (Burton and Mueller-Dombois, 1984; Drake and
Mueller-Dombois, 1993; Hart, 2010). Dry-adapted forest species likely
recruit under relatively high light conditions, and non-native grasses
constrain native recruitment in Hawaiian dry forests by reducing light
and soil moisture (Thaxton et al., 2010, 2012). Where grass invasions
have occurred, light levels have been reduced to the extent that native
seedling recruitment is almost entirely absent (Cordell et al., 2009;
Denslow et al., 2006). Weeding to remove the grasses can increase
native seedling recruitment (Cordell et al., 2009; Denslow et al., 2006),
but because it is highly labor-intensive, this is unlikely to be a viable
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long-term management strategy. Shading treatments that effectively
limit grass growth while allowing recruitment of shade-tolerant native
species (Funk and McDaniel, 2010; McDaniel and Ostertag, 2010) may
be a more cost-effective plan. However, because many Hawaiian forest
species are relatively shade intolerant, native species may be quickly
displaced by more shade-tolerant invaders once there is canopy closure
(McDaniel and Ostertag, 2010; Schulten et al., 2014). This pattern is in
stark contrast to most native-invader dynamics in continental forests,
and is driven by the high light availability that characterizes the un-
derstory of Hawaiian forests.

In general, non-native species are recruiting at high rates in Ha-
waiian forests (Cordell et al., 2009; Mascaro et al., 2008). While the
forest canopy is still dominated by native trees, more successful
recruitment by non-native than native seedlings could portend dramatic
shifts in community composition to dominance by non-native species as
the canopy trees die (Fig. 6). Persistent soil seed banks (Drake, 1998),
high seed production (Cordell et al., 2009), preferential dispersal by
non-native birds (Vizentin-Bugoni et al., 2021, 2019), vigorous seedling
growth (Lurie et al, 2017), and low susceptibility to damage by
non-native herbivores (Joe and Daehler, 2008; Shiels et al., 2014) likely
all contribute to high seedling establishment of non-native plants in
Hawaiian forests. Because our understanding of native species recruit-
ment derives from studies on Hawai‘i or Maui Islands, these results may
not be representative of patterns on the older, more eroded (steeper) and
species-rich islands of O‘ahu and Kaua‘i, where non-episodic gap phase
recruitment is more likely. Additional research spanning more species,
forest types, and substrate ages is thus needed to more broadly under-
stand and identify the conditions optimal for recruitment. Because of
ongoing changes to the substrate and overstory of many forests by
non-native species (Box 5, Fig. 7), more information about recruitment
requirements could shed light on factors constraining in situ germination
rates of native forest species, and inform management efforts aimed at
enhancing natural recruitment as a conservation goal (Chazdon and

Box 5
Novel and hybrid ecosystems

In this era of the Anthropocene (Braje and Erlandson, 2013), many of Hawai‘i’s landscapes are human-dominated and, due to global trade and
transport, contain new mixes of species. Novel ecosystems were first defined as persistent new ecosystem configurations formed by introduced
species (Hobbs et al., 2006). Hybrid ecosystems represent an intermediate condition where there are mixtures of native and introduced species
(Hobbs et al., 2014). Disturbances and degradation can easily convert a historically native-dominated forest into a hybrid or novel ecosystem
(Figure 7A, blue arrows). While restoration is possible (Figure 7A, red arrows), it is labor intensive and expensive, and arguably increasingly
difficult to return from hybrid to historical, and perhaps no longer logistically feasible to return from novel to historical directly (Cordell et al.,
2016; Ostertag et al., 2009; Suding et al., 2004). Thus, a strong argument can be made that the remaining mostly-native Hawaiian ecosystems
should be prioritized for conservation. Acceptance of the idea that some environmental changes create hybrid and novel ecosystems that are
irreversible is a paradigm shift (Hobbs et al., 2014).

Understanding the functioning of hybrid and novel ecosystems is vital. Critical questions that need to be addressed in Hawaiian forests relate to
the beneficial functional roles that non-native species may play (Ewel and Putz, 2004). Introduced trees may serve as nurse plants, as perches for
seed recruitment, as nitrogen-fixers, as phytoremediators, or as fuel for prescribed burns (Ewel and Putz, 2004). Introduced fauna may serve as
seed dispersers for native species (Cole et al., 1995; Foster and Robinson, 2007), but are not always dispersing native seeds (Chimera and Drake,
2010; Pejchar, 2015). In addition, humans must make value judgments about the ecosystem properties most desired. For example, novel forests
on Hawai‘i Island had greater species richness, diversity, and rates of aboveground productivity and nutrient cycling than native forest sites
(Mascaro et al., 2012), but are those conditions desirable on an island that has been constrained by low nutrients and limited long-distance
dispersal for its evolutionary history? The ecosystem services being provided and the interactions occurring among species must be examined on
a case-by-case basis in specific locations, because there is no common rulebook for these novel conditions.

One approach to evaluate the costs and benefits of novel and hybrid ecosystems is through deliberate construction of these ecosystems, either in
the field or through modeling. Self-assembled vs. designed ecosystems can be distinguished, with that latter having a human-centered goal
(Higgs, 2017). In a hybrid restoration experiment in Hilo, Hawai‘i called Liko Na Pilina (Figure 7B), four different mixes of native and non-native
non-invasive species are being evaluated in terms of plant growth, survival, and reproduction, community assembly of leaf litter arthropods, and
ecosystem properties (Ostertag et al., 2020; Ostertag et al., 2015). In a hypothetical study based on Kaua‘i, the relative costs of forest restored to
pre-rat conditions (all native), pre-European (with Polynesian introductions), and a hybrid state were compared. The hybrid restoration stood
out as moderate in cost, supportive of native plant regeneration and native insect abundance, cultural importance, and resilience to disturbance
(Burnett et al., 2019). More research is needed on whether these hybrid ecosystems maintain these services in the long term.
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Fig. 7. Hawaiian forests include native-dominated communities
that resemble historical pre-human contact assemblages as well as
communities composed of a combination of native and introduced
species, referred to as hybrids. Increasingly, species turn-over and
modification of habitats and ecosystem dynamics are leading to
novel ecosystems that are persistent and not easily converted back
to historical conditions (A). Restoration efforts influence shifts
between ecosystem types with variable success (Box 5). On Hawai‘i
Island, a hybrid restoration experiment called Liko Na Pilina (B)
investigates how four different mixes of native and non-native non-
invasive species influence plant growth, survival, and reproduc-
tion, as well as community assembly of leaf litter arthropods, and
ecosystem properties. Photo credit: Rebecca Ostertag.

Guariguata, 2016).

5.3. Tree physiology and morphology

The dominance of M. polymorpha across such a broad range of en-
vironments coincides with remarkable genetic and phenotypic varia-
tion, as highlighted in the previous section. Less attention has been paid
to intraspecific variation in traits of other native species, although this is
changing in recent years (Givnish et al., 2004; Scoffoni et al., 2015;
Waite and Sack, 2010). In general, plants in low-diversity forests such as
those in Hawai‘i are predicted to be slow-growing and conservative in
their leaf economic traits (Wright et al., 2004), strategies thought to lead
to weak competitive ability compared to continental plants (Simberloff,
1995). Consistent with these predictions, native species have been
documented to have higher leaf mass per area, lower leaf nitrogen and
phosphorus concentrations and photosynthetic rates, and higher leaf
construction costs compared to non-native species in Hawai‘i (Baruch
and Goldstein, 1999; Funk et al., 2013; Gleason and Ares, 2004; Pattison
et al., 1998). Native species also typically have low stomatal conduc-
tance and high water-use efficiency at the leaf and whole-tree levels
(Cavaleri et al., 2014; Cordell et al., 2002; Kagawa et al., 2009; Santiago
et al., 2000; Stratton et al., 2000), resulting in the now widely held claim
that Hawai‘i’s native tree species are ‘water savers’ and non-natives are
‘water spenders.” Most of these studies were restricted to relatively few
species on Hawai‘i Island, however, and differences in allocation
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strategies were often not considered. For example, photosynthetic rates
in native species can be higher than those of non-native species when
considered on an area rather than a mass basis (Funk et al., 2013), and
when integrated over the total leaf lifespan, photosynthetic nitrogen-use
efficiency is similar between native and non-native tree fern species
(Durand and Goldstein, 2001). Considering the extensive environmental
gradients that occur within Hawaiian forests, it is not surprising that
climate contributes to leaf functional trait expression and adds com-
plexities to these patterns. For example, an archipelago-wide study of 91
species found that non-native woody plants tend to be more resource
acquisitive (higher photosynthetic rate, leaf N and P concentrations) in
cool, wet habitats whereas native woody plants tend to be more ac-
quisitive in hot, arid habitats (Westerband Knight and Barton, 2021).
Other studies have similarly found that climate and resource availability
can influence native versus non-native trait differences in Hawai‘i (Funk
and Vitousek, 2007; Henn et al., 2019), and in some instances, differ-
ences in functional trait space may be driven by shifts in community
composition following invasion, from woody- to herbaceous-dominated
communities. Clearly, the “syndrome” that island plants are more con-
servative in their leaf ecophysiology and economics has only partial
support among studies on Hawaiian trees, and much of our current
knowledge regarding trait differences stems from studies conducted
primarily on Hawai‘i Island (Funk and Vitousek, 2007; Henn et al.,
2019). How these patterns of leaf ecophysiology influence plant per-
formance and population dynamics are unclear but would benefit from
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additional research, particularly for rare species that may be vulnerable
to extinction.

6. Positive interactions

Pollination and seed dispersal in Hawai‘i’s forests involve in-
teractions with insects and birds. Birds are the only native vertebrate
pollinators and frugivores in Hawai‘i, which further distinguishes
Hawai‘i from other tropical islands, where bats and reptiles are also
important pollinators and seed dispersers (Fleming and Kress, 2013).
Because many birds went extinct before being studied by western sci-
entists, much of what has been published regarding their roles as pol-
linators and frugivores has been inferred from the morphology of birds’
bills and tongues, and from observations by early naturalists and de-
scriptions in mo‘olelo (Hawaiian oral histories); there has been sur-
prisingly little effort to document the effectiveness of the remaining
birds as pollinators. Given the limited number of extant native bird
species that serve as pollinators, this task is tractable, and would be a
valuable contribution to studies that compare the simplified pollination
webs of Hawai‘i to continental systems. In addition, recent research has
documented climate-mediated decreases in the population sizes of Ha-
waiian forest birds that are likely pollinators and dispersers of many
forest plant species (Benning et al., 2002; Paxton et al., 2016), which
would contribute to an accelerated regime shift in Hawaiian forests.

6.1. Pollination

Information on specific plant-pollinator relationships in Hawai‘i is
fairly limited, but floral morphology suggests that 67 % of native plants
are likely pollinated by insects, 19 % by birds, and 14 % by wind (Sakai
et al., 2002). Although bees are most important pollinator group at the
global scale, they are represented in Hawai‘i by a single lineage of about
60 species in the genus Hylaeus (Colletidae) (Zimmerman, 1948), which
occurs in virtually all habitat types, including forests (Daly and Mag-
nacca, 2003). Although Hylaeus bees were among the most common
native insects around the turn of the 20th century, today their pop-
ulations are severely reduced, and many species are now rare or extinct
owing to their heavy reliance on native plant resources and sensitivity to
non-native insects (Magnacca, 2007; Miller et al., 2015; Wilson and
Holway, 2010).

Hylaeus bees have been recorded on the flowers of over 60 native
plant species, but they are thought to utilize community-dominant
species most heavily (Daly and Magnacca, 2003; Magnacca, 2007).
For example, these bees frequently visit and carry the pollen of
M. polymorpha and A. koa flowers (Hanna et al., 2013; Koch and Sahli,
2013; Lach, 2008). Hylaeus may be important pollinators for other
native plants that tend to receive few other regular visitors (Magnacca,
2007), especially species that, unlike M. polymorpha, are not also highly
attractive to birds. Quantitative assessments of Hylaeus floral visitation
rates and networks, however, are few and concentrated in coastal (Shay
et al., 2016) and high-elevation ecosystems (Wilson et al., 2010). In-
teractions of Hylaeus with native plant communities in mid-elevation,
closed-canopy forests in mesic to wet sites have yet to be characterized.

Even less is known about the roles of other insects in the pollination
ecology of native Hawaiian plants. Many moths, for example, visit
flowers nocturnally, and these interactions are not often observed. One
recent series of studies discovered that two endangered Schiedea species
occurring in forests with intermediate rainfall are pollinated only in the
evening, and only by one to several species of small native moths, some
of which remain undescribed (Weisenberger et al., 2014; Weller et al.,
2017). Neither of the two native butterfly species (Vanessa tameamea
and Udara blackburnii) has been confirmed to pollinate native trees,
although adults of both species feed on A. koa nectar. One common
conclusion to date is that native pollinating insects are strongly reliant
on native plant resources, but whether the converse is equally true re-
mains poorly understood. Floral visitation is now dominated by
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non-native insects in many Hawaiian ecosystems, and these insects tend
to visit a wider range of native and non-native plants than native pol-
linators (Aslan et al., 2019; Kuppler et al., 2017). Whereas non-native
species like European honey bees may be replacing lost pollination
services in some cases (Hanna et al., 2013), their more generalist
behavior may reduce pollination effectiveness in others via hetero-
specific pollen transfer (Miller et al., 2015).

Native flower-visiting birds are restricted to two monophyletic
endemic lineages. The honeyeaters (Mohoidae) consist of five extinct
species, all of which were specialist nectar feeders with relatively large,
curved bills (Fleischer et al., 2008). The honeycreepers (Fringillidae,
Drepanidini) consist of over 50 species, most of which are now extinct. At
least five of these were specialist nectar feeders, and several others were
generalists that occasionally consumed nectar (Banko and Banko, 2009;
Pratt, 2005, 2009). The strongest inferences on bird pollination have been
made for the lobeliads (Campanulaceae), a radiation of over 120 endemic
species of shrubs and small trees (Givnish et al., 2009). Nearly all species
in the lineage bear large, tubular flowers that appear adapted to polli-
nation by birds, and all species examined produce the relatively dilute,
hexose-dominated nectar commonly found in passerine-pollinated plants
(Lammers and Freeman, 1986; Pender et al., 2014). Reproduction in some
lobeliads may now be limited owing to the extinction of all honeyeaters
and most honeycreepers (especially the nectar specialists with long,
curved bills), and the decline of most remaining nectar-feeding honey-
creepers. Native birds are increasingly infrequent visitors to lobeliads in
many Hawaiian forests, especially at low and mid elevations where
introduced avian malaria has decimated native bird populations (Cory
et al.,, 2015). The introduced, generalist warbling white-eye (Zosterops
Jjaponicus) visits lobeliads, acting as an effective pollinator for species with
small, accessible flowers, but species with deeper, more strongly curved
flowers are either avoided or nectar-robbed by these birds (Aslan et al.,
2014a, b). The role of self-pollination across lobeliad species remains
unclear, but the decline of most species within this lineage suggests that a
lack of pollinators may be one factor limiting regeneration, and that
co-extinctions of plants and specialist pollinators have occurred and are in
progress in Hawaiian forests.

6.2. Seed dispersal

Approximately 40-50 % of Hawaiian flowering plants produce fleshy
fruits (Sakai et al., 2002), most of which are presumably adapted for
dispersal by vertebrates. At least two major lineages of plants evolved
fleshy-fruitedness after arriving in the islands: Campanulaceae and
Lamiaceae. In addition to their roles as pollinators, birds are Hawai‘i’s
only native vertebrate frugivores. This again distinguishes Hawai‘i from
most tropical islands, where seed-dispersing frugivores commonly
include birds, bats, and reptiles (Fleming and Kress, 2013). The single
native bat species, ‘Ope‘ape‘a (Aeorestes semotus), is insectivorous (Gor-
resen et al., 2018).

Birds that feed primarily on fruit include only two of the honey-
creepers (though several generalist honeycreepers occasionally consume
fruit), all five species of thrush (Turdidae), and all three crows (Corvi-
dae) (Banko and Banko, 2009). Three of the five thrushes (Myadestes)
are now extinct, and one rare species is restricted to montane rain forest
on Kaua'i (Pratt, 2009). The single remaining common species
(M. obscurus, ‘oma‘o) occurs in montane forests on Hawai‘i Island (Pej-
char, 2015). Two of Hawai‘i’s three species of crows (Corvus) are known
only from sub-fossil remains, and the remaining species (C. hawaiiensis)
currently exists only in captivity. In addition to these frugivorous birds,
which were almost certainly seed dispersers, at least six species of
honeycreepers that consumed fruits and seeds had heavy bills special-
ized for crushing seeds and likely functioned more as seed predators
than seed dispersers (Banko and Banko, 2009; Carpenter et al., 2020;
Olson, 2014; Walther and Hume, 2016). Most of these species are
extinct, and their effects on plant reproduction are unknown. The
remaining species, Loxioides bailleui (palila), is now restricted to
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high-elevation forests on Mauna Kea, where it relies heavily on seeds of
Sophora chrysophylla and the insect larvae they contain (Hess et al.,
2014).

Inferences regarding the roles of extinct species in seed dispersal in
Hawai‘i are largely speculative, and even for the extant frugivores, little is
known about dispersal beyond information on diets (Banko and Banko,
2009). The only published estimates of seed dispersal distances by native
birds are for the ‘oma‘o (Pejchar, 2015; Wu et al., 2014). Current frugivore
communities also include several non-native birds that differ from native
species in consuming smaller fruits, potentially driving selection for
smaller fruits and thus a shift in community composition toward
small-fruited species (Sperry et al., 2021). For example, the ‘oma‘o in-
habits montane forests on Hawai‘i Island where it co-occurs with two
generalist, non-native species: the warbling white-eye (Zosterops japoni-
cus) and red-billed leiothrix (Leiothrix lutea) (Pejchar, 2015). The ‘Oma‘o
consumes significantly larger fruits than either of the non-natives, and
hence a greater range of species (Pejchar, 2015), but likely disperses them
over shorter distances than the warbling white-eye (Wu et al., 2014).
Similarly, the ‘alala (Corvus hawaiiensis), extinct in the wild, is the largest
remaining native forest bird and consumes larger seeds than all other
extant birds (Culliney et al., 2012; Matsuoka, 2020). A more recent study
that focused on diet diversity in the field found that plant species richness
of ‘oma‘o was significantly greater than leiothrix, and that the warbling
white-eye had the lowest diet diversity and was the least frugivorous
(Matsuoka, 2020).

There is increasing evidence that many introduced bird species,
including at least 45 passerines and 12 gamebirds, may be at least
partially filling the roles of extinct native dispersers (Foster, 2009),
particularly for small-seeded native plants in the wet-montane (Foster
and Robinson, 2007; Matsuoka, 2020) and dry-lowland (Chimera and
Drake, 2010) forests. However, recent studies in seven forests on O‘ahu
found that 93 % of seed dispersal events involved alien birds dispersing
small-seeded alien plants (Vizentin-Bugoni et al., 2021, 2019), even in
native-dominated forest. Matsuoka (2020) suggests that if the two native
frugivores become extinct, the forest community would shift towards
smaller-seeded species such as Vaccinium spp. and R. hawaiensis.

The recent, near-complete extinction of native fruit-eating birds has
resulted in seed dispersal networks composed entirely of novel dis-
persers (Case and Tarwater, 2020; Vizentin-Bugoni et al., 2021, 2019),
which are expected to result in altered patterns of seed dispersal for a
majority of species. In particular, the Hawaiian flora includes several
species with large (> 5 cm diameter), fleshy fruits that have no known
seed disperser, e.g., Pritchardia martii (Arecaceae), Ochrosia spp.
(Apocynaceae), and Alectryon macrococcus (Sapindaceae) (Wagner et al.,
1999). Potential dispersers in prehistoric times include the larger crows
and possibly some species of moa-nalo, an extinct lineage of large,
flightless waterfowl (Walther and Hume, 2016), though the latter might
also have destroyed some of the seeds they ingested, if they consumed
them at all (Carpenter et al., 2020). Research in montane mesic forest
suggests that two of the four species examined were dispersal limited
(Denslow et al., 2006). In Hawai‘i’s dry-habitat forests, where the fruits
of native species tend to be larger, the effects of the loss of native seed
dispersers are potentially even more severe. Whereas nearly 60 % of
native forest tree species in a dry site had fleshy fruits, the predominant
seed disperser of today, the warbling white-eye, overwhelmingly dis-
perses non-native seeds (>92 % of seeds carried) rather than native
seeds (<8% carried; Chimera and Drake, 2010), thereby contributing to
the spread of nonnative plants in Hawaiian forests. The mismatch in size
between historical native bird dispersers and extant non-native bird
dispersers thus constrains dispersal for some large-seeded forest plants,
likely contributing to a decline in recruitment and constriction in dis-
tribution. Whether plants can adapt to attract novel dispersers quickly
enough to out-pace non-native species spread, or the confounding effects
of other global threats such as global warming and habitat conversion, is
unknown but relevant for conserving Hawaiian forests.
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6.3. Plant-microbe interactions

Microbial diversity across Hawai‘i’s environmentally heterogeneous
islands remains relatively uncharacterized, although previous studies
have revealed interesting patterns. Contrary to predictions about limited
fungal dispersal to the Hawaiian Islands, there is evidence for high
mycorrhizal diversity and specialized interactions with mycohetero-
trophic plants (Hayward and Hynson, 2014; Koske and Gemma, 1990).
Most native and non-native Hawaiian plants form associations with
mycorrhizal fungi (Koske et al., 1992), which enhance their perfor-
mance (Gemma et al., 2002; Koske and Gemma, 2006; Miyasaka et al.,
1993). Furthermore, there is evidence that mycorrhizae play a role in
the establishment and spread of non-native plants (Allison et al., 2006;
Hynson et al., 2013), although whether native mycorrhizae provide
biotic resistance to the spread of non-native plants remains unclear. In
addition to mycorrhizae, microbial interactions that improve nutrient
access for host-plants include symbioses with Rhizobium bacteria for
nitrogen. Although relatively few native trees have this symbiosis, a few
common and widespread species, A. koa, S. chrysophylla, and Erythrina
sandwicensis, develop nodules and likely play important roles in nutrient
availability in Hawaiian forests (Pearson and Vitousek, 2001). Nitrogen
fixation by non-native species, such as Morella faya, has been implicated
in their successful establishment, with cascading effects on soil nitrogen
and carbon cycling in Hawaiian forests (Asner et al., 2010; Vitousek
et al., 1987).

Recent work has expanded from a focus on mycorrhizae and Rhizo-
bium to demonstrate that soil fungal, bacterial, and archaeal diversity on
Hawai‘i Island co-vary in a complex and lineage-specific manner with
precipitation and soil nutrient density (Peay et al., 2017), and that
endophytic fungal communities within Hawaiian plants are highly
diverse (Darcy et al., 2020; Datlof et al., 2017; Vega et al., 2010; Zim-
merman and Vitousek, 2012). Microbial diversity can relate to the
abiotic environment, as has been shown by the fungal endophyte com-
munities within M. polymorpha with respect to rainfall and temperature
(Zimmerman and Vitousek, 2012), and evapotranspiration (Darcy et al.,
2020).

There are few functional studies of forest microbes, but they reveal
that microbes have positive effects on forest plant species beyond their
contributions to nutrient cycling. For example, the application of mi-
crobes extracted from healthy relatives to leaves of endangered Phyl-
lostegia kaalaensis plants reduced the incidence of non-native powdery
mildew and enhanced survival of out-plantings (Zahn and Amend,
2017). Forest microbes are also involved in food-web dynamics, as
evidenced by epiphytic fungi on native Hawaiian trees serving as the
primary food source for highly endangered tree snails in the genus
Achatinella (O’Rorke et al., 2015; Price et al., 2017). Microbial ecology
remains understudied in Hawaiian forests and is likely to be a fruitful
area for future research.

7. Antagonistic interactions

The decline in Hawai‘i’s native fauna makes it difficult to charac-
terize antagonistic species interactions in food webs or other interaction
networks that are now dominated by non-native species. Nonetheless,
there are still some native animals in Hawaiian forests, and insights can
also be gained by examining interactions with novel natural enemies.

7.1. Herbivory

Native plant-herbivore interactions in Hawaiian forests are not well
studied, and we know little about the specificity of interactions, tem-
poral or spatial variability in those interactions, cascading consequences
for upper trophic levels, effects on plant fitness, or the role of plant
defenses in reducing or mitigating negative effects of herbivory. In part,
this lack of research results from the pervasive assumption that island
plants lack defenses due to a relaxation in selection pressure by
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(presumably absent) island herbivores (Bowen and VanVuren, 1997;
Carlquist, 1974; Ziegler, 2002). Comparisons of native versus non-native
plants in Hawai‘i, however, have provided mixed or weak support for
this idea. Although non-native species are reported to have higher levels
of terpenes than native species (Sardans et al., 2010), concentrations of
total phenolics are similar between native and non-native plants (Funk
and Throop, 2010; Penuelas et al., 2010), and leaf toughness (Funk and
Throop, 2010) and prickle density (Hoan et al., 2014) are higher in
native plants. Comparisons of herbivory as an indirect metric of defense
(e.g., greater herbivory should reflect lower defense in focal plants) have
similarly revealed mixed support, with no detectable difference between
non-native and native Hawaiian plants in leaf damage by insects (Funk
and Throop, 2010), and variable damage by non-native gastropods
(Shiels et al., 2014).

Clearly, native Hawaiian plants are not uniformly less well defended
than continental plants, a pattern corroborated by recent meta-analyses
comparing defenses in island versus continental plants globally (Mer-
edith et al., 2019; Moreira et al., 2021). Future research is needed to
improve on previous methods and more robustly characterize the vari-
ation in defenses in the Hawaiian flora. For example, multiple defense
types should be measured simultaneously (Barton, 2014), including
resistance via chemical and physical traits, indirect defense via natural
enemies, and tolerance to herbivory, the last of which is typically
overlooked and has been shown to vary among native and non-native
Hawaiian seedlings (Barton, 2016; Barton and Shiels, 2020; Lurie
etal., 2017). Finally, specificity in plant defenses should be examined as
this likely explains the variable results among previous studies. Most
studies concluding that island plants lack defenses have focused on
mammalian herbivory (Bowen and VanVuren, 1997; Burns, 2014;
Moreira et al., 2021), but because defenses are usually highly specific
(Ali and Agrawal, 2012; Tanentzap et al., 2011), island plants may be
poorly defended against mammalian herbivores while simultaneously
being well defended against other guilds, such as piercing-sucking in-
sects or browsing birds, of which Hawai‘i had many (Walther and Hume,
2016).

The emphasis on weak defenses against mammalian herbivores in
Hawaiian plants has unfortunately masked interesting interactions be-
tween plants and native invertebrate herbivores, which are highly
diverse but taxonomically disharmonic in intriguing ways. For example,
large leaf-chewing beetles are principally represented by a single
possibly monophyletic group of weevils in the genus Rhyncogonus
(Samuelson, 2003). Lepidoptera are a major member of the leaf-chewing
guild in most tropical forests, and these too exhibit idiosyncratic rep-
resentation; of the ~1000 known species in Hawai‘i, only two are but-
terflies, and many groups of moths common in other tropical forests are
absent (Nishida, 2002; Rubinoff, 2017). The piercing-sucking insect
fauna is well developed in Hawai‘i, and is similarly dominated by rela-
tively few lineages that have diversified after arrival. As an example, the
>80 species of delphacid planthoppers in the genus Nesosydne have
evolved to utilize 28 plant families as hosts, but each species typically
feeds on a single plant species (Bennett and O’Grady, 2012; Roderick
and Percy, 2008). Conversely, all 35 species within a monophyletic ra-
diation of gall-forming and free-living psyllids in the genus Pariaconus
partition resource space within a single host plant species,
M. polymorpha (Amada et al., 2019; Percy, 2017).

The community of endemic invertebrates that feeds on Hawai‘i’s
forest plants also engages in a range of microbial symbioses. For
example, the leaf- and sap-feeding insects (e.g., endemic planthoppers
and leafhoppers) have intimate symbioses with bacteria and fungi that
provide essential nutrients that may be missing in their phloem- and
xylem-sourced diets (Baumann, 2005). A recent survey of several Ha-
waiian endemic insect species revealed that they maintained similar
bacterial symbiotic interactions as their continental relatives (Poff et al.,
2017), despite their long-term geographic and temporal isolation.

Despite declines in native insects, both A. koa and M. polymorpha
currently experience high levels of native insect herbivory. The
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specialist koa moth, Scotorythra paludicola (Geometridae, Lepidoptera),
undergoes periodic outbreaks that can defoliate tens of thousands of
hectares of A. koa forest within a matter of months (Banko et al., 2014;
Haines et al., 2009). With caterpillar abundances as high as 250,000 per
tree during outbreaks, there is nonetheless variation in the intensity of
defoliation among trees, and also variation among trees in their
compensatory growth responses following defoliation (Banko et al.,
2014). More research is needed to identify the factors that precipitate
koa moth outbreaks and determine their severity and longevity, as well
as the traits underlying variation in A. koa defenses. Like A. koa,
M. polymorpha hosts abundant native arthropod communities, which are
also species-rich (Gagne, 1979; Gruner, 2007). For example, Gruner
(2007) collected 423 native arthropod species at five mesic forest sites
across the archipelago chronosequence. Approximately 15-20 % of
these species were herbivorous, and the abundance and biomass of
herbivores were highest in intermediate-aged sites (5,000-150,000
years old), which were also the most productive, with the highest levels
of foliar and litter nutrients. Considering that the greatest genetic di-
versity and taxonomic richness within the Metrosideros species complex
is found on O‘ahu (Stacy and Sakishima, 2019; Sur et al., 2018), the full
diversity of arthropods associated with this landscape-dominant group
remains unexplored. Arthropod diversity associated with other Hawai-
ian plants is even less well known.

Non-native insects are abundant in Hawaiian forests, are constantly
being introduced through horticultural and agronomic activities, and
cause severe damage to native plants. A wide range of common and rare
trees are attacked by generalist herbivores, such as the black twig borer
(Xylosandrus compactus) and lobate lac scale (Paratachardina pseudolo-
bata). In addition, some native tree hosts have been decimated by highly
specialized species, such as the Erythina gall wasp (Quadrastichus
erythrinae) and Naio thrips (Klambothrips myopori) (Conant et al., 2009;
Hara and Beardsley, 1979; Kaufman and Higashi, 2015; Rubinoff et al.,
2010). The effects of these new herbivores range from stunting of trees
to stand-level dieback. Non-native ants frequently increase abundances
of phloem-feeding insects on plants by protecting them, but may also
reduce densities of leaf-chewing herbivores (Krushelnycky, 2015).

Grazing by native birds was possibly an important source of her-
bivory on Hawaiian plants before these species went extinct. The en-
dangered nene, Branta sandwicensis, currently feeds on native plants
within its reduced distribution (Baldwin, 1947; Black et al., 1998). The
now-extinct flightless moa-nalo and nene-nui likely caused even greater
plant defoliation owing to their large size. It has been suggested that
selection imposed by these extinct browsers led to the independent
evolution of prickles in four lineages of the endemic genus Cyanea
(Givnish et al., 1994). Even Hawaiian honeycreepers can act as herbi-
vores in addition to their roles as pollinators and seed dispersers. For
example, the endangered palila, Loxioides bailleui (Fringillidae, Drepa-
nidinae) most commonly consumes immature seeds of Sophora chrys-
ophylla, but also consumes leaves and flowers of six Hawaiian plant
species from diverse families (Hess et al., 2014). Unfortunately, due to
declines and extirpations, it is impossible to know the extent of native
bird browsing or its effect on native plant fitness.

7.2. Pathogens

Effects of pathogens in Hawaiian forests are not well documented. It
has been suggested that they may have played a role in the periodic
forest diebacks that have been documented throughout the history of the
islands (Anderson et al., 2002; Clarke, 1875; Forbes, 1918; Gardner,
1980; Hodges et al., 1986; Mortenson et al., 2016; Mueller-Dombois,
1987). The role of tree pathogens in these episodes is not clear, high-
lighting the inherent challenges of identifying the drivers of tree mor-
tality, particularly when microbes may be involved. For example,
M. polymorpha dieback observed in the 1960—70’s was initially attrib-
uted to a widespread, soil-borne fungal pathogen (Burgan and Nelson,
1972), but it was later concluded that dieback was due to cyclical forest
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Table 3
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Tools and actions to promote conservation and restoration of Hawaiian forests, organized by focal outcome - enhance biodiversity, maintain suitable habitat, and
protect ecosystem function. Some actions and tools have featured more commonly than others, and the ones marked with an asterisk have received relatively little
attention and are fruitful areas for future research. Information about the natural history and biology of Hawaiian forest species from ecological and evolutionary
research can enhance and improve conservation. Relevant theories and fields of study are identified for each conservation tool/action.

Theme Classification ~ Tool/Action Insights from Ecology & Evolution Research

Species discovery and taxonomy Next-gen tools provide precision for recent lineages

Living Collections: Seed banking Seed storage behavior, longevity, and dormancy

Living Collections: Tissue culture

Living Collections: seed orchards Variation in phenology and seed production

- . . Seed and seedling ecology - germination and establishment
Living collections: nurseries, gardens .
Conservation behavior

*Disease control Novel diseases; evolution of defense of island plants

*Predator/herbivore control Novel predators and herbivores; evolution in defense of island
Biodiversity plants

Species networks and specificity of island plant-animal

*Mutualist protection (e.g. pollinators, seed dispersers)

Early detection of threats (non-native plants, enemies)
Protective designation: conservation priorities (e.g. endangered species,

interactions
Invasion stages

Ecosystem services, species network; diversity theory

high biodiversity)

Restoration *Cross breeding (e.g., between populations)

In situ outplanting (species scale)

Inter situ outplanting (species scale)

Ungulate control (fencing, hunting)
*Qutreach/service learning

Protective designation: habitat suitability

In situ outplanting (habitat scale)

Inter situ outplanting (habitat scale)

*Climate change mitigation: assisted migration

Conservation

Habitat
Restoration

Non-native plant control (detection, removal, reduction)

Protective designations (e.g., forest reserves)

Conservation  Biosecurity (early detection of threats)

*Fire control (suppression, break establishment)
Conversion of fallow agriculture lands into novel forests (e.g., timber and

Ecosystem

function
agroforestry)

*Hybrid forests (native and non-native)
*Post-disturbance seed sowing

Restoration

Inbreeding vs. outbreeding consequences (especially in low
population sizes)

Plant establishment; niche theory; priority effects

Plant establishment; niche theory; priority effects
Ungulate behavior; population ecology

Biocultural conservation

Niche theory

Plant establishment; niche theory; priority effects

Plant establishment; niche theory; priority effects

Plant stress tolerance; niche theory; intraspecific variation
Invasion stages; plant population dynamics and controls
Biodiversity; ecosystem services

Dispersal; invasion stages

Disturbance ecology; plant fire tolerance

Succession

Community assembly; ecosystem services; species interactions
Plant recruitment; niche theory; priority effects

dynamics, possibly in combination with climatic conditions (Hodges
et al., 1986; Jacobi, 1993; Mueller-Dombois, 1985). In contrast, recent
declines of A. koa and M. polymorpha have more definitively been linked
to introduced pathogenic fungi.

The disease Koa Wilt was first observed in 1980 in greenhouse A. koa
saplings, which rapidly wilted and senesced (Gardner, 1980). Since
then, stand-level diebacks have occurred across Hawai‘i Island, partic-
ularly at elevations below 2500 feet, and sporadic tree mortality has
been observed on the other main islands (Gardner, 1996). Fusarium
oxysporum f. sp. koae was consistently isolated from infected trees, and it
is now known to kill trees of all sizes and ages (Anderson et al., 2002;
James et al., 2006). Mortality tends to radiate from a centrally infected
tree, indicating transmission between root systems via soil and water
(Anderson et al., 2002; Dudley et al., 2007). This epidemiological
pattern has made it challenging to cultivate A. koa in plantations and to
reestablish it in affected areas (Anderson et al., 2002; Gardner, 1980).
Encouragingly, variation in mortality among trees suggests some natural
resistance exists (Dudley et al., 2015).

Within the last 15 years, M. polymorpha trees have suffered two
widespread outbreaks of fungal pathogens. In 2005, a seedling on O‘ahu
was observed to have fungal rust that was isolated and identified as
Austropuccinia psidii (Beenken, 2017; Uchida et al., 2006); the disease
has since spread throughout the archipelago. The Austropuccinia rust has
had a relatively minor impact on M. polymorpha trees, infecting up to 5%
of trees in areas where the disease is known to occur (Loope, 2010).
However, A. psidii has also infected at least five other native trees and
shrubs, with significant impact on the endangered Eugenia koolauensis
(Zablan, 2007). Spores occur on the leaves of infected plants and can be
spread via wind, or direct contact with humans, birds, and bees (Car-
negie and Cooper, 2011).
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Since 2010, rapid, stand-level mortality events commonly known as
rapid ‘ohi‘a death (ROD) have emerged as a serious threat to
M. polymorpha, first on Hawai‘i Island, and more recently, on Kaua'i,
Maui, and O‘ahu (Brill et al., 2019; Keith et al., 2015; Mortenson et al.,
2016). Recently, ROD has been primarily attributed to a new fungal
vascular pathogen, Ceratocystis lukuohia (Barnes et al., 2018) that leads
to a swift decline in performance and mortality of trees within weeks
following the onset of symptoms. The mechanisms of transmission for
C. lukuohia likely involve a combination of local and long-range wind
dispersal, non-native insects (Roy et al., 2019), humans, and ungulates,
but further research in this area is needed. ROD is highly virulent,
leading to >20 % annual mortality in infected stands, with several of the
earliest impacted stands exhibiting almost 100 % mortality (Mortenson
et al., 2016). Preliminary screening of young M. polymorpha plants on
Hawai‘i Island revealed variation in mortality rates and suggested the
presence of some form of resistance in at least one variety (Luiz et al.,
2021). At the time of this writing, ROD has spread throughout Hawai'i
Island, impacting over 70,000 ha, and has dispersed to Kaua'i, Maui, and
O‘ahu as well. Given the role of M. polymorpha in shaping native forest
structure, and the numerous rare understory species that are restricted
to M. polymorpha-dominated forests, the further spread of the pathogen
is likely to have wide ranging ecological effects beyond M. polymorpha
mortality (Fortini et al., 2019).

8. Living in today’s world - conservation challenges

Hawaiian forests are threatened by the same anthropogenic factors
that are acting worldwide, including habitat loss, non-native species,
and climate change. Island floras are particularly vulnerable to these
threats due to their restricted species distributions, relatively low
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genetic diversity, and high rates of endemism (Caujapé-Castells et al.,
2010). As home to a unique endemic biodiversity, Hawai‘i receives
considerable attention with respect to managing these threats (Friday
et al., 2015). There are many approaches to forest conservation and
restoration around the world, and the same is true of Hawai‘i (Gillespie
et al., 2014; Jones, 2017; Kawelo et al., 2012). Forest restoration goals
include, but are not limited to, increasing and restoring ecosystem ser-
vices such as carbon sequestration and watershed function (Goldstein
et al.,, 2008; Rayome et al., 2018; Strommer and Conant, 2018),
increasing native species diversity, restoring habitat for native animals
including birds, bats, snails, and insects (Pejchar et al., 2018), restoring
resiliency and sustainability (Ostertag et al., 2015), restoring the
Indigenous cultural landscapes (Box 3, Fig. 3) (Burnett et al., 2019;
Pascua et al., 2017; Winter and Lucas, 2017; Winter et al., 2020b, c),
educating the public about native forests, and benefiting from com-
mercial timber operations (Harrington and Ewel, 1997; Ostertag et al.,
2008) and integrated agroforestry (Friday et al., 2015). Meeting these
goals depends on combined approaches to mitigate threats, proactively
protect healthy forests, and restore lost functions or interactions, all of
which benefit from an understanding of the complex ecological and
evolutionary dynamics of Hawaiian forests.

8.1. New forest regime

Hawaiian forest assembly has been completely altered by non-native
plants, animals, and microbes, and these non-native species have dis-
rupted ecosystem dynamics (Box 5, Fig. 7). For example, in dry areas,
fire-promoting C4 grasses from Africa now typically dominate the un-
derstory, resulting in the almost complete loss of native seedling
recruitment, with cascading losses of forest structure (Litton et al.,
2006). These changes in community structure and composition result in
fuel and microclimate conditions that increase the likelihood of subse-
quent fires (D’ Antonio and Vitousek, 1992; Freifelder et al., 1998). This
cycle is now considered the primary agent in conversion of forest to
grassland in dry and mesic ecosystems in Hawai‘i and elsewhere in the
tropics (Mack and D’Antonio, 1998). The transformation of a forest to a
grassland yields a substantial loss of aboveground carbon and signifi-
cantly alters nutrient cycling (Litton et al., 2006; Mack and D’Antonio,
2003). This is a radical shift from the pre-human contact period when
grasslands were a small component of Hawaiian landscapes (Rollins,
2009).

Forest ecosystem dynamics have been profoundly altered by in-
vasions as well. For example, in mesic and wet forest sites, dominance by
nitrogen-fixing species, such as Morella faya and Falcataria moluccana,
alters nutrient availability and reduces above-ground carbon stocks,
facilitating further invasion by species that can take advantage of high
soil nitrogen availability (Allison and Vitousek, 2004; Hughes et al.,
2017; Hughes and Denslow, 2005; Vitousek and Walker, 1989). In dry
forest sites, Prosopis pallida not only influences nitrogen-cycling, but also
has deep roots that are able to tap into groundwater sources at the local
(Dudley et al., 2014) and landscape levels (Dudley et al., 2020). Morella
faya also alters the light environment, shading out light-dependent
native under- and mid-story species (Asner et al., 2008). These altered
biogeochemical cycles, coupled with reductions in light availability,
ultimately shift these systems to entirely novel ecosystems (Mascaro
et al., 2012). Among forest survey plots, Psidium cattleyanum is now the
second most abundant tree (after M. polymorpha) across all islands
(Table 1), and its continued spread is a major threat to Hawaiian forests.
In addition to interactions with other non-native species, such as pigs
that disperse their seeds, P. cattleyanum alters soil carbon and nutrient
cycling (Barbosa et al., 2017; Enoki and Drake, 2017; Strauch et al.,
2016).

Hawai'i’s native trees and forests are at continued risk due to the
arrival and spread of non-native microbial pathogens (DeNitto et al.,
2015). The U.S. Department of Agriculture, Forest Service recently re-
ported that given Hawai‘i’s central location in the Pacific and reliance on
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an import economy, the regions that pose the greatest pathogen risk to
the archipelago are the continental United States and Asia-Pacific
(DeNitto et al., 2015). Unfortunately, awareness of pathogens in
Hawai'i generally arises only after pathogen-plant-vector links are
established and disease has occurred. Considerable time is then required
to identify etiological agents and transmission mechanisms (Fletcher
et al.,, 2010). Travelers leaving Hawai'i undergo strict inspections to
prevent the spread of pests to mainland agriculture, but there are no
inspections for travelers coming to Hawai‘i, which could offer a bene-
ficial strategy to protect native biodiversity in the islands. Given the
limited screening of incoming biota and the lack of information on both
the susceptibility of local plants to these threats and the importance of
endemic and introduced animals as vectors, it is incredibly difficult to
manage this threat. Unfortunately, this scenario leaves no opportunity
for prevention, and limited knowledge to swiftly implement mitigation
efforts (Fletcher et al., 2010).

Ongoing climate change may introduce yet further regime shifts in
Hawaiian forests owing to differences between native and non-native
trees in their ecohydrology. Differences in canopy structure and
epiphyte abundance between native and non-native species cause dif-
ferences in cloud water interception (Juvik and Nullet, 1995; Takahashi
et al., 2011), further exacerbating drought effects. Several studies have
shown lower water-use efficiency of non-native plants (see Section 5),
with higher transpiration rates reducing local soil moisture (Michaud
et al., 2015) and downstream watershed yields (Strauch et al., 2017).
These complex threat interactions are challenging to explore, and may
quickly become intractable as additional threats are considered (e.g.,
land-use and climate influencing fire risk, which in turn influences
disturbance and consequently invasion risk).

The effects of climate change on non-native animals are important
for the conservation of Hawai'i’s forests and, in at least some cases, are
being carefully monitored. There is perhaps no clearer global example
than the warming-driven spread of avian malaria into high-elevation
forests that threatens Hawaiian forest bird species (Benning et al.,
2002). The high susceptibility of most native forest birds to avian ma-
laria and the known temperature constraints to disease and vector
development explain ongoing forest bird population declines and are
expected to lead several species towards extinction with additional
warming (Fortini et al., 2015; Liao et al., 2017; Paxton et al., 2016).

8.2. Conservation philosophies

There is a broad range of initiatives and entities involved in the
conservation of Hawai'i’s forests, including Federal and State agencies,
watershed alliances that include both government and private lands,
and non-profit organizations, each with their own missions that work
independently or collaboratively with community groups towards forest
conservation and restoration. Conflicts between hunters and conserva-
tionists and Indigenous cultural practitioners over natural resource
management have been a major challenge since at least the 1990s
(Adler, 1995; Kueffer and Kinney, 2017). In some cases, the conflicts
arise due to different cultural priorities between conservation managers
and natural resource users, as illustrated by demands to maintain
non-native vertebrates for hunting. In other cases, the source of
contention concerns approaches to conservation and how and where
particular conservation tools (e.g., biocontrols versus chemical controls
versus mechanical controls) should be used. Such challenges are not
insurmountable, however, and more collaborative approaches to con-
servation are currently being pursued. A final major limitation concerns
support for conservation efforts in terms of funding, personnel, and
public perception, none of which are sufficient for conservation to be
successful (Leonard, 2008).

There is a spectrum of philosophical foundations and goals to forest
restoration projects in Hawai'i. Some aim to restore altered forests to a
historical pre-contact state (Jones, 2017). However, the long history of
non-native species in Hawai'i (since Polynesian arrival) makes it difficult
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to identify the target “native” communities for this goal. Moreover, the
loss of native species that performed key ecosystem services, such as
pollination and seed dispersal, make many native forest species now
dependent on non-native animals to fulfill those roles. As a conse-
quence, conservation practitioners have increasingly developed strate-
gies that combine native and non-native species into hybrid
communities (Box 5, Fig. 7) for restoration in order to fulfill the goals of
ecosystem services while maintaining at least some native biodiversity
(Burnett et al., 2019; Cordell et al., 2016; Ewel and Putz, 2004; Ostertag
et al., 2015; Ross et al., 2015). Often, the non-native species incorpo-
rated with this hybrid ecosystem approach are Polynesian introductions,
thereby using this era as the target goal (Burney and Burney, 2016;
Campbell and Campbell, 2017; Dietl et al., 2015). Although the hybrid
ecosystem restoration approach is somewhat controversial (Murcia
et al., 2014) and many restoration projects still focus exclusively on
native species, this paradigm acknowledges that Hawaiian forests are in
a new regime, one that cannot be feasibly returned to earlier states, at
least not in all areas.

The human dimension is inextricably connected to conservation ef-
forts. Humans may be the source of the problems—either directly or
indirectly—but humanity is the solution. In efforts to restore biodiver-
sity, ecological health, and ecosystem services, managers have a broad
range of knowledge to draw upon from various scientific disciplines and
cultural traditions, of ancient and modern tools and technologies to
implement solutions, and of financial models to design sustainable
programs that can last long into the future. Approaches that capitalize
on shared cultural foundations of the intrinsic connection between hu-
manity and nature are likely to be the most fruitful (Chang et al., 2019;
Kueffer and Kinney, 2017; Pascua et al., 2017; Winter and Lucas, 2017).
The efficacy of certain approaches has been studied (Burnett et al.,
2019), but a comprehensive analysis of these approaches has yet to be
undertaken in Hawai‘i. New research could provide valuable insight in
this area.

8.3. Common conservation practices

Based on the state of the ecosystem, management approaches can
utilize restoration techniques that range from active to passive (Bechara
et al., 2016; Burnett et al., 2019; Meli et al., 2017; Zahawi et al., 2014).
Conservation and restoration of native forests benefits from a deep un-
derstanding of the ecology and evolution that underpins native forest
dynamics, and thus practices that are guided by basic scientific princi-
ples are most likely to be successful (Table 3). Common conservation
practices in Hawaiian forests include ungulate exclusion, non-native
weed control, and out-planting, among others (Table 3).

Given the severe negative effects of non-native ungulates on Ha-
waiian plants, it is common management practice to exclude them from
managed sites using fences, which in most cases results in positive gains
for native vegetation, but in some cases may also increase abundances of
non-native species. Removal of pigs leads to increases in cover and
species richness of common native species in wet forest (Cole and Litton,
2014; Cole et al., 2012; Hughes et al., 2014; Loh and Tunison, 1999).
Similarly, exclusion of goats (Scowcroft and Hobdy, 1987) and sheep
(Scowcroft and Giffin, 1983) from dry forest sites results in greater
establishment of common native woody species. Rare native species can
also recover after ungulate removal, although this primarily depends on
the presence of rare species at the time of ungulate removal (Cole and
Litton, 2014). Recovery can be extremely slow or non-existent in some
ecosystems as a consequence of dispersal limitation or habitat frag-
mentation, and a major concern surrounding non-native ungulate
removal is the potential for rapid proliferation of non-native plants
released from top-down control, as well as increased fire risk (Blackmore
and Vitousek, 2000; Cole et al., 2012; Scowcroft and Conrad, 1992;
Zavaleta et al., 2001). A nine-year study in dry forest sites on Hawai‘i
Island showed no change in the abundance of native vegetation
following removal of a suite of non-native ungulates (Kellner et al.,
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2011), and native woody species declined following exclusion of deer,
pigs and goats from forests in mesic habitats on Kaua‘i (Weller et al.,
2011). Because ungulates are known to enhance non-native, but not
native, plant dispersal (Diong, 1982; Nogueira-Filho et al., 2009; War-
shauer et al., 1983), this result reveals the complexity of ungulate effects
on native-non-native plant dynamics and highlights the need for addi-
tional research to refine predictions for how fencing can influence native
diversity across the Hawaiian Islands.

Non-native plant control is a major focus of forest conservation and
restoration in Hawai'i. In addition to manual removal and herbicide
application, practitioners are experimenting with indirect control
methods such as shading and biocontrol agents. As mentioned above
with unintended positive effects of ungulate control on non-native plant
proliferation, climate-related disturbances and change may also
enhance the establishment and spread of non-native species. Of partic-
ular concern are shifts in native species ranges in high-priority man-
agement areas such as Hawai'i Volcanoes National Park, which are
expected to experience substantial losses in native species of conserva-
tion interest (Camp et al., 2018). These examples of complexities
involving non-native plants and climate change align with similar in-
teractions observed elsewhere (Hellmann et al., 2008; Petitpierre et al.,
2016; Ziska and Dukes, 2014).

9. Conclusions and future directions

Hawaiian forests are home to a unique endemic biota that has
inspired people since the Polynesians first arrived. Due to its isolation
and volcanic origin, the Hawaiian archipelago offers unparalleled op-
portunities to investigate adaptive radiations, the evolution of trait
syndromes, and community assembly; as a result, Hawaiian forests are
renowned among biologists worldwide. Our review of this extensive
body of research has revealed several key generalities. First, despite the
flora harboring considerable phenotypic variation and spanning wide
distributions across extensive environmental gradients, only a few lin-
eages have undergone explosive adaptive radiations. Second, among
tropical forests of comparable mean annual rainfall and temperature,
Hawai'i is relatively species-poor, and the dominance of forests by a few
lineages is not well explained by morphological or physiological plant
traits. Third, despite support for a few island syndrome predictions,
there are exceptions to them all. Hawaiian plants on the whole are not
less defended against herbivores, less dispersible, more conservative in
their leaf economics, or more slow-growing than their continental rel-
atives. Our synthesis suggests that despite the considerable body of work
conducted across Hawaiian forests, greater synthesis is still needed to
understand the complexities and subtleties that underlie the observed
patterns. In particular, more work is needed to understand the drivers,
sources, and constraints on phenotypic variation among Hawaiian spe-
cies, and to understand the role of species interactions in mediating
these patterns.

We still know remarkably little about interactions among forest
plants, animals, and microbes, despite our deep understanding of the
physical underpinnings that have created Hawai'i’s forests (e.g., volca-
nic eruptions, tradewinds, orographic effects). Unfortunately, native
species interactions are nearly impossible to characterize in Hawai‘i’s
contemporary forests due to the dramatic regime shifts caused by human
colonization and the spread of non-native species. Nearly all contem-
porary species interactions, among competing plants, between plant and
herbivores, pollinators, seed dispersers, and diseases, now involve non-
native species. Novel species interactions may provide hints regarding
historical native community dynamics, but unraveling these mysteries
may no longer be possible given the scale of disruption. As a conse-
quence of the regime shifts, most Hawaiian forests are now hybrids of
native and non-native species or novel communities completely domi-
nated by non-native species. An increasing number of restoration efforts
are leveraging hybrid communities for conservation of target native
species and restoration of ecosystem services. Conservation and
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restoration of Hawaiian forests depend on diverse tools and strategies
grounded in basic ecological, evolutionary, and biocultural principles
with the goals of mitigating the most pervasive threats (e.g., non-native
ungulates, fire-prone grasses, and pathogens) to maximize native
biodiversity and function. In turn, much can be learned regarding the
ecology and evolution of Hawaiian forest species while simultaneously
taking steps to conserve and restore native forests. The future of Ha-
waiian forests thus depends on explicit integration of ecological and
evolutionary research with conservation and restoration activities.
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