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Abstract

Outbreaks of defoliating insects in low-diversity tropical forests occur infre-

quently but provide valuable insights about outbreak ecology in temperate

environments and in general. We investigated an extensive outbreak of the

endemic koa moth (Scotorythra paludicola), which defoliated endemic koa

trees (Acacia koa) over a third of their range on Hawai‘i Island during 2013

and 2014. At Hakalau Forest National Wildlife Refuge, we observed the

dynamics of the outbreak and its effects on host trees, nutrient cycling, and

insectivorous consumers in reforestation stands of densely planted koa and in

natural forest stands of mixed koa and ‘�ohi‘a (Metrosideros polymorpha). Con-

trary to predictions of the resource concentration hypothesis, caterpillar bio-

mass and defoliation severity were greater in the natural forest sites, where

koa density was relatively low. Caterpillars preferentially consumed the most

palatable koa foliage type (phyllodes), and koa initially refoliated with the least

palatable foliage type (true leaves). Lightly defoliated small trees refoliated

more quickly than did heavily defoliated ones but the opposite was true for

large trees, which also produced a greater proportion of phyllodes. Mortality

was greatest for heavily defoliated small koa. Caterpillar frass caused larger

increases in soil nitrogen (N) than phosphorus (P) availability, with the

greatest N increases in fine-textured soils. Foliar N increased in alien grasses

under koa canopies compared to grasses away from koa and to native woody

understory species. Bird activity was influenced by ‘�ohi‘a flower abundance

and the severity of koa defoliation; birds switched to outbreaking caterpillar

prey, and they gained weight during the outbreak. Bat foraging times

decreased during the outbreak, apparently because they became satiated

quickly each night. Parasitoid wasps increased with caterpillar abundance but

had little influence on outbreak dynamics. Reducing alien grass cover and

increasing tree diversity would likely reduce the impacts of insect outbreaks

and similar perturbations to native forests.
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INTRODUCTION

Large-scale outbreaks of defoliating insects in natural sys-
tems can be viewed as both a consequence and a cause of
ecological perturbation, which makes them important for
understanding population, community, and ecosystem
dynamics. Extensive and often unpredictable outbreaks
can be triggered or facilitated by major deviations in a
variety of environmental and biotic conditions and pro-
cesses (Berryman, 1987), but long-term studies demon-
strate the difficulty of identifying key drivers and the
complexity of their interactions (Royama et al., 2017).
Defoliator outbreaks themselves may produce strong, if
sometimes transient, effects on ecosystem processes and
consumers across trophic levels, but these events tend to
be highly variable and difficult to predict (Yang, 2012).
For example, defoliation may significantly reduce pri-
mary productivity in some plant communities (Coupe &
Cahill, 2003; Esper et al., 2007), whereas these effects
may be insignificant or transitory in other communities
(Harrison & Maron, 1995; Piene, 1989). Reduced canopy
cover due to defoliation can lead to successional states of
greater species diversity (Carson & Root, 2000), but defo-
liation may also facilitate plant invasions (Balzotti &
Asner, 2017; Maron & Jefferies, 1999). Additionally, the
effects of pulses of insect biomass or frass (their excre-
ment) can cascade within and between trophic levels,
affecting competitor, predator–prey, and plant–herbivore
interactions. Insects and frass can increase soil nutrients
and subsequent plant growth (Yang, 2004) and create
short-term food bonanzas for a wide range of species
(Haney, 1999; Jennings et al., 1991; Wilson &
Barclay, 2006; Yang et al., 2008). Integrative studies,
although rare, can reveal how species, communities, and
ecosystems respond to perturbations by exploring the
dynamics of outbreaks and their direct and indirect
impacts on host plants, vegetation dynamics, consumer
populations and behavior, and ecosystem processes.

Information about forest defoliator outbreaks comes
mostly from strongly seasonal areas. Insect populations are
not inherently less variable in the tropics than in temperate
areas (Redfern & Pimm, 1987; Wolda, 1978, 1980, 1992),
but little is known about outbreak dynamics and conse-
quences in tropical forests with relatively weak or ambigu-
ous seasonality (Dyer et al., 2012; Myers, 1988; Yang, 2012).
Where seasonal changes in climate and irradiance are

comparatively small, patterns of leaf flush phenology are
often indistinct, inconsistent, and weakly synchronized
across the landscape (Lamoureux et al., 1981; Reich, 1995),
which may affect the variability of leaf-chewing insect
populations and their propensity to irrupt. Partly for this
reason, Dyer et al. (2012) have encouraged more studies of
defoliator outbreaks in relatively aseasonal tropical forests.

We investigated the dynamics of an insect outbreak
and the ensuing response of a weakly seasonal Hawaiian
forest community to the widespread defoliation of a dom-
inant tree species, the pulse of nutrients into the ecosys-
tem, and the superabundance of prey available to
insectivores. At landscape scale, this tropical forest com-
munity is dominated by only two canopy tree species, the
ubiquitous ‘�ohi‘a (Metrosideros polymorpha) and the
abundant but more narrowly distributed koa (Acacia
koa). Complementing studies of outbreaks in familiar
temperate ecosystems, our broad-spectrum observational
study allows for more tractability in disentangling species
interactions due to the low-diversity, tropical environ-
ment in which it occurred. Moreover, this outbreak sys-
tem represents a coevolved association between an
endemic insect and an endemic host tree rather than a
novel interaction between native and non-native species.

In Hawaiian forests, the most familiar irruptive insect
is the koa moth (Scotorythra paludicola; Geometridae),
which is found on the islands of O‘ahu, Maui, and
Hawai‘i, and is an obligate feeder (but see Haines
et al., 2013) on the phyllodes of koa. Koa hosts at least
15 species of Lepidoptera (Swezey, 1954), including the
koa moth and two non-irruptive species of Scotorythra,
an endemic genus represented by a radiation of at least
43 species (Heddle, 2003). The koa moth has sporadically
irrupted at least 14 times in native forests since 1892
(Haines et al., 2009; Henshaw, 1902). Although the spe-
cies seems to be distributed throughout the range of its
host, it is relatively uncommon when not irrupting,
despite systematic sampling (Howarth et al., 2003,
Giffin, 2007; R. W. Peck, personal observation; but see
Haines et al., 2009). Outbreaks of uncommon insects are
generally not expected on abundant host plant species
(Dyer et al., 2012) because wide fluctuations in popula-
tion abundance are more likely to lead to population
extinction (Root & Cappuccino, 1992).

As a symbiotic nitrogen-fixing tree that is widespread
and abundant in mesic to wet montane forests (Gagné &
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Cuddihy, 1999), koa strongly influences soil processes as
well as the structure and dynamics of plant, arthropod, and
vertebrate communities (Banko & Banko, 2009; Cooray &
Mueller-Dombois, 1981; Gagné & Howarth, 1981; Pejchar
et al., 2005; Perkins, 1903, 1913; Scowcroft et al., 2004;
Swezey, 1954; Tomich, 1986). Koa also is important for
reforesting degraded pasture lands due to its high survivor-
ship and rapid growth (McDaniel & Ostertag, 2010) and its
ability to support native bird communities (Paxton
et al., 2017). For these reasons, koa moth outbreaks can pro-
vide important opportunities to understand the dynamics of
forest communities and their response to large-scale pertur-
bations and resource pulses.

In January 2013, the koa moth was observed defoliating
a large area of remote forest on Hawaiʻi Island (Figure 1).
In the following months, the outbreak spread to at least five
other sites around the island, including the Hakalau Forest
Unit of Hakalau Forest National Wildlife Refuge (Hakalau).
A variety of ecological studies had been under way at
Hakalau for decades, and the resulting knowledge of the
forest community led us to focus our study there. Moreover,
the forest structure at Hakalau allowed us to consider
whether defoliation severity at the stand level would
increase with koa density, as would be predicted by the
resource concentration hypothesis (Long et al., 2003;
Root, 1973). Koa occurs with ‘�ohi‘a in forest recovering nat-
urally from cattle grazing (forest stands) as well as in dense,
nearly pure stands that were planted to reforest former pas-
tures (reforestation stands). We therefore expected that
dense koa stands would attract koa moths sooner and in
greater numbers than would mixed-species stands, resulting
in more severe defoliation and tree mortality.

In tropical forests where host plant diversity is high
and species distributions are scattered, insect outbreaks
tend to occur at small spatial scales, sometimes involving
only single host plants (Dyer et al., 2012; Janzen, 1981;
Sutton et al., 2021). The ecological consequences of such
outbreaks are likely to have limited, local impacts even
though the vigor and reproduction of individual trees
and their associated plant and animal communities
might be affected. Nevertheless, where host tree species
are more concentrated, irruptions of tropical insects
sometimes result in major defoliation and mortality, even
in relatively diverse natural forests (Nair, 2007). In con-
trast, the scale and consequences of outbreaks in low-
diversity forests, such as those typical of Hawai‘i and
other remote islands (MacArthur & Wilson, 1967;
Price, 2004), can be profound when dominant species are
affected (Carson & Root, 2000; McBrien et al., 1983).
When dominant species are defoliated or killed over large
areas, forest structure and ecosystem function can be
altered and disrupted (Ellison et al., 2005). Furthermore,
outbreaking insects may act as keystone species by

reducing the biomass of dominant hosts, allowing subor-
dinate species to increase in diversity and fecundity
(Long et al., 2003).

Dominant host species are particularly vulnerable
to insect outbreaks because, according to the resource
concentration hypothesis (Long et al., 2003;
Root, 1973), specialist herbivores are more likely to
find and remain in dense, low-diversity stands of host
plants and consume a greater proportion of foliage
than in higher diversity stands with lower host plant
density. Similarly, in agricultural systems, plant com-
munity diversity rather than predator–prey interac-
tions is generally associated with reduced populations
of insect herbivores (Redfern & Pimm, 1987; Risch
et al., 1983). Beyond local spatial scales, habitat diver-
sity at the landscape scale may also affect herbivore
loads on host plants by increasing the mortality and
decreasing the fitness of insects having to disperse far-
ther to reach patches of suitable hosts (O‘Rourke &
Petersen, 2017).

Studies of gypsy moth (Lymantria dispar L.) out-
breaks in continental forests have shown that tree mor-
tality increases with the severity of defoliation, and
mortality is greater for smaller trees in the subcanopy
(Davidson et al., 1999). Within our study stands, we
therefore predicted that severely defoliated trees of simi-
lar size would suffer greater mortality or require more
time to regrow their foliage. All else being equal, we
expected large trees to regrow their foliage sooner than
small trees and seedlings due to their greater concentra-
tions of carbohydrates (Nykänen & Koricheva, 2004;
Stevens et al., 2008).

Koa foliage shifts from a juvenile stage with bipinnately
compound “true leaves,” which are associated with maxi-
mizing growth, to a mature stage with sickle-shaped phyl-
lodes that develop from the petioles of the true leaves and
are associated with greater drought resistance (Pasquet-Kok
et al., 2010). Barton and Haines (2013) demonstrated that
koa moth larvae grew faster and survived longer on a no-
choice diet of young phyllodes, followed by mature phyl-
lodes and finally true leaves, which we also had anecdotally
observed before the outbreak. Because true leaves are gen-
erally produced first on recently defoliated koa (Haines
et al., 2009; Stein & Scowcroft, 1984), true leaves may repre-
sent an induced defense against herbivory (Barton &
Haines, 2013). Therefore, we predicted that koa moth larvae
would eat phyllodes before eating true leaves during the
outbreak, if they ate true leaves at all. Because true leaves
compose much of the foliage of koa seedlings, in contrast to
mature trees, we also expected seedlings to suffer less defoli-
ation than mature trees. Additionally, we anticipated that
defoliated trees would first refoliate with true leaves before
transitioning to phyllodes.
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Insect outbreaks can also affect biogeochemical
cycling and other ecosystem processes by changing nutri-
ent and water uptake by vegetation, increasing nutrient
fluxes from vegetation to soil via throughfall leachates
and litterfall enriched with frass and dead insect tissue
(Schowalter, 2012). Many insect outbreaks result in the
heavy deposition of insect frass, insect biomass, and
greenfall (young leaves or phyllodes), all of which con-
tain nitrogen (N) and phosphorus (P) that are more labile
than senescent litterfall (Christenson et al., 2002; Lovett
et al., 2002). Defoliation of symbiotic N-fixing trees in rel-
atively N-rich tropical forests also is expected to increase
the availability of soil N more than P when compared to
the defoliation of non-N-fixing trees in N-limited temper-
ate forests. Although the litter of N-fixing koa trees has
higher N concentrations than do other native forest spe-
cies and is known to increase soil N over time, it is slow

to decompose due to the sclerophyllous nature of its phyl-
lodes (Scowcroft, 1997). However, conversion of koa foliage
to highly labile frass by koa moths is expected to increase N
and P levels in soils under koa canopies, which could result
in changes to the structure of the forest understory
(Yang, 2004; Yang et al., 2008) and recovery of defoliated
trees (Russell et al., 2004). The relatively high N:P ratio of
koa also is expected to increase levels of N more than P in
soils and understory vegetation where koa moth abundance
and defoliation were greatest. Although N pulses have been
measured during insect outbreaks, P dynamics have not
been documented frequently (Hollinger, 1986; Lovett
et al., 2002; Yang, 2004), even though P is likely to limit the
growth of N-fixing koa, especially in young volcanic soils
(Pearson & Vitousek, 2001; Vitousek & Farrington, 1997). A
potential impediment to this process, especially in our refor-
estation sites, is the thick layers of alien pasture grasses that

F I GURE 1 The extent of koa defoliation by koa moth (Scotorythra paludicola) caterpillars was apparent at the landscape (a) and

individual tree (b) levels. (a) Shows extensive defoliation in the lower koa belt ~3 months before the outbreak began at Hakalau sites (Mauna

Kea Volcano is in the background). At the infestation’s peak, individual koa phyllodes often contained numerous caterpillars (c). Koa moths

are found in two color morphs, with the dark phase much more prevalent than the light phase. Caterpillar frass accumulated on the forest

floor and on understory vegetation (d)
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are retained under koa canopies (McDaniel &
Ostertag, 2010) and that may be better able to take up nutri-
ents than slower growing native shrubs. We predicted,
therefore, that alien grasses would reduce the availability of
N and P to the native understory and to koa recovering
from defoliation. If so, we did not expect to observe evi-
dence of koa moths acting as keystone species in the trans-
formation of forest structure.

Large-scale outbreaks may trigger trophic cascades
when mobile insectivores are attracted to the bonanza of
prey, and resident species switch to the newly abundant
prey (Eveleigh et al., 2007; Yang et al., 2008). Optimal forag-
ing theory posits that consumers are expected to feed on
high-value prey and ignore less valuable prey when search
and handling effort can be more profitably spent searching
for the high-value prey (Stephens & Krebs, 1986). Larvae of
various Scotorythra species are high-value foods of adult
and nestling Hawaiian forest birds, including nectarivorous
and frugivorous species (Banko & Banko, 2009), and koa
moth outbreaks historically attracted large numbers of
birds, including frugivorous species (Perkins, 1903). There-
fore, we anticipated that birds would increase their time
spent in koa, consumption of koa moth caterpillars, and fit-
ness (e.g., gain weight). The endemic Hawaiian hoary bat
(Lasiurus cinereus semotus) is a widespread habitat general-
ist that undertakes long-range movements and preys noc-
turnally on moths and other flying insects (Gorresen
et al., 2013; Jacobs, 1999; Tomich, 1986). We expected bat
numbers and feeding activity to increase during the peak of
moth activity. At least 10 species of native and alien insect
predators and parasitoids have been associated with koa
moth caterpillars, and a parasitism rate of 20% was reported
during an outbreak on Maui (Haines et al., 2009). Else-
where, high rates of caterpillar parasitism have been associ-
ated with declines in moth numbers (Klemola et al., 2010)
and it is thought that top-down factors could be important
in limiting the frequency and scope of outbreaks (Dwyer
et al., 2004; Letourneau, 2012; Ostfeld & Keesing, 2000;
Symondson et al., 2002), even if they are not critical in stop-
ping them. Therefore, we monitored the abundance and
level of attack by parasitoid wasps (Ichneumonoidea) to
assess how they might respond to the superabundance of
caterpillar prey and whether they might contribute to the
termination of the outbreak.

Our goals here are to increase knowledge about the
dynamics and consequences of insect outbreaks in low-
diversity, tropical forests, which are underrepresented in
the literature, and to evaluate hypotheses relevant to out-
breaks generally. These hypotheses are (1) herbivore
abundance and defoliation severity increase with the
density and dominance of host trees, (2) caterpillars dis-
criminate in their consumption of foliage types based on
palatability, (3) defoliated trees initially refoliate with the

least palatable foliage, (4) mortality is higher and
refoliation is slower with the increased severity of defolia-
tion and among smaller host trees, (5) greater herbivore
abundance and defoliation severity of symbiotic N-fixing
host trees increase the availability of soil N more than P
in soils and understory vegetation, (6) N and P inputs
from caterpillar frass are reduced due to interception by
dense alien grasses underneath host trees, (7) during the
buildup of caterpillars, birds increasingly forage in host
trees, switch to the irrupting prey species, and gain in fit-
ness, (8) bat feeding efficiency increases with moth abun-
dance, and (9) abundance and attack rates of parasitoid
wasps increase with caterpillar abundance.

METHODS

Study areas

The koa moth outbreak originated in the native
rainforest of windward Hawai‘i Island on the eastern
slope of Mauna Kea Volcano above the town of Hilo. The
outbreak was large (11,000 ha) and already spreading
rapidly at lower elevations when it was discovered in
January 2013. The outbreak defoliated about 28,328 ha of
forest by October 2013, becoming the largest ever
recorded (Haines et al., 2013). Defoliation occurred in
widely scattered windward and leeward tracts around the
island to nearly 2000-m elevation, but not all koa forests
were affected similarly (Banko et al., 2014).

Our studies focused in the upper koa forest belt in the
Hakalau Forest Unit of Hakalau Forest National Wildlife
Refuge (Hakalau study site; 1600–1920-m elevation;
19�470N, 155�180W; 13,247 ha). There we established sites
in two different habitat types that were recovering from
heavy, long-term cattle grazing (Figure 2). We also con-
ducted some studies in the lower koa belt near the north-
ern extremity of the outbreak along Blair Road within
Laup�ahoehoe Natural Area Reserve (Laup�ahoehoe study
site; 830–1280-m elevation). Additionally, limited sam-
pling was conducted at the southern edge of the outbreak
near Saddle Road (Kīpuka study site; 10-mile marker
along the former alignment of Highway 200; 800-m
elevation).

We recorded defoliation first at Laup�ahoehoe, about
25 km north of early observations of the outbreak in the
forests above Hilo. There, koa trees were defoliated three
times at about 18-week intervals during mid-late March,
early-mid August, and January 2014 (Table 1). On each
occasion, defoliation occurred between 800 and 1180-m
elevations. At the Kīpuka study site, also in the lower koa
belt, trees were defoliated during mid-late March and
26 weeks later during early-mid October. Although the
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outbreak spread relatively quickly within the lower koa
belt, it did not reach the upper koa belt, including the
Hakalau study sites (3–8 km upslope), until 6 months
after the initial discovery. Trees were not defoliated at
Hakalau until 8 or 9 weeks after caterpillars had irrupted
there.

Bat studies were conducted at the Laup�ahoehoe site
from 2007 through 2011, before the outbreak, and then
again in 2013, during the outbreak. We began monitoring
moth and parasitoid abundance in March 2013 at the
Laup�ahoehoe and Kīpuka sites, where the outbreak was
already underway, and the full complement of studies in
April 2013 at Hakalau, before the outbreak arrived there
or elsewhere in the upper koa belt (Table 1). Most studies
were completed in September 2013, although some

continued into May 2014. Ideally, we would have
established many study sites across the region, including
areas outside as well as inside the outbreak. However,
such large tracts of forest were being defoliated that we
could not predict where the outbreak would not occur.
Neither could we afford to randomly establish many sites
to increase the statistical power of analyses.

All study sites were in tropical montane rainforest
(Gagné & Cuddihy, 1999), which occurs along windward
Hawai‘i Island to about 1900-m elevation. The canopy is
dominated by ‘�ohi‘a and koa, both reaching 30 m in
height in some areas. Native forest cover has been
removed below about 500-m elevation by settlements,
agriculture, and agroforestry; the forest has been
removed or substantially reduced by cattle grazing above

F I GURE 2 Left: Distribution of koa-associated forest types (Jacobi, 1989) and koa moth outbreaks on Hawai‘i Island during 2013 and 2014.

The polygon with diagonal lines represents the main outbreak in the lower koa belt in May 2013, just before its spread to the upper koa belt and

HFNWR (outbreak in the upper koa belt is not shown). The Kīpuka study site is represented by the red square near the southern end of the

outbreak polygon. Smaller koa moth outbreaks around the island during May 2013 are denoted by blue diamonds. Right: Distribution of

dominant forest trees and study sites in the Hakalau Forest Unit of Hakalau Forest National Wildlife Refuge (black border) and Laup�ahoehoe

Natural Area Reserve (dashed black border). Study sites at Hakalau included koa-‘�ohi‘a forest naturally recovering from cattle grazing (Mix1 and

Mix2) and former cattle pasture planted with koa (Koa1 and Koa2). White dots represent data sites at Hakalau for insects, birds, vegetation, and

nutrient cycling; white crosses represent bat acoustic monitoring sites. Laup�ahoehoe study sites consisted of natural koa stands; sampling sites are

shown with black dots for insects (malaise traps only) and black crosses for bat monitoring
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1900-m elevation. Rainfall and temperature are strongly
influenced by the elevation gradient extending from the
coast to the summit of Mauna Kea at 4205 m. Average
annual rainfall exceeds 7850 mm in portions of the lower
koa belt (Laup�ahoehoe and Kīpuka study sites) but
declines to about 2000 mm (with supplementation from
cloud water interception) in the upper koa belt, where
the Hakalau study site is located (Giambelluca
et al., 2013). Mean annual temperatures are up to 6�C
warmer at lower elevations (800 m; 16.7�C) than at the
higher sites (1900 m; 10.7�C; Giambelluca et al., 2014),
and monthly maxima and minima vary by about 9�C
annually within this range of elevation (Giambelluca &
Schroeder, 1998).

The Hakalau Forest Unit was established in 1985 pri-
marily for the protection of endangered Hawaiian forest
birds. It is managed by removing introduced ungulates
and weeds (Hess et al., 2010; Jeffrey & Horiuchi, 2003)

and restoring forest habitat on former cattle pastures. We
established two study sites (reforestation sites) within for-
mer pasture (1650–1900-m elevation) with planted stands
mostly consisting of koa (about 25 years old at the time
of the study) and a few other native tree and shrub spe-
cies. Two more study sites (natural forest sites) were
established in mixed ‘�ohi‘a–koa forest with a well-
developed understory that was naturally recovering from
heavy cattle grazing (1400–1900-m elevation). The two
reforestation sites were located along Pedro Road at
1670-m elevation (Koa1) and 1800-m elevation (Koa2).
One of the two forest sites was also located along Pedro
Road at 1600-m elevation (Mix1) adjacent to closed-
canopy forest. The other forest site extended along Pua
Akala Road between 1830 and 1920-m elevations (Mix2).
Note that these sites are designated differently in Banko
and Peck (2021), Banko et al. (2021), Peck and
Banko (2021), and Yelenik et al. (2021), as follows:

TAB L E 1 Timeline of outbreak events and schedule of sampling at Hakalau (H), Laup�ahoehoe (L), and Kīpuka (K) study sites in 2013

and 2014.

Category

2013 2014

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

Event

Caterpillar peak—H ✓

Moth peak—H ✓ ✓

Defoliation peak—H ✓

>30% Refoliation—H ✓

>60% Refoliation—H ✓

Defoliation peak—L,K ✓ ✓ ✓

Moth peak—L,K ✓ ✓ ✓

Sampling

Caterpillar density—H ✓ ✓ ✓

Malaise trapping—H ✓ ✓ ✓ ✓ ✓ ✓

Caterpillar rearing—H ✓ ✓ ✓

Extent of defoliation—H ✓ ✓

Extent of refoliation—H ✓ ✓ ✓

Extent of koa mortality—H ✓

Litter traps—H ✓

N/P dynamics—H ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Understory uptake—H ✓ ✓ ✓

Bird tree use—H ✓ ✓ ✓ ✓

Bird diet and mass—H ✓ ✓ ✓ ✓ ✓

Bat monitoring—H ✓ ✓ ✓ ✓

Malaise trapping—L,K ✓ ✓ ✓ ✓ ✓ ✓ ✓

Caterpillar rearing—L,K ✓

Bat monitoring—L ✓ ✓ ✓
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Koa1 = Pedro Mid, Koa2 = Pedro High, Mix1 = Pedro
Low, Mix2 = Pua Akala. The age of the substrates across
our study area exceeded 10,000 years (Wolfe &
Morris, 1996). Unless otherwise noted, the methods
described below pertain to studies at the Hakalau sites.

Forest structure

Tree density

Comparing outbreak dynamics and outcomes on reforesta-
tion and natural forest sites provided a framework for evalu-
ating many of our hypotheses but representing the two
habitat types with only two sites each (due to logistical con-
straints) limited our ability to statistically test our results.
Nevertheless, large differences in tree species dominance
between the habitat types allowed us to qualitatively evaluate
the resource concentration hypothesis and our predictions
that in the dense reforestation stands koa moths would build
up numbers earlier and to higher levels, defoliation would be
more severe and refoliation would be slower, and deposits of
caterpillar frass and its resulting nutrients would be greater.

To quantify structural differences between reforesta-
tion and natural forest stands, we established 55 survey
plots, 85% of which were in natural forest habitat. The
total area surveyed was 17,279 m2 (1.73 ha) of which for-
est habitat comprised 14,765 m2 (Mix2 6911 m2, Mix1
7854 m2) and reforestation habitat comprised 2513 m2

(Koa1 1571 m2, Koa2 942 m2). More area was surveyed in
natural forest habitat due to its lower koa density and
greater habitat heterogeneity. In each habitat, plots were
placed at 50-m intervals that were offset at random dis-
tances and directions perpendicular to our line of travel
along unimproved roads and fence lines. We marked each
plot location using Global Positioning System (GPS) and
counted all koa and ‘�ohi‘a within a 10-m radius (314 m2) of
the plot center. Densities of koa and ‘�ohi‘a were estimated
from the count data pooled from all plots at each site.

Tree size

Expecting to find greater mortality and slower refoliation
in smaller trees, we measured individual koa according
to the following size classes, as determined by stem diam-
eter at breast height (dbh, 1.4 m; USFS, 2007):

• Seedling <1 m; no dbh; individuals counted but not
marked and defoliation not assessed.

• Class 0: seedling ≥1 m but <1.4 m; no dbh; individuals
marked and defoliation assessed.

• Class 1: seedling ≥1.4 m, dbh <1 cm, individuals mar-
ked and defoliation assessed.

• Class 2: small tree, dbh 1–8 cm, individuals marked
and defoliation assessed.

• Class 3: large tree, dbh >8 cm, individuals marked and
defoliation assessed.

Koa trees usually (54%) consisted of one main stem at
1.4 m height, but dbh for trees with two (29% of trees) or
more (17%) major stems was measured at 1.4 m height at
each stem (a, b, c, …) and the total was calculated with
the formula (√[a2 + b2 + c2 + ���]; USFS, 2007). We
placed ‘�ohi‘a into size classes 1–3 (as above), but we did
not measure dbh except when we could not determine
size class by visual inspection.

Koa moth abundance and impacts

To determine whether koa moth abundance and impacts
would be greater and appear sooner in the dense koa
reforestation stands, we evaluated (1) moth abundance,
(2) caterpillar abundance, biomass, and age structure,
and (3) patterns and dynamics of defoliation and
refoliation. We periodically collected moths in traps and
sampled caterpillars on koa branches to determine
whether the outbreak occurred earlier and more
intensely in the denser reforestation stands. We also
assessed the developmental stage (instar) of caterpillars
to reaffirm the timing and dynamics of the outbreak and
the peak of defoliation in each stand. For example, a
stand with a greater proportion of early instars would
indicate a later buildup of caterpillars relative to a stand
with a greater proportion of later instars.

Moth abundance

At Hakalau, we sampled the dynamics of moth abundance
with Townes-style ground and canopy malaise traps
(BioQuip Products, Rancho Dominguez, California, and
Sante Traps, Lexington, Kentucky, respectively) at each site
except at Koa1, where only a ground trap was installed due
to logistical constraints. We deployed ground and canopy
traps at both lower- and higher-elevation trap locations at
Mix2. Ground traps were deployed on 11 April 2013 and
canopy traps deployed on 16 May 2013 and were operated
continuously until 26 September 2013. Contents of traps
were collected every 2 or 3 weeks, and moths were counted
according to species using reference specimens.

At Laup�ahoehoe study sites, we installed Townes-
style ground malaise traps but not canopy traps.
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Caterpillar abundance, biomass, and age
structure

We counted caterpillars on 4–10 branches removed from up
to 10 koa trees at each site at 1 to 3-week intervals from 18
April to 26 July 2013 (11 sampling events). Samples from the
two natural forest trapping locations at Mix2 were composited
for caterpillar assessment. Branches were randomly sampled
before and during the early stages of the outbreak, but as
foliage became patchy and sparse, we targeted branches con-
taining sufficient foliage to support caterpillars. We used one
extendable pole to clip a branch while a second pole with a
nylon bag was held beneath to catch it. Each branch sample
was approximately 50 cm in length. Caterpillars were sepa-
rated from samples by shaking the branches inside the bag,
after which the head width of each caterpillar was measured
to determine its instar category (1–5). Foliage was separated
from stems and dried to a constant mass at 50�C. One subset
of caterpillars was maintained on young koa phyllodes to
measure rates of parasitism (see below) and to confirm spe-
cies identification. Another subset of caterpillars was dried to
a constant mass at 50�C to determine the average mass for
each of the five instars, which was then used to calculate the
biomass of all caterpillars within the sample.

Patterns of defoliation and refoliation

We predicted that the high-density reforestation stands
would be defoliated earlier and more heavily and that
refoliation would be slower in the more heavily
defoliated trees. At each marked koa, therefore, we visu-
ally estimated the amount of foliage that had been eaten
by caterpillars from 0% to 100% in 5% increments (also
see Nakajima, 2018). Any uneaten foliage was quantified
to the nearest 5% according to the proportion of leaves or
phyllodes. The amount of new foliage produced after
defoliation was assessed from September through
December, when most trees were recovering vigorously.
New foliage was quantified to the nearest 5% according
to the proportion of leaves or phyllodes.

We used a generalized linear modeling approach with
Akaike information criterion with correction for small sam-
ple size (AICc) model selection to assess the effects of the
severity of defoliation, tree size (dbh), habitat type (natural
forest, restoration stand), and site on the degree of new
foliage production 34 weeks after the peak of defoliation.

Nutrient pulse dynamics

We expected that a large pulse of N and P derived from
caterpillar frass, dead caterpillars, and greenfall would

be deposited in the soil and taken up by understory
vegetation, especially in stands with higher koa den-
sity, foliage biomass, caterpillar abundance, and frass
production. Because fast-growing alien grasses were
prevalent in all sites, we sampled grasses and under-
story shrubs to determine whether grasses diverted
much of the N and P and whether the amounts cap-
tured were greater in the reforestation sites, where
grass cover was especially dense.

Litter traps

We deployed eight litter traps under koa canopies at
each of two natural forest sites (Mix1 and Mix2) and
one reforestation site (Koa2) to measure litterfall rates
during and after defoliation. Traps were made from
plastic lattice seedling flats (41 � 41 cm) with mesh
screen glued to the bottom and sides. Sampling started
in May 2013, and we collected litter monthly until
August 2014. Litter types were not separated by spe-
cies, although most litter was from koa. Large bra-
nches, twigs, and loose lichen material that had
presumably fallen from the canopy were discarded
because phyllodes were most likely to contribute to a
nutrient pulse, given the N-fixing ability of koa, and
other material would not contribute to nutrient cycling
during the time frame of our study. Litter was dried to
a constant mass at 70�C.

Nitrogen redistribution

We estimated N redistribution rates to evaluate variation
in N pulse data derived from estimates of caterpillars (see
above), frass production, and foliage consumption. For
each sample date, we multiplied the number of caterpil-
lars of each instar (individual/g foliage) by frass produc-
tion of each instar (mean dry mg frass/caterpillar) to
estimate frass production (dry mg frass/g foliage). We
used foliage biomass (g/m) to predict frass deposition per
unit area and sample date. Lastly, we linearly interpo-
lated between caterpillar sample dates to estimate frass
production over time.

Koa foliar biomass under non-outbreak conditions
was calculated by allometric equations (Pearson &
Vitousek, 2001) for dbh 1–8 cm (y = 0.0268 � dbh2.168)
and for dbh 8–30 cm (y = 0.034 � dbh1.746). The equation
for small koa was developed for dbh 1.5–8 cm. The equa-
tion for large koa was developed for dbh 8–30 cm, but we
also used it for dbh >30 cm (10% of trees had dbh 30.1–
60.0 cm; 3% of trees had dbh 60.1–300 cm). Improved
methods for estimating the foliar biomass of koa
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(Ostertag et al., 2014) require measurements of tree
height, which we did not record. Nevertheless, the rela-
tively similar ratios of small to large trees at natural
(47:53) and reforestation (58:42) stands indicate that esti-
mates of foliar biomass are comparable.

Caterpillar frass production was estimated by rearing
caterpillars in growth chambers maintained at 15�C,
which approximated the daily average (12.2–13.8�C) and
hourly maximum (14.9–16.4�C) temperatures expected at
our Hakalau study sites during June (Giambelluca
et al., 2014). Caterpillars representing instars 3, 4, and
5 were weighed at the beginning of the experiment after
having been fasted for 24 h and then fed fresh, young koa
phyllodes over a 48-h period. Frass produced by these cat-
erpillars was collected at 24-h intervals and subsequently
dried to a constant mass at 50�C. Caterpillars were reared
to moths after the experiment to confirm their identities.
Mean dry mass of each of the five instars was calculated
for caterpillars collected during the outbreak (i.e., n = 30
randomly selected individuals per instar). A best-fit
regression equation based on the amount of frass pro-
duced by instars 3–5 was used to estimate frass produc-
tion for instars 1 and 2, where instar mass was used to
predict frass mass.

We pooled samples of frass from caterpillars in the
laboratory (see above) into a single aggregate that was
dried (70�C) to a constant mass, ground, subsampled in
triplicate, and analyzed for total %N by the University of
Hawai‘i, Hilo Analytical Lab. To determine whether
there was a distinct peak in frass production over time,
we used the fit curve platform in program JMP (version
10.0.2; 2012; SAS Institute, Cary, North Carolina), using a
Gaussian Peak function and site as the level of replica-
tion. Frass collected from randomly selected caterpillars
reared in the laboratory on young koa phyllodes was
composited into a single sample for determination of
total N by the University of Hawai‘i, Hilo Analytical Lab-
oratory to be used in N deposition estimates.

Resin bags

Variation in available soil N and P over time was measured
with ion-exchange resin bags. Resin bags capture ions pre-
sent in soil solution and are well correlated with other mea-
sures of inorganic nitrogen (Binkley & Matson, 1983) and
effectively capture increased P flux to soil (Shaw &
DeForest, 2013). Resin bags sorb nutrients throughout their
time of burial in soil and thus can provide a more inte-
grated measure of overall nutrient flux than static soil nutri-
ent tests (Binkley & Matson, 1983). We refer to the
inorganic nitrogen captured by resin bags over the time of
burial as “resin available N.”

We made resin bags by sewing 8 g of wet Mixed Bed
Anion Exchange IONAC Resin (J. T. Baker, Center Valley,
Pennsylvania) in silkscreen pouches. These were buried at
an angle at a depth between 5 and 10 cm, using a soil knife
to lift soil, creating as little soil disturbance as possible. We
used a shallow depth to quickly capture the N signal from
the caterpillar frass as it moved down the soil profile. Resin
bags were buried under the koa canopy and in adjacent
open-canopy grassland plots. The understory of koa also
tended to be occupied by exotic grasses, although under-
stories of certain intact forest sites were also occupied by
native shrubs. We placed resin bags within eight paired
plots at the two natural forest sites and one reforestation
site, for a total of 48 resin bags per time point.

Resin bags were buried between 15 and 47 days span-
ning May 2013 to May 2014. Caterpillars were already
present during the first resin bag deployment, and, due to
observations of heavy frass deposition, we collected the
bags only 15 days later. We accounted for varying burial
times by calculating resin available N as a rate per day.
We continued collecting and replacing resin bags every
month for 240 days, after which we skipped every third
month. Between time points, we changed resin bag place-
ment slightly to avoid disturbed soil. Resin bags were ret-
urned to the laboratory, rinsed with deionized water to
remove roots and soil, and extracted by shaking with
100 mL 2 M KCl for 6 h. Samples were analyzed for
ammonium (NH4

+) and nitrate (NO3
�) at the University

of Hawai‘i, Hilo Analytical Lab on a Lachat Qui Chem
8500 (Hach, Loveland, Colorado) and for soluble reactive
P on a Lachat QC8000 at the U.S. Geological Survey For-
est and Rangeland Ecosystem Science Center (FRESC)
laboratory in Corvallis, Oregon. We used repeated-
measures analysis with site and habitat (koa vs. grass) as
fixed effects. We log-transformed data to account for
non-normality.

Understory species foliar nitrogen

To evaluate patterns of N uptake by understory vegetation,
we first measured the percent cover of understory species in
natural forest plots to characterize understory community
composition. At one reforestation site, Koa2, we added five
transects spaced at 50-m intervals. Few plots were
established at this site due to the high density of koa and
homogeneity of the canopy, but additional replication was
needed to characterize the understory. We used plot centers
as the midpoint of a 20-m transect that followed a north–
south bearing and used a point-intercept method by holding
a 2-m pole upright every 0.5 m. We noted all species touch-
ing the pole below 1 m, and we included litter or moss at
the bottom point of the pole. Percent cover was calculated
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as the number of contact points divided by the total number
of sample points (40). Because all plant species touching the
pole at each point were recorded, percent cover values often
summed to >100%, reflecting the multi-layered nature of
the understory. We used linear discriminant analysis to
cluster sites, given the percent cover of understory species.

We tracked the foliar N of species in open areas and
under the koa canopy to determine whether understory
plants displayed increased N uptake due to frass deposi-
tion. We sampled four of the eight plots that contained
resin bags in each site by taking new, fully expanded
leaves from exotic pasture grasses and from the native
woody species ‘�ohi‘a, ‘�ohelo (Vaccinium calycinum), and
p�ukiawe (Leptocophylla tameiameiae). We pooled two to
three leaves, including petioles, from three separate indi-
viduals (or bunches in the case of grasses) per replicate
plot. Grasses were a mixed-species assemblage dominated
by Cenchrus clandestinus, but also including Ant-
hoxanthum odoratum, Ehrharta stipoides, Holcus lanatus,
Paspalum dilatatum, Agrostis stolonifera, and Axonopus
fissifolius. We took care not to include any inflorescences
in the grass foliage samples. Foliage was sampled in May
and September 2013 and January 2014. We added one
extra sample date for grasses (August 2013) as grasses
tend to grow and assimilate resources more quickly than
woody species. Foliage was dried to a constant mass at
70�C, ground with a Wiley Mill (Thomas Scientific,
Swedesboro, New Jersey), and analyzed for total carbon
(C) and N by the University of Hawai‘i, Hilo Analytical
Lab (Costech 4010 Elemental Analyzer, Valencia, Califor-
nia). Foliar samples were not analyzed for P.

Response of birds

Use of tree species

Anticipating that birds, regardless of their foraging guild,
would be attracted to a pulse of high-quality insect prey,
we monitored the relative frequency of birds in koa and
‘�ohi‘a trees during the outbreak. In the reforestation
plots, we expected little change in behavior because birds
were expected to continue to forage predominantly in
koa, due to its dominance there. In the natural forest
plots, however, we expected to see birds spending more
time in koa and less time in ‘�ohi‘a, although we antici-
pated that ‘�ohi‘a flowers would continue to attract
nectarivores, possibly diminishing their attraction to koa
compared to insectivores.

To evaluate the effects of forest structure on foraging
behavior, we conducted 1017 focal surveys of koa and
‘�ohi‘a trees in each of the four study sites during 12 sur-
veys at approximately weekly intervals between 22 May

and 15 August 2013. We estimated the date of peak defoli-
ation as 20 June for the two reforestation sites and the
Mix1 natural forest site and 27 June for the Mix2 natural
forest site. We estimated heights of trees to the nearest
meter. Mean heights of koa and ‘�ohi‘a were similar within
the natural forest sites (14.7–14.9-m koa; 14.8–16.0-m
‘�ohi‘a) and within the reforestation sites (10.7–11.4-m koa;
11.8–11.9-m ‘�ohi‘a), but both species were 3–4 m shorter
in reforestation sites compared to natural sites. We esti-
mated flower production of ‘�ohi‘a as: none (0); light (≤5%
of tree canopy with flowers); medium (≤20%); heavy
(>20%). We classified the extent of defoliation of koa as:
none, light (1%–25% of foliage missing), or heavy (>25% of
foliage missing). We counted the number of birds that vis-
ited koa and ‘�ohi‘a trees during a 2-min period. The pres-
ence of a bird in a tree was recorded regardless of its
activity there; for example, a bird was counted if it perched
even briefly in the tree. We attempted, but often failed, to
identify the species of birds occupying the tree. As an
index of bird activity, we calculated the number of birds
per min; this calculation included instances when we
observed no birds in a tree. Focal trees (usually >5 m in
height) were selected without regard to phenology as we
walked along or near roads or fence lines.

We used logistic regression to identify factors explaining
observed differences in the proportion of birds observed in
koa and ‘�ohi‘a before and after peak defoliation in both the
natural forest and reforestation habitats. Predictor variables
were tree species (koa, ‘�ohi‘a), habitat type (natural forest,
restoration), date, severity of koa crown defoliation
(as above), ‘�ohi‘a flowering intensity (as above), and
observer. The analysis categorized the proportion of birds in
either koa (with or without defoliation) or ‘�ohi‘a (with or
without flowers). To simplify the interpretation of coeffi-
cients, some variables were combined. Flowdefol represen-
ted a combination (factor plus interaction) of the three
categories of ‘�ohi‘a flowering plus the three categories of
koa defoliation. Sppflow represented a combination of koa
(regardless of defoliation status) plus the three categories of
‘�ohi‘a flowering. Sppdefol represented a combination of
‘�ohi‘a (regardless of flowering status) plus the three catego-
ries of koa defoliation. We analyzed data in this way for all
species combined and for the four most frequently observed
species: ‘apapane (APAP, Himatione sanguinea), Hawai‘i
‘amakihi (HAAM, Chlorodrepanis virens), ‘i‘iwi (IIWI,
Drepanis coccinea), and warbling [Japanese] white-eye
(WAWE, Zosterops japonicus).

Changes in diet

To investigate whether birds shifted their diets to include
more koa moth larvae in response to the outbreak, we
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identified arthropod prey fragments within fecal samples.
Birds were captured and banded in 2013 at Koa1 (refores-
tation) and Mix1 (natural forest) as part of a multi-year
demographic study of forest birds begun in 2012. Work
began 26 February as part of the pre-planned banding
season, which was scheduled to run for 3 months during
the core breeding season. However, in response to the
koa moth outbreak, we extended the banding season
until 27 June. From February through April, each site
was visited three times during every 2-week period. Dur-
ing May and June, we visited the two Pedro sites once
each week. Mist nets (2.6 m � 12 m) at established loca-
tions (typically 10–12 nets/day at each site) were used to
capture birds across the study period. Captured birds
were removed from the nets, placed in light-weight cot-
ton bags to keep them calm and safe, and taken back to a
central banding location and held until ready for
processing, weighing, and releasing. At the time of
release, the bird bags were carefully searched for fecal
samples deposited by the birds (bags were used only once
per bird, then were cleaned). If a fecal sample was found,
the sample was carefully scraped into a plastic microce-
ntrifuge tube and immersed in 95% ethanol for storage.

Diet analysis focused on fecal samples collected
opportunistically from Hawai‘i ‘amakihi and warbling
white-eye, both of which feed on arthropods and ‘�ohi‘a
nectar. Although these two species provided the most
fecal samples for comparing pre-outbreak and outbreak
diets, we also combined samples from forest and refores-
tation sites to increase our power to detect changes. Pre-
outbreak samples were collected from 26 February to
25 April, before we observed the rapid increase in cater-
pillar numbers, and outbreak samples were collected
from 22 May to 27 June, when caterpillars were abun-
dant. Overall, 34 Hawai‘i ‘amakihi and 63 warbling
white-eye samples were processed, resulting in 19 pre-
outbreak and 15 outbreak samples for Hawai‘i ‘amakihi
and 24 pre-outbreak and 35 outbreak samples for war-
bling white-eye.

In the laboratory, fecal samples were teased apart,
and individual arthropod fragments were photographed
and compared to a reference collection of known arthro-
pods collected primarily at Hakalau. Estimates of num-
bers of individual arthropods within a sample were
conservative, so for example, if three spider fangs similar
in size and structure were found in a sample, it was
assumed that there were two individuals in the sample,
rather than three, because each spider has two fangs. The
shape of caterpillar mandibles can indicate taxonomic
affinity, although many mandibles were not identified to
species, genus, or family level. However, the unique
shapes of koa moth caterpillar mandibles are known and
thus were quantified separately from all other taxa.

Changes in mass

We used mass as a measure of the change in fitness of
birds in response to the caterpillar outbreak. Mass can
reflect either the accumulation of fat (e.g., resulting in
mass gain due to birds consuming more energy than they
are burning) or the loss of muscle (and mass) that can be
associated with insufficient food intake. We set
26 February to 21 May as the pre-outbreak period
(25 banding-days) and 22 May to 30 June as the outbreak
period (10 banding-days). A total of 656 birds were cap-
tured and processed at the two sites during this 4-month
period.

We used an analysis of variance model with an
adjustment for multiple comparisons (Holm, 1979) to test
for significant differences (α = 0.05) in species mass pre-
outbreak versus outbreak. Data were tested for normality,
and only species with five or more captures in each of the
two periods were included. Program JMP (version 10.0.2;
2012; SAS Institute, Cary, North Carolina) was used for
statistical analysis.

Response of bats

We expected that bats would respond to the pulse of
prey through increased foraging efficiency during peak
koa moth abundance, so we conducted acoustic sur-
veys to compare echolocation data recorded at the
same locations before (2007–2011) and during (2013)
the outbreak. Echolocation pulses were recorded using
Anabat SD1 Bat Detectors (hereafter, SD1; Titley Elec-
tronics, Brendale, Australia) from 5:00 PM until
5:00 AM each night at four stations in Hakalau from
May through August and at two stations in
Laup�ahoehoe from July through September.

Weather-proofed, battery-powered SD1 detectors
logged bat calls on compact flash-memory cards. An
ultrasonic Hi-Mic microphone was mounted inside a
PVC pipe oriented with the microphone toward the
ground to prevent rain damage. A 15 � 15 cm
plexiglass plate was attached 12 cm below the micro-
phone at a 45� angle to reflect and enhance calls from
bats flying above the microphone. The PVC pipe and
microphone were affixed to the top of a 7-m steel pole
anchored to the ground, surrounding trees, or fence
posts. Anabat Hi-Mic (Titley Electronics, Brendale,
Australia) microphones in this configuration have an
omnidirectional maximum effective range of 30 m.
Microphones were inspected periodically for opera-
tional efficiency.

SD1 recordings were downloaded from compact flash
cards using the program CFCread (version 4.2.1; Titley

12 of 41 BANKO ET AL.



Scientific, Brendale, Australia). Recordings were orga-
nized in folders of call events by night. AnalookW soft-
ware (version 3.3.6; Titley Scientific, Brendale, Australia)
enabled collected call events to be downloaded, dis-
played, and managed for computer analysis. “Zero-
crossings analysis” created frequency/time graphs of
detected signals from which echolocation pulses were
identified and counted. We categorized pulses as: call
events (number of times a microphone recorded a calling
bat), echolocation pulses (number of discrete sound
pulses in a call event), and feeding buzzes (rapid
increases in rate and number of echolocation pulses, indi-
cating attacks on prey).

An index of bat detectability was calculated with
the program PRESENCE (version 4.2, Hines, 2006) for
each sampling location (Hakalau, Laup�ahoehoe). Maxi-
mum detectability of 1.0 was equivalent to every
recording station detecting a minimum threshold of
three confirmed echolocation pulses within at least one
call event every night within a monthly sampling
period. Zero detectability represented no call event
identification exceeding the threshold value at any sta-
tion during a monthly sampling period. All call events
were verified by audio and visual inspection of sono-
grams. We conservatively discarded any recorded
events of sound that did not conform to standard hoary
bat vocalization parameters. Call events, echolocation
pulses, and feeding buzzes were calculated and stan-
dardized per recording night at each station.

Response of parasitoid wasps

We monitored changes in parasitoid abundance at the
Hakalau and Laup�ahoehoe study sites using the same
malaise traps used to assess koa moth abundance. Cater-
pillar attack rates at Hakalau and Laup�ahoehoe study
sites were measured before (18–25 April) and during
(16 May�20 June) the outbreak by collecting caterpillars
from koa foliage and rearing them in the laboratory. Cat-
erpillar head widths were measured to determine instar
category before being placed individually in plastic vials
and maintained on fresh young koa foliage until they
pupated and emerged as a moth or until a parasitoid
emerged from their body. Vials were cleaned of frass and
searched for head capsules indicative of molt into the
next instar about three times a week. The parasitism rate
was calculated as the percentage of caterpillars from
which a parasitoid emerged. Haines et al. (2009) found
that parasitoids emerged from early instars during the
2003 koa moth outbreak on Maui, and we observed anec-
dotally that parasitoids emerged almost exclusively from
third and fourth instars of various species of Scotorythra

at Hakalau study sites several years before the 2013–2014
outbreak. Shortly before and during the outbreak, we
observed only two parasitoids emerging from fifth (final)-
instar caterpillars; therefore, we excluded them from our
estimate of the parasitism rate. We did not collect eggs or
pupae, so we had no way to determine parasitism rates
for those stages. Therefore, the overall rates of parasitism
that we report are underestimates.

All data used in the analyses that follow are available
at ScienceBase (www.sciencebase.gov; Banko et al., 2021;
Banko & Peck, 2021; Montoya-Aiona et al., 2020; Peck &
Banko, 2021; Yelenik et al., 2021).

RESULTS

Except where noted, the following sections pertain to our
results at Hakalau study sites.

Vegetation structure in natural forest and
restoration habitats

Tree density

Our survey of 55 plots (1.73 ha total) confirmed that koa
dominated in all size classes at reforestation sites
(Table 2). Compared to koa in natural forest sites, refores-
tation sites supported about 2.5 times greater basal area
(m2/ha), 8.6 times greater density of small trees (dbh 1–
8 cm), and 4.8 times greater density of large trees
(dbh >8 cm). Koa densities were highest at Koa2 in all size
classes. ‘�Ohi‘a dominated the natural forest sites with a
density of large trees (dbh >8 cm) twice that of large koa
and 43.7 times that of ‘�ohi‘a in reforestation sites.
Although large ‘�ohi‘a were nearly absent from the refores-
tation stands, they were scattered immediately outside of
the planted areas and were frequently visited by birds from
the koa stands. Additionally, the density of small ‘�ohi‘a
(dbh 1–8 cm) was slightly greater in the reforestation sites.
The Koa2 reforestation site was exceptional in terms of its
high densities of both small koa and ‘�ohi‘a.

Understory community

Understory communities differed in species composition
between sites. Koa1 and Koa2, the two reforestation sites,
were dominated by exotic species more than were Mix1
or Mix2, largely due to the prevalence of exotic grasses
(Appendix S1: Tables S1 and S2). In contrast, vegetative
cover of native shrubs, ferns, and trees was higher at
Mix1 and Mix2. Discriminant analysis indicated that
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Koa1 and Koa2 were more like one another than they
were to Mix1 or Mix2 (Appendix S1: Figure S1). Although
the latter two sites had relatively high percentages of
native species cover in the understory, they separated in
multivariate space due to different native species being
present or dominant.

Koa moth abundance patterns

We predicted that caterpillars would begin to build up
first in the reforestation sites, where koa was dominant.
In the initial stage of the outbreak (18–25 April), small
numbers of caterpillars varying in age (instar class) were
found at all sites (Figure 3). Second- and third-instar cat-
erpillars were most abundant everywhere during mid-
and late April, but first-, fourth-, and fifth-instar caterpil-
lars also were present. By 16 May, age-structured cohorts
dominated at each site, with first-instar caterpillars com-
posing 73.9% (Mix1) and 85.9% (Mix2) of the samples at
the natural forest sites. The cohort at the Koa2 reforesta-
tion site was slightly more advanced, with only 27.9% first
instars and 52.3% second instars. The pulse of first-instar
caterpillars was missed at the Koa1 reforestation site, but
the relative proportion of instars on 30 May was equiva-
lent to that at Koa2, indicating a similar onset of egg-lay-
ing. Instars 1–3 were present for less time compared to
instars 4–5. The first three instars composed <20% of the
total by 6 June at both reforestation sites and the Mix1
natural forest site and by 13 June at Mix2. Over the
remaining 4–5 weeks of the outbreak, caterpillars were
almost exclusively fourth and fifth instars (Figure 3). At
peak levels, the density of caterpillars across the study
sites ranged between about 4.4 � 106/ha at Koa1 and

18.9 � 106/ha at Mix2 and consisted mainly of fifth-instar
larvae (Table 3). Numbers of caterpillars per branch sam-
ple rose dramatically at the natural forest sites starting
the week of 16 May and peaking by the week of 30 May,
but numbers had already peaked at the Koa2 reforesta-
tion site by the week of 16 May (Figure 4). The timing of
peak abundance at the Koa1 reforestation site was
unclear because that site was not sampled before 30 May.
Following peak abundance, caterpillar numbers declined
at all sites until 6–8 weeks later during the week of
13 July, when they dropped to near zero due to the deple-
tion of koa foliage.

The temporal trend in caterpillar biomass (mg/g
foliage), lagged about 2–4 weeks behind the peak of cat-
erpillar numbers due to the larger size of later instars.
Caterpillar mass increased exponentially during develop-
ment (y = 0.00002e1.1906x, R2 = 0.9923), with the mass
(pooled average) of fifth-instar larvae (7.673 μg) being
~121 times greater than that of first-instar larvae
(0.063 μg) and 2.7 times greater than that of fourth-instar
larvae (2.793 μg). Caterpillar biomass peaked at both
reforestation sites and the Mix1 natural forest site on
13 June and at Mix2 on 20 June (Figure 3), with the
peaks occurring about a week before maximum defolia-
tion. Caterpillar biomass was highest at Mix1 and Mix2,
intermediate at Koa2, and as indicated by defoliation
levels, lowest at Koa1.

Low numbers of moths were recorded before the
buildup of caterpillars and peak of defoliation (Figure 5);
thus, we could not confirm that moths began ovipositing
earlier at the reforestation stands. Subsequently, however,
moth abundance peaked about 9–11 weeks after the peak
of caterpillar numbers and 5–8 weeks after the peak of cat-
erpillar biomass. Strong peaks in moth abundance (see

TAB L E 2 Koa basal area (m2/ha) and koa and ‘�ohi‘a tree density (trees/ha) in reforestation (Koa1, Koa2) and natural forest (Mix1,

Mix2) sites at Hakalau.

Basal area/density Size class (dbh) Koa1 (5 plots) Koa2 (3 plots) Mix1 (25 plots) Mix2 (22 plots)

Koa basal area (m2/ha) <1 cm 0.004 0.015 <0.001 <0.001

1–8 cm 0.169 0.649 0.065 0.096

>8 cm 25.002 39.630 6.611 19.828

Total 25.175 40.294 6.677 19.924

Koa density (trees/ha) 0 114.6 456.2 24.2 7.2

<1 cm 95.5 307.7 12.7 4.3

1–8 cm 197.4 806.4 49.7 66.6

>8 cm 261.0 382.0 67.5 66.6

‘�Ohi‘a density (trees/ha) <1 cm 133.7 21.1 53.5 21.7

1–8 cm 0 350.1 121.0 198.2

>8 cm 6.4 0 155.3 124.4

Note: Size classes indicate dbh in cm with 0 = seedling height ≥1 m but <1.4 m.
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F I GURE 3 Temporal distribution of koa moth larval instars and total biomass of larvae at reforestation sites (a) Koa1 and (b) Koa2 and

forest sites (c) Mix1 and (d) Mix2 during 2013. Primary (left) y-axes represent proportions of instars 1–5 (bars); secondary (right) y-axes
represent total larval biomass (mg/g foliage; line)

TAB L E 3 Density of koa moth larval instars in reforestation (Koa1, Koa2) and natural forest (Mix1, Mix2) sites at Hakalau during the

peak of caterpillar abundance.

Instar Koa1 Koa2 Mix1 Mix2

Instar 1 0 0 0 0

Instar 2 0 0 0 36

Instar 3 159 0 9 326

Instar 4 1238 1019 1074 6117

Instar 5 3043 13,386 4908 12,378

All instars/ha 4440 14,405 5990 18,856

Koa foliage (t/ha) 4.30 6.67 1.09 2.53

Note: Numbers (�103) of caterpillars/ha are shown for each instar during 13 June (Koa1, Koa2, Mix1) and 20 June (Mix2), 1 week before maximum defoliation.
Dry biomass of foliage estimated in the forest canopy is shown in ton/ha (1 ton = 1000 kg).
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video link within https://doi.org/10.5066/P9HE9WKK)
were observed from 19 July to 2 August at the Koa2 refores-
tation site and the Mix1 natural forest site. In contrast,
peaks in the other reforestation and natural forest sites were
indistinct.

Defoliation and response of koa

Patterns of defoliation

Defoliation severity was variable at the four sites, and the
pattern did not meet our expectation that reforestation
sites would be more heavily defoliated than natural forest
sites. The amount of foliage collected during branch clip-
ping decreased over time until maximum defoliation on
20 June at the two reforestation sites and the Mix1 natu-
ral site and 27 June at the Mix2 natural forest site. Com-
pared to pre-outbreak levels, foliage biomass declined by
69% overall, with natural sites experiencing relatively
high levels of defoliation (72% at Mix2, 85% at Mix1).
Defoliation was also high at one of the reforestation sites
(82% at Koa2) but was relatively low (42%) at Koa1 by
13 June.

At landscape scale, defoliation was heavy and wide-
spread, averaging 55%–93% of crown volume across all size
classes of koa in both habitats (Table 4). Severe defoliation
(≥90% of crown) was observed among 57% of natural forest
seedlings (dbh <1 cm) and 77% of reforestation seedlings as
well as 83% of small trees (dbh 1–8 cm) in each habitat.

F I GURE 5 Adult koa moth abundance during the 2013 outbreak at reforestation sites (a) Koa1 and (b) Koa2 and forest sites (c) Mix1 and

(d) Mix2. The y-axes represent numbers of moths/trap-day. A canopy malaise trap was not deployed at Koa1 (b). Ground and canopy (aerial) malaise

traps produced similar temporal patterns of abundance, although ground traps averaged about 2.0 times more moths than canopy traps across all dates

F I GURE 4 Caterpillar abundance on branches (mean number/

sample) at reforestation (Koa1 and Koa2) and forest (Mix1 and Mix2)

sites during the koa moth outbreak. The abundance of caterpillars on

branch samples provides a smaller-scale appreciation of the impact of

the outbreak on individual trees. Branch samples consisted of similar

amounts of foliage, making numbers of caterpillars per sample

roughly comparable. Maximum defoliation occurred on 20 June at

Koa1, Koa2, and Mix1 and on 27 June at Mix2
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More large trees (dbh >8 cm) were severely defoliated in
natural forest sites than in reforestation sites (80% vs. 49%;
χ 2 = 7.01, df = 1, p = 0.008). Among large trees, the extent
of extreme defoliation was heaviest at the Mix1 natural for-
est site (94%), similar at both the Mix2 natural forest site
(62%) and Koa2 reforestation site (61%), and least at the
Koa1 reforestation site (39%).

Changes in foliar biomass

Foliar biomass, initially consisting almost entirely of
phyllodes, was higher per unit of area in reforestation
sites before defoliation (Table 5). Nevertheless, due to
heavy defoliation at both natural forest sites but only one
reforestation site, foliar biomass was reduced by about
78%–93% in natural forest habitat (two-tailed Mann-
Whitney U compared to about 64%–79% in reforestation
habitat test corrected for ties across groups; t = 4.07;
p < 0.001). Phyllodes were nearly always consumed first,
but we occasionally observed caterpillars eating true
leaves on koa seedlings even when phyllodes were avail-
able. We also occasionally observed swarms of caterpil-
lars on other plant species growing underneath koa,
including pilo (Coprosma rhynchocarpa) and ‘�akala
(Rubus hawaiensis). Although we observed herbivory
on the leaves of these species, it was generally not
extensive.

Response of koa to defoliation

Following defoliation, production rates of new foliage
were variable and were not always consistent with
our expectations. Few true leaves and phyllodes were
evident 12 weeks after defoliation, but at 24 weeks,
35% of koa crowns (all size classes combined) consisted of

new foliage. Small seedlings (height <1.4 m; no dbh)
produced new foliage rapidly in both habitat types,
but rates were slower for larger seedlings (dbh <1
cm) and small trees (dbh 1–8 cm; Appendix S1:
Table S3). Large trees (dbh >8 cm) initially produced
foliage more quickly in natural forest habitats, but
foliage production in reforestation habitats had cau-
ght up by week 34. In both habitats, large trees pro-
duced about 1.5 times more new foliage (as a
percentage of crown volume) than had small trees by
week 34.

The amount of new foliage may also have been
influenced by the severity of crown defoliation,
although sample sizes for lightly defoliated koa were
small. Seedlings and small trees (dbh ≤8 cm) that
were relatively lightly defoliated (≤50%) tended to
produce more new foliage than did seedlings and
small trees that were more heavily defoliated, even
after 34 weeks (Appendix S1: Table S3). Contrary to
expectations, heavily defoliated large trees
(dbh >8 cm) initially produced more new foliage than
did lightly defoliated trees, but we recorded more
foliage on lightly defoliated large trees than on
heavily defoliated large trees after 34 weeks. Subse-
quently, we could no longer discriminate between
new and old foliage, but the canopies even of heavily
defoliated trees in both habitats had regrown most of
their foliage after 1 year.

The best-fit model of foliage regrowth at 34 weeks
included defoliation severity, tree size, and site as con-
tributing factors. Taken individually, the severity of
defoliation had a non-significant negative effect on
regrowth (odds ratio of 90% reduction in regrowth for
100% defoliation), and dbh had a non-significant posi-
tive effect (10% increase in regrowth/10 cm of dbh).
Tree mortality by week 34 was nearly entirely
explained by tree size and severity of defoliation: 13 of
14 dead trees were small (dbh 1–8 cm), all were
severely defoliated (99%–100%), and equal numbers
died in each habitat type.

TAB L E 4 Mean proportion of koa crown defoliated in

reforestation (Koa1, Koa2) and natural forest (Mix1, Mix2) sites at

Hakalau.

Site (n)
0
(85)

<1 cm
(57)

1–8 cm
(193)

>8 cm
(175)

Koa1 (105) 0.84 0.86 0.93 0.68

Koa2 (184) 0.88 0.86 0.89 0.82

Mix1 (121) 0.55 0.91 0.87 0.96

Mix2 (100) 0.73 0.55 0.90 0.80

Koa1 + Koa2 (289) 0.87 0.86 0.90 0.74

Mix1 + Mix2 (221) 0.59 0.83 0.89 0.88

Note: Size classes indicate dbh in cm (measured at 1.4 m height); class
0 = no dbh (height ≥1 m but <1.4 m). Numbers of koa (n) are pooled for
each size class and site and are shown in parentheses.

TABL E 5 Changes in koa foliar biomass due to defoliation by

koa moth caterpillars at reforestation (Koa1, Koa2) and natural

forest (Mix1, Mix2) sites at Hakalau.

Site
Pre-
defoliation

Post-
defoliation

Decline
(%)

Total
consumed

Koa1 4.30 1.57 63.6 2.73

Koa2 6.67 1.41 78.8 5.26

Mix1 1.09 0.08 93.0 1.01

Mix2 2.53 0.55 78.3 1.98

Note: Foliar biomass is estimated in ton dry foliage/ha; 1 ton = 1000 kg).

ECOSPHERE 17 of 41



Of 510 seedlings, saplings, and small and large koa
in our sample, 93 (18%) produced little or no (0%–5%)
new foliage 24–25 weeks after the partial or complete
loss of their canopies. Five trees and two seedlings
that were moderately defoliated (10%–50%) recovered
<5% of their canopies. Of trees that were heavily
defoliated (>50%; n = 452), 40 (9%) produced 0%–5%
new foliage 24–25 weeks after defoliation (Appendix
S1: Table S3).

True leaves composed 73% of the new foliage
across all koa size classes and habitats 24–25 weeks
after defoliation. The new foliage of small trees
(dbh ≤8 cm) was predominately true leaves in both
natural forest (81%) and reforestation (89%) habitats,
but true leaves composed only 55% of the new foliage
of large trees in natural forest habitat and 32% in
reforestation habitat.

Nutrient pulse dynamics

Frass production

The amount of frass produced by caterpillars reared over
24 h at 15�C in the laboratory showed a strong relation-
ship with caterpillar mass for instars 3, 4, and
5 (y = 2.2747x � 0.1595, R2 = 0.9985; Table 6). Based on
this equation, we estimated that individual first- and
second-instar caterpillars produced <0.01 and 0.4698 mg
of frass over 24 h, respectively. Therefore, the maximum
daily frass production (kg/ha) of all caterpillars at the
reforestation sites ranged from 92.63 (Koa1) to 280.28
(Koa2), and at the natural forest sites, it ranged from
100.80 (Mix1) to 206.63 (Mix2).

Litterfall

Initially, canopy litter fell at the highest rates at the Koa2
reforestation site, although litterfall dropped precipi-
tously at this site after caterpillars reached maximum bio-
mass in June (Figure 6). Litterfall rates at the other sites
started to decrease ~1 month later. After defoliation,
litterfall rates stabilized at generally lower levels at all
sites. A peak in litterfall in late 2014 was due to a large

wind event, which resulted in as much litter as during
the outbreak.

Nitrogen concentrations were lower in koa phyllodes
than in caterpillar frass (%N content: koa phyllodes
[mean � SE] = 2.46 � 0.10, frass = 3.30 � 0.02). Phyl-
lodes also contained slightly lower carbon concentrations
(%C content: koa phyllodes = 49.16 � 0.36,
frass = 51.30 � 0.07), leading to lower overall C:N ratios
for frass (C:N: koa phyllodes = 19.98 � 0.77,
frass = 15.55 � 0.14).

TAB L E 6 Estimated caterpillar mass and daily frass production by caterpillar instars 2–5 under laboratory conditions at 15�C.

Item Instar 1 Instar 2 Instar 3 Instar 4 Instar 5

Caterpillar 0.0633 0.2767 1.0133 2.7933 7.6733

Frass <0.01 0.4698 2.1455 6.1945 17.295

Note: Frass production over 24 h was estimated as dry mg/individual. Average dry mass of caterpillars was estimated as mg/individual from 30 individuals
pooled for each instar.

F I GURE 7 Estimated frass production (dry kg/ha/day) over

time at reforestation sites (Koa1 and Koa2) and forest sites (Mix1

and Mix2) during 2013. Maximum caterpillar abundance occurred

on 20 June at Koa1, Koa2, and Mix1 and on 27 June at Mix2. A

Gaussian curve explained almost half of the variability in the data

(R 2 = 0.48), indicating a distinct pulse in frass production
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F I GURE 6 Dry mass of litterfall (g/m2/day) over the study

period at a restoration site (Koa2) and both forest sites (Mix1 and

Mix2). Points are means �1 SE. Maximum defoliation occurred on

20 June at Mix1 and Koa2 and on 27 June at Mix2
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TAB L E 7 Effects of time and habitat on resin available soil N and P.

Nutrient Site Ft pt Fh ph Ft�h pt�h

N Koa2 8.61 0.040* 12.04 <0.001*** 7.80 0.049*

Mix1 52.15 0.003** 3.68 <0.001*** 10.70 0.061

Mix2 5.48 0.173 5.72 <0.001*** 1.30 0.719

P Koa2 17.86 0.025* 4.29 <0.001*** 13.50 0.041*

Mix1 10.82 0.060 0.34 0.079 1.22 0.746

Mix2 5.23 0.185 0.01 0.990 2.95 0.374

N:P Koa2 12.66 0.046* 0.21 0.153 11.96 0.051

Mix1 27.63 0.011* 0.33 0.085 0.95 0.827

Mix2 4.18 0.248 1.10 0.005** 1.42 0.686

Note: F and p values are from repeated-measures analyses of variance for soil nutrients during the outbreak in different habitat types (koa vs. grass). Sampling
occurred at one reforestation site (Koa2) and both natural forest sites (Mix1, Mix2) at Hakalau. F and p values are displayed with subscripts for time (t), habitat

(h), and time � habitat (t � h). A significant time � habitat interaction is indicative of a nutrient pulse. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.

F I GURE 8 Resin available nitrogen (NHþ
4 plus NO�

3 ) under koa canopies and in open grass plots at one reforestation site (a) Koa2 and

both forest sites (c) Mix1 and (e) Mix2. Resin available phosphorus is shown in panels (b) Koa2, (d) Mix1, and (f) Mix2. N and P measured in

mg/L/day. Dates represent starting points for resin bag burial intervals, beginning on 6 June 2013 and ending on 25 July 2014. For reference,

sampling began on 6 June 2013 and caterpillar biomass peaked on 13 June at Koa2 and Mix1 and on 20 June at Mix2
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Nitrogen redistribution

Cumulative frass and N redistribution were highest at
the Koa2 reforestation site and the Mix2 natural forest
site, where about 5600 kg/ha of frass (equivalent to
about 180 kg N/ha) fell to the ground during about
2 months from April through July 2013 (Figures 1d and
7). High frass deposition in these two sites was due to
high caterpillar density and high foliar biomass. At the
two reforestation sites, where foliar biomass was simi-
lar (~500 g/m), caterpillar abundance was higher, and
more frass fell at Koa2 than at Koa1. By comparison to
N falling in frass, there was 160 � 37 kg N/ha in the
pre-defoliation koa canopy foliage at Koa2 and
86 � 30 kg N/ha at Mix2.

Soil nitrogen (N) and phosphorus (P)

Resin available N in soils under koa canopies in both
reforestation sites and the Mix1 natural forest site pulsed

distinctly, while in open grass plots it did not, although
this interaction was stronger in Koa2 than in Mix1
(Table 7, Figure 8). We did not detect a distinct N pulse
at the Mix2 natural forest site. Nitrogen at the Mix1 natu-
ral forest site and the Koa2 reforestation site peaked once
in summer (from 3 July to 19 August 2013) and again in
winter (from about 23 October 2013 to February 2014),
but with some variation in timing between sites
(Figure 8). The midpoint of the first peak occurred
~43 days after maximum caterpillar biomass at Mix1 and
Koa2. Soil resin N was higher on all dates in plots under
koa compared to grass plots not under koa, and this dif-
ference was most pronounced when resin N was at its
peak. In late March 2014, when the N pulse seemed to
have dissipated, there were 12, 5, and 3 times as much
resin N in koa plots as in grass plots in Koa2, Mix1, and
Mix2, respectively. By contrast, at peak N for each site,
there were 33, 19, and 4 times as much resin available N
in koa plots as in grass plots in Koa2 (December 2013),
Mix1 (October 2013), and Mix2 (May 2013). Available N
under koa was first detected as both NH4

+ and NO3
�,

F I GURE 9 Mean (�1 SE) percent foliar nitrogen over time for koa understory species, including (a) alien grasses and the native woody

species, (b) ‘�ohi‘a (Metrosideros polymorpha), (c) ‘�ohelo (Vaccinium calycinum), and (d) p�ukiawe (Leptecophylla tameiameiae)
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although this quickly converted to an all nitrate signal
1 month after the initial pulse (data not shown).

For resin available soil P, only the Koa2 reforesta-
tion site had greater levels under koa than grass, and
no differences were found at other sites. Similarly, soil
P peaked distinctly under koa only at Koa2, where we
observed a double peak that was similar to the double
peak of N but offset by 30–60 days (Figure 8). Ratios
of resin available N:P fluctuated at two sites, pulsing
only at Koa2 toward the end of the study period
(March 2014) and after the pulses in N and P alone.

Understory foliar response

Understory species responded variably to frass deposi-
tion (Figure 9). Grasses under koa responded strongly
across all sites, with a 15% increase in foliar N from
May through August 2013, ~1 month after soil N
started to pulse. At the same time, the foliar N of
grasses decreased by 21% in plots away from koa, lead-
ing to a significant time � habitat interaction in a
repeated-measures analysis of variance (time effect,
F = 10.73, p < 0.01; habitat effect, F = 4.17, p < 0.01;
time � habitat interaction, F = 1.75, p < 0.01). Native
woody species, ‘�ohi‘a, ‘�ohelo, and p�ukiawe, also chan-
ged slightly in foliar N at this time, although time, hab-
itat, or interaction effects in repeated-measures models
were not significant.

Response of birds

General activity and response to habitat
variables

Unidentified species composed 63% of the total number
of birds observed (Table 8). Among the species we
identified most frequently, ‘i‘iwi and ‘apapane were
primarily in natural forest habitat, whereas Hawai‘i
‘amakihi and warbling white-eye were mainly in refor-
estation habitat. We often could not identify the behav-
ior of birds in the focal trees, but we sometimes
observed active foraging on caterpillars, which occa-
sionally escaped predation by suddenly dropping from
phyllodes on silk threads.

Logistic regression indicated that overall bird activity
in tree species was influenced primarily by the degree of
‘�ohi‘a flowering, severity of koa defoliation, and observer
(relatively few observers contributed most of the observa-
tions). These factors and habitat type also affected activity
levels of the four most frequently observed bird species
(Appendix S1: Table S4).

‘�Ohi‘a phenology was similar in natural forest and
restoration habitats. About one-third of ‘�ohi‘a trees
were flowerless before (33%, n = 100) and after (36%,
n = 402) defoliation, but trees bore medium to heavy
flower crops more frequently before (14%) compared
to after (3%) defoliation (χ 2 = 21.47; df = 1,
p < 0.001).

TAB L E 8 Birds observed during 2-min observation periods in koa (n = 492) and ‘�ohi‘a (n = 525) trees in reforestation (reforest) and

natural forest (forest) habitats at Hakalau sites on 12 weekly surveys from 22 May to 15 August 2013.

Speciesa Reforest Koa (242) Reforest ‘�Ohi‘a (159) Forest Koa (250) Forest ‘�Ohi‘a (366) Total

No bird 196 93 196 206 691

Unidentified bird 64 80 73 218 435

WAWE 13 51 3 9 76

IIWI (Threatened) 3 3 7 59 72

HAAM 11 20 3 13 47

APAP 0 2 5 36 43

HAEL 3 3 0 2 8

OMAO 0 0 2 1 3

HCRE (Endangered) 0 0 0 1 1

AKIA (Endangered) 0 0 1 0 1

Total birds 94 159 94 339 686

Note: Values for “No bird” indicate the number of trees in which no bird activity was observed. All other values indicate the total number of birds of each
species observed. All species are endemic to Hawai‘i except WAWE, which is invasive.
aWAWE (warbling [Japanese] white-eye, Zosterops japonicus); IIWI (‘i‘iwi, Drepanis coccinea); APAP (‘apapane, Himatione sanguinea); HAAM (Hawai‘i
‘amakihi, Chlorodrepanis virens); HAEL (Hawai‘i ‘elepaio, Chasiempis sandwichensis); OMAO (‘�oma‘o, Myadestes obscurus); HCRE (Hawai‘i creeper [‘alawī],
Loxops mana); AKIA (‘akiap�ol�a‘au, Hemignathus wilsoni).
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Changes in use of tree species

We expected birds in both habitats to be present more
frequently in koa than ‘�ohi‘a during the buildup of cater-
pillars but then visit ‘�ohi‘a more frequently after peak
defoliation. Instead, birds visited ‘�ohi‘a at least as often
as koa before and after defoliation in both habitats. In
natural forest habitat, birds were observed at similar fre-
quencies in ‘�ohi‘a and koa before defoliation (‘�ohi‘a 57%,
koa 44%; χ 2 = 2.77, df = 1, p = 0.096) and more fre-
quently in ‘�ohi‘a after defoliation (‘�ohi‘a 39%, koa 14%;
χ 2 = 33.79, df = 1, p < 0.001). In reforestation habitat,
birds were present in ‘�ohi‘a at least twice as often before
defoliation (‘�ohi‘a 66%, koa 33%; χ 2 = 8.64, df = 1,
p = 0.003) and after defoliation (‘�ohi‘a 35%, koa 15%;
χ 2 = 18.42, df = 1, p < 0.001). These results also indicate
that the magnitude of change in the use of tree species
varied according to habitat type. When caterpillars
became scarce after defoliation, bird presence in ‘�ohi‘a
declined from 57% to only 39% in natural forest but it fell
from 66% to 35% in reforestation habitat. The magnitude
of change in koa use indicated a reversed trend as bird
frequency declined from 44% to 14% in natural forest and
from 33% to only 15% in reforestation habitat after defoli-
ation. Additionally, the significant drop in the use of both
koa and ‘�ohi‘a after koa defoliation (Appendix S1:
Table S5) may indicate post-defoliation dispersal to other
areas not yet or less affected by the outbreak or a coinci-
dental seasonal decrease in bird activity due to a change
in other resources, such as ‘�ohi‘a flowers, as noted above.

In weak alignment with the general effect of tree species
on bird presence or absence, bird activity in koa (both habi-
tats combined) averaged 0.33 birds/min � 0.05 SE before
defoliation and 0.15 birds/min � 0.03 after defoliation
(z1-tail = 1.26, p = 0.10). Bird activity was also twice as great
in koa that had been defoliated lightly or not at all (≤25%;
0.20 birds/min � 0.06 SE) compared to more severely
defoliated koa (>25%; 0.10 birds/min � 03; z1-tail = 2.40,
p = 0.008). Bird activity also declined in ‘�ohi‘a, averaging
0.74 birds/min � 0.10 before and 0.39 birds/min � 0.03
after koa defoliation (z2-tail = 3.24, p < 0.001).

Changes in diet

As predicted from the pulse of high-quality prey, caterpillars
increased in bird diets during the outbreak, but limited
sampling prevented us from comparing diets of birds in dif-
ferent habitats or evaluating the diets of more than just two
species. In the case of the native, omnivorous Hawai‘i
‘amakihi, we identified 689 individual prey from 19 fecal
samples collected before the outbreak (from 26 February to
25 April) and 128 prey items from 15 samples collected

during the outbreak (22 May–27 June). Hemiptera and Lep-
idoptera were the only taxa comprising >15% of prey items
in both pre-outbreak and outbreak periods. Small-bodied
Hemiptera, especially psyllids (Psyllidae) comprised 93% of
prey items before the outbreak and 44% during the out-
break. Based on leg segments, juvenile wing buds, and adult
wings, the primary psyllid prey species was the invasive
Acacia psyllid (Acizzia uncatoides), itself an irruptive species
on koa. Caterpillars, much larger prey than psyllids, com-
prised 4% of prey items before and 43% during the outbreak.
Caterpillar fragments were found in 79% of samples before
the outbreak and in all samples during the outbreak
(χ 2 = 3.58, df = 1, p = 0.059). The number of individual
caterpillars, as represented by paired sets of mandibles and
unpaired mandibles, averaged 1.5/sample � 0.28 SE before
the outbreak and 3.7/sample � 0.75 SE during the outbreak
(t1-tail = �2.55, df = 18, p = 0.008).

For the warbling white-eye, 796 individual prey from
28 samples were identified prior to the outbreak and
292 prey were identified from 35 samples during the out-
break. Psyllids and other Hemiptera comprised 87% of
prey items before but 26% during the outbreak. Caterpil-
lars comprised 5% of prey items before and 51% during
the outbreak. Other taxa comprised <15% of the diet in
both periods. Caterpillar parts were observed in 79% of
samples before and in all samples during the outbreak
(χ 2 = 8.29, df = 1, p = 0.004). The number of caterpillars
in warbling white-eye samples averaged 1.6/
sample � 0.38 SE before and 4.3/sample � 0.84 SE dur-
ing the outbreak (t1-tail = �2.91, df = 47, p = 0.003).

In the Hawai‘i ‘amakihi, koa moth caterpillars were
identified in 19% of 19 samples before and 93% of 15 samples
during the outbreak (χ 2 = 5.15, df = 1, p = 0.023). The
abundance of koa moths was 0.32 caterpillars/
sample � 0.13 SE before and 3.0 caterpillars/sample � 0.61
SE during the outbreak (t1-tail = �4.30, df = 15,
p = 0.0003). Koa moths were identified in 38% of 24 war-
bling white-eye samples before and 71% of 35 samples dur-
ing the outbreak (χ 2 = 3.78, df = 1, p = 0.052). The
abundance of koa moth caterpillars in warbling white-eye
samples was 0.88 caterpillars/sample � 0.36 SE before and
3.5 caterpillars/sample � 0.88 SE during the outbreak
(t1-tail = �2.81, df = 15, p = 0.0036).

Changes in mass

Sampling limitations did not allow us to evaluate changes
in mass by habitats, so weights were pooled across sites. A
total of 573 individuals from six common forest bird species
and the endangered Hawai‘i creeper (‘alawī; Loxops mana)
were captured and measured at the Koa1 reforestation site
and the Mix1 natural forest site in 2013 (Table 9). The mass
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of only one species (‘i‘iwi) was significantly different
between the two sites, and the difference was consistent for
pre-outbreak (26 February–21 May) and outbreak (22 May–
30 June) periods, so sites were combined for analysis.

The more frequent consumption of caterpillars was
expected to result in increased mass of birds generally. The
direction and magnitude of change in pre-outbreak and out-
break mass varied among species and foraging guilds, but
most species tended to gain mass (Table 9). Mass gain was
unequivocal for the Hawai‘i ‘elepaio (Chasiempis sand-
wichensis) and Hawaii creeper. Arthropods are important in
the diet of all species (Banko et al., 2015), but the Hawai‘i
‘elepaio and Hawai‘i creeper are primarily insectivorous
whereas the Hawai‘i ‘amakihi and warbling white-eye are
omnivorous (arthropods and nectar), the red-billed leiothrix
(Leiothrix lutea) is frugivorous, and the ‘i‘iwi and ‘apapane
are nectarivorous. Mass remained relatively unchanged

during the outbreak only for the nectarivorous ‘i‘iwi and
frugivorous red-billed leiothrix.

Response of bats at Hakalau and
Laup�ahoehoe

Moths are important prey of the Hawaiian hoary bat, and
we expected their feeding behavior to change in response
to the pulse of koa moths. Due to the large area over
which bats forage and the limitations of our sampling
design, we could not evaluate whether bat feeding behav-
ior was influenced by differences in koa density and
moth abundance in the two habitat types.

We recorded bat call events (number of times a
microphone recorded a calling bat), echolocation pulses
(number of discrete sound pulses in a call event), and

TAB L E 1 0 Hawaiian hoary bat activity patterns at Hakalau and Laup�ahoehoe.

Station Hakalau PD1 Hakalau PD2 Hakalau PA1 Hakalau PA2 Laup�ahoehoe LA1 Laup�ahoehoe LA2

Elevation (m) 1645 1722 1929 2000 1069 1122

Nights sampled 77 77 42 79 74 63

Call events 0.31 0.03 0.05 0.18 14.32 2.83

Echolocation pulses 2.47 0.42 0.17 1.19 204 18.95

Feeding buzzes 0.08 0.01 0 0 0.45 0.27

Note: Call events, echolocation pulses, and feeding buzzes were calculated and standardized per recording night at each station. At Hakalau, four detectors

were operated from May to August 2013, with two stations along Pedro Road (PD1 [near Mix1] and PD2 [near Koa1]) and two along Pua Akala Road (PA1 and
PA2 [in and near Mix2]). At Laup�ahoehoe, two detectors (LA1 and LA2) were operated along Blair Road from July through September 2013.

TAB L E 9 Mass (g) of seven common forest bird species at the Koa1 and Mix1 banding sites at Hakalau.

Species Guild Period n Mean SE 95% CI F p Adjusted p

APAP Nectar Pre 38 15.5 0.25 15.0–16.0 5.96 0.019* 0.076

Out 6 13.9 0.63 12.6–15.2

HAAM Omnivore Pre 102 13.7 0.01 13.5–13.9 6.23 0.014* 0.070

Out 26 14.3 0.20 13.9–14.7

HAEL Arthropod Pre 20 14.7 0.22 14.2–15.2 9.13 0.006** 0.036*

Out 9 15.9 0.33 15.2–16.6

HCRE Arthropod Pre 28 14.9 0.13 14.7–15.2 20.91 <0.001*** 0.007**

Out 5 16.5 0.31 15.8–17.1

IIWI Nectar Pre 61 19.0 0.26 18.5–19.5 1.19 0.279 0.558

Out 5 20.0 0.90 18.3–21.8

JAWE Omnivore Pre 130 11.1 0.06 10.9–11.2 5.03 0.026* 0.078

Out 70 11.3 0.09 11.1–11.5

RBLE Fruit Pre 53 20.8 0.19 20.4–21.2 0.319 0.574 0.574

Out 20 21.0 0.31 20.4–21.6

Note: For each species and period (pre-outbreak and outbreak), foraging guild, number of birds captured, mean, standard error, and 95% CI of mass are
presented. Statistical significance for change in mass before and after the outbreak is shown as F ratio and associated significance level followed by the

significance level adjusted for multiple tests (Holm, 1979). Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. RBLE = red-billed leiothrix (Leiothrix lutea;
see Table 8 footnote for key to other bird identification codes).
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feeding buzzes (rapid increases in rate and number of
echolocation pulses, indicating attacks on prey) at
Hakalau (upper koa belt) and Laup�ahoehoe (lower koa
belt, see Figure 2). Acoustic surveys in both areas were
conducted during a 5-year period (2007–2011) before the
koa moth outbreak and during the summer of 2013,
when large tracts of koa were being defoliated and moth
abundance was high. The frequency of call events, echo-
location pulses, and feeding buzzes was at least one order
of magnitude greater at Laup�ahoehoe compared to
Hakalau during the outbreak year (Table 10). At both
sites, bat detectability was higher during the 5-year, pre-
outbreak period compared to the outbreak period
(Figure 10).

When we had enough samples, we observed a tempo-
ral shift in feeding behavior when comparing summer

months of the pre-outbreak and outbreak periods. Echo-
location pulses of bats at Laup�ahoehoe from July through
September 2011 (pre-outbreak) were recorded during all
hours of darkness between 5:00 PM and 6:00 AM, with a
peak during 7:00 PM and 8:00 PM, when 41% of pulses
occurred (Figure 11). In comparison, during the koa
moth outbreak in 2013, echolocation pulses were heavily
concentrated early in the night, with 94% occurring from
5:00 PM through 8:00 PM and relatively few occurring
later.

Response of parasitoid wasps at Hakalau
and Laup�ahoehoe

We expected parasitoid attack rates to increase with the
abundance of caterpillars due to their relatively fast rates
of reproduction. Instead, we found that the overall rate at
which koa moth caterpillars (all instars) were parasitized
at Hakalau decreased significantly (χ 2 = 18.58,
p < 0.0001) from 13.3% (n = 255) before the outbreak
(18–25 April) to 2.3% (n = 215) during the outbreak
(16 May–20 June). Before the outbreak, the parasitism
rate was highest in caterpillars collected during the
fourth instar (25%, [n = 36]). Parasitism rates of caterpil-
lars collected during the second and third instars were
about half that amount (12.5% [n = 64] and 11.1%
[n = 117], respectively) while only one parasitoid
emerged from caterpillars collected in the fifth instar (3%
[n = 33]). Of the pre-outbreak parasitoids, Hyposoter exi-
guae (Hymenoptera: Ichneumonidae) comprised 76.5% of
all parasitoids while Meteorus laphygmae (Hymenoptera:
Braconidae) made up 11.8%. Four additional parasitoids
(11.8%) pupated but failed to emerge as adults and were

F I GURE 1 1 Mean (�1 SE) hourly echolocation pulses

recorded at night from Hawaiian hoary bats at Laup�ahoehoe sites

from July through September 2013 (koa moth outbreak) and during

the same months in 2011 (non-outbreak). Insufficient data were

available for analysis at Hakalau sites

F I GURE 1 0 Mean (�1 SE) monthly bat detectability at

(a) Hakalau [Mix2] and (b) Laup�ahoehoe from 2007 to 2011, when

koa moths were not irrupting, and during the 2013 outbreak. Bat

data for 2013 were collected from May through August at Hakalau

and from July through September at Laup�ahoehoe. Moth

abundance peaked during August and September at Mix2

(Figure 5) and in April and August at Laup�ahoehoe (Banko

et al., 2014)
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not identified. Parasitoids emerged most often from instar
4 (64.5%) but also sometimes from instars 3 (25.8%) and
5 (9.7%). During the outbreak, only three H. exiguae and
two M. laphygmae were reared from 215 caterpillars col-
lected during instars 3 (n = 31), 4 (n = 119), and
5 (n = 58); the instar of an additional seven individuals
could not be determined. Of these five parasitoids, one
emerged each from instars three and four while the instar
of three others was ambiguous (likely instar 4, but possi-
bly 5).

Although attack rates declined during the buildup of
caterpillars, the numbers of H. exiguae and M. laphygmae
tracked caterpillar abundance at the four study sites, gen-
erally increasing in abundance about 1–2 months follow-
ing peak caterpillar biomass (Figure 12). We found no
pattern of abundance relative to habitat type. The magni-
tude of the response varied between species and among
sites, with H. exiguae increasing in abundance most at
the Mix1 natural forest site and the Koa1 reforestation
site and M. laphygmae increasing at all sites except the
Mix2 natural forest site.

From the 105 koa moth pupae (n = 95) and pre-
pupae (n = 10) collected at Laup�ahoehoe, 70 (67%)
emerged as moths (45 male, 25 female), 12 (11%) were

parasitized, and 23 (22%) died from unknown causes.
Parasitoids were represented by Vulgichneumon
diminutus (Ichneumonidae; n = 9) and Chaetogaedia
monticola (Diptera: Tachinidae; n = 3). All parasitoids
emerged from the koa moth’s pupal stage, and though
they have been reported to attack the larval stage
(Beardsley & Perreira, 2000; Bess, 1974), making them
larval–pupal parasitoids, we did not observe this.

DISCUSSION

We addressed several hypotheses common to insect out-
breaks generally, but the rarity and unpredictability of
koa moth outbreaks (Haines et al., 2009) make them dif-
ficult to investigate with a statistically robust study
design. For this reason, we focused our study in an area
where we already had or could quickly collect pre-
outbreak data on tree and foliage density, tree size, and
understory vegetation; koa moth abundance; litterfall
and soil nutrient levels; bird habitat use, diet, and body
mass; bat feeding activity; and parasitoid wasp abun-
dance and caterpillar attack rates. As the outbreak spread
to our relatively remote study area, we were able to

F I GURE 1 2 Biomass of koa moth larvae collected from koa foliage (mg larvae/g foliage) and abundance of parasitoids, Hyposoter

exiguae (HYEX) and Meteorus laphygmae (MELA), collected in malaise traps (individuals/day) during 2013 at reforestation sites (a) Koa1

and (b) Koa2 and forest sites (c) Mix1 and (d) Mix2

ECOSPHERE 25 of 41



evaluate its dynamics and impacts on host trees, nutrient
cycling, and insect consumers. Despite the limited statis-
tical power of representing our two habitat types with
only two sites each, our results provide insights into out-
break ecology generally and specifically into the dynam-
ics, complexity, and consequences of outbreaks in low-
diversity tropical island forests.

Koa moth abundance patterns

Insect outbreaks likely occur more frequently and with
greater impact where host trees are dominant or distrib-
uted in large, dense stands (Carson & Root, 2000). Many
examples support this idea, but outbreaks can also defoli-
ate small, scattered populations and individual trees
(Nair, 2007; Sutton et al., 2021). According to the
resource concentration hypothesis, we predicted that the
outbreak would occur earlier and result in higher herbi-
vore densities in the koa-dominated reforestation stands
due to rapid discovery by moths and superabundant food
for caterpillars (Carson & Root, 2000; Root, 1973), and
we found that the age structure of caterpillars was ini-
tially more advanced at the reforestation sites. Although
we lack fine-grained temporal estimates of caterpillar
abundance, caterpillar numbers and biomass apparently
peaked first at the two reforestation sites but also at the
Mix1 natural forest site. Caterpillar abundance peaked
about a week later at the Mix2 natural forest site, but its
distance from the three Pedro sites could indicate an
effect of spatial variation. Nevertheless, because the out-
break spread upward from the lower koa belt, it seems
unlikely that moths encountered the higher-elevation
reforestation stands before reaching the lower-elevation
natural forest stands. The timing of peak defoliation
occurred about a week after the peaks of caterpillar bio-
mass at each site.

Contrary to the resource concentration hypothesis,
caterpillar numbers (per branch sample) were high at
both natural forest sites, where koa density and foliar bio-
mass per unit area were relatively low. In line with
expectations, caterpillar numbers were also high at the
Koa2 reforestation site, but they were unexpectedly low
at Koa1. Caterpillar biomass (per unit of foliage) was
highest at the two natural forest sites, intermediate at
Koa2, and low at Koa1.

We were unable to evaluate temporal trends before
the buildup of caterpillars, but strong peaks occurred
later at the Koa2 reforestation site and the Mix1 natu-
ral forest site. In contrast, peaks at the other sites
were relatively weak and indistinct, indicating lower
rates of caterpillar survival or less synchronous
development.

Defoliation patterns

Following trends in caterpillar abundance, defoliation
was heavier at the two natural forest sites and the Koa2
reforestation site compared to Koa1. Foliar biomass was
reduced significantly more (78%–93%) at natural forest
sites compared to reforestation sites (64%–79%). All size
classes were heavily defoliated in both habitats but more
so for large koa in natural forest.

How leaf quality and phenology may have interacted
with the koa moth outbreak is unclear, but the tendency
of insects to feed preferentially on new leaves can exert
selective pressure on the timing of leaf production
(Aide, 1993; Coley, 1983; Coley & Barone, 1996), and var-
iation in the chemical and physical quality and availabil-
ity of new leaves may affect herbivore fitness (Barton &
Haines, 2013; Feeny, 1970) and population variability
(Forkner et al., 2008; Koricheva et al., 2012; Visser &
Holleman, 2001). Heavier defoliation at natural forest
sites may indicate an inverse relationship between koa
density and the quality of foliage for caterpillars.
Although koa is a symbiotic N-fixer, it typically obtains
most of its N from soil, particularly as stands reach can-
opy closure (Pearson & Vitousek, 2001). As a result, koa
foliage in dense stands may be less nutritious or palatable
due to competition for resources among trees (Stein &
Scowcroft, 1984), resulting in lower N content and higher
C:N ratio (Kula et al., 2020). It was surprising, therefore,
that among the reforestation sites defoliation was heavier
at Koa2, where koa density was higher. In this instance,
however, differences in the age of phyllodes between the
two sites may have influenced caterpillar consumption
rates and development times. Anecdotally, phyllodes at
Koa1 seemed older (more chlorotic and tougher to the
touch) than phyllodes at Koa2. In experimental feeding
trials, caterpillars consumed more plant tissue and devel-
oped faster when placed on young phyllodes compared to
old phyllodes (Barton & Haines, 2013). Therefore, differ-
ences in phyllode age, presumably due to variation in
koa phenology, might account for some of the variability
in defoliation severity among sites. Early caterpillar
instars are expected to be less able to consume tougher
phyllodes; consequently, a stand with older foliage would
have been less attractive to ovipositing moths and there-
fore less likely to support a severe outbreak. At Hakalau,
we observed that caterpillars also preferred phyllodes
over true leaves, as predicted from laboratory feeding tri-
als (Barton & Haines, 2013). Nevertheless, seedlings were
heavily defoliated despite having a greater proportion of
true leaves. For all size classes, foliage consumed during
the outbreak consisted mostly of phyllodes, whereas
foliage that remained after the outbreak consisted mainly
of leaves (about 50% of remaining foliage) and what
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seemed to be older phyllodes. Illustrating how limited
koa foliage became as the intensity of defoliation
increased, we observed caterpillars on several other
native plant species that had not been previously
reported (Haines et al., 2009). Additionally, a stand of the
widespread invasive N-fixing tree, Falcataria moluccana
(Fabaceae), was defoliated, and feeding trials demon-
strated that the koa moth can complete development on
this species (Haines et al., 2013). Several ‘�ohi‘a trees were
defoliated at Laup�ahoehoe, but we did not determine
whether the caterpillars completed development.

Response of koa to defoliation

Because palatability varies with foliage type (Barton &
Haines, 2013), we expected defoliated koa to initially pro-
duce less palatable true leaves as a defense against subse-
quent attack by koa moths. Before defoliation, phyllodes
comprised nearly all the foliage of small and large koa.
After defoliation, true leaves were produced in greater pro-
portion relative to phyllodes by small koa (dbh ≤ 8 cm) in
both habitats (81%–89% of foliage), whereas large koa pro-
duced true leaves in similar proportion to phyllodes in nat-
ural forest habitat (55%) and smaller proportion in
reforestation habitat (32%). True leaves also promote faster
plant growth due to their higher gas exchange per dry
mass and per C and N investment compared to phyllodes
(Pasquet-Kok et al., 2010), which would especially benefit
small koa (dbh ≤ 8 cm), whose growth might be limited
by their relatively small reserves of carbohydrates
(Nykänen & Koricheva, 2004; Stevens et al., 2008). Assum-
ing that large koa were less constrained by carbohydrate
reserves, the ratio of true leaves to phyllodes may have
been more strongly influenced by light levels following
defoliation. In shaded habitat, koa tends to produce higher
proportions of true leaves whereas phyllodes predominate
in sunnier habitat (Baker et al., 2009). Possibly due to
closed ‘�ohi‘a cover, the foliage of large koa in natural for-
est habitat may have been slightly skewed toward true
leaves compared to foliage in reforestation habitat, where
there was little ‘�ohi‘a cover. Haines et al. (2009) noted that
defoliated koa on Maui during the 2003–2004 outbreak ini-
tially produced high proportions of leaves that were rep-
laced months later by phyllodes. The same pattern was
reported for the 1977 koa moth outbreak on Maui (Stein &
Scowcroft, 1984).

Compared to small trees, severely defoliated large
trees survive at higher rates (Davidson et al., 1999), grow
more quickly (Jacquet et al., 2012), and refoliate faster
(Nakajima, 2018), likely due to their higher concentra-
tions of carbohydrates (Nykänen & Koricheva, 2004;
Stevens et al., 2008). At Hakalau, small and almost

entirely defoliated trees suffered relatively high mortality
and refoliated slowly, whereas greater nutrient reserves
may have enabled nearly all defoliated large trees to sur-
vive and refoliate quickly. Nitrogen fixation rates were
also likely to have declined following defoliation as bio-
mass allocation to nodules decreased with defoliation
severity (Ruess et al., 2006), but large koa may have been
better able to compensate for this reduction due to their
greater root biomass and ability to mobilize N from
the soil.

Competition for nutrients among koa in relatively
dense stands may have contributed to temporary differ-
ences in refoliation rates between habitats. Although
small trees in both habitats produced similar amounts of
new foliage, large koa in natural forest stands initially
produced more than twice the amount foliage compared
to trees in reforestation stands. New foliage in reforesta-
tion stands was also often patchily distributed and con-
centrated on large branches as epicormic growth rather
than near branch tips. Overall, reforestation koa seemed
to recover more slowly and suffered more branch mortal-
ity. Dense stands of koa defoliated on Maui in 1977 also
produced new foliage very slowly, with <1% of the stand
canopy being replaced 6 months after a koa moth out-
break (Stein & Scowcroft, 1984). Although they observed
greater foliar recovery in young (about 15 years) stands
that had been thinned and fertilized 3 years before the
outbreak, tree growth had already stagnated due to over-
stocking and was further reduced by 71% 1 year after
defoliation. Koa density was 2100/ha on control stands
and 490/ha on treated stands on Maui, whereas at
Hakalau, koa density was 732/ha on reforestation stands
and 125/ha on forest stands. Even considering the pres-
ence of ‘�ohi‘a, overall tree density at Hakalau was much
higher in reforestation stands, which may make them
less resilient to defoliation and other stress factors.

Defoliation reduces tree growth (Piper et al., 2015;
Rozendaal & Kobe, 2014; Stein & Scowcroft, 1984), and
further reductions in growth (linear or curvilinear) and
survival (exponential) occur with multiple episodes of
defoliation (Foster, 2017). Koa that produced little or no
foliage after 24–25 weeks had been heavily defoliated
(≥80%), included all size classes, and occurred in both
habitats. Koa mortality was apparently low on Maui dur-
ing 2003 and 2004 (Haines et al., 2009), but Stein and
Scowcroft (1984) reported 35% mortality of trees
20 months after the 1977 Maui outbreak. Experimentally
induced, repeated defoliation can reduce growth, increase
the rate of top dieback, and impact tree physiology in var-
ious ways (Kosola et al., 2001), and we observed many
dead trees after the third round of defoliation at the
Laup�ahoehoe study area. Although single or multiple
defoliations occurring in rapid succession can affect tree
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survival and growth in the short term, little is known
about the longer-term consequences for outbreak survi-
vors, some of which may experience defoliation at peri-
odic or irregular intervals over their lifetime.

Nutrient cycling and alien grass

The koa moth outbreak was expected to release nutrients
into the soil and potentially become absorbed by woody
understory plants if not taken up primarily by alien
grasses. Pulses of litterfall and frass during the outbreak
increased soil N and P at some sites, with subsequent
uptake of foliar N in alien grasses. The litterfall rates
measured at the start of our study were higher than base-
line rates, likely due to damaged phyllodes falling into lit-
ter traps. Indeed, koa foliage biomass in the canopy was
declining due to the increases in caterpillar biomass and
herbivory. Other work shows that daily koa litterfall can
range from 0.08 to 2.25 g/m (Baker et al., 2009), which
generally falls below the rates in our sites at the start of
the study.

Frass deposition during defoliation quickly redistributed
large quantities of N to the forest floor, similar to studies
from other ecosystems (Grüning et al., 2017; Hollinger,
1986; Lovett et al., 2002). Between 1500 and 5500 kg/ha of
frass, equating to between 48 and 184 kg/ha of N, were
deposited over only 3 months, an amount similar to annual
litterfall N in typical years (Baker et al., 2009). The resulting
N pulse in soils under koa at two of three sites appeared
~43 days after peak caterpillar biomass and consisted of two
peaks that were loosely correlated with elevated rainfall
(Banko et al. 2014), indicating that rain washed frass from
foliage or enhanced N movement to resins, or both (Hart &
Firestone, 1989; Lajtha, 1988). Additionally, initial frass
deposition may have increased decomposition rates of exis-
ting koa litter layers. Koa litter, despite having a low C:N
ratio compared to ‘�ohi‘a and other native trees, decomposes
slowly (Scowcroft, 1997), resulting in thick litter layers in
the forest understory. Therefore, labile C and nutrients in
frass may have “primed” the koa litter layer to stimulate
decomposition, leading to a delayed peak in N mineraliza-
tion and release (Hobbie, 2000).

Although N pulses were detected at the Koa2 restora-
tion site and the Mix1 natural forest site, no pulse was
observed at the Mix2 natural forest site, despite it receiv-
ing four times the amount of frass as recorded at Mix1.
Soil properties at the Mix2 site may have affected the N
pulse. Whereas both Pedro sites are on Puu Oo highly
organic hydrous silty clay loam, Mix2 is on Keamoku
extremely cobbly medial loam (Soil Survey Staff, 2014).
Frass N inputs to the coarse-textured Mix2 soils are likely
to result in rapid N leaching loss, as has been shown with

rapid N pulses and subsequent leaching in other Hawai-
ian forest sites with coarse-textured soils (Lohse &
Matson, 2005), as well as in widespread observations of
elevated N leaching following defoliation in other sys-
tems (Grüning et al., 2017; Lovett et al., 2002; Webb
et al., 1995). However, soil texture alone does not always
determine how well resins capture available N in soil
(Hook & Burke, 2000), raising the possibility that frass
inputs at Mix2 did not increase available N to the degree
observed at Mix1 and Koa2.

Understory species responded variably to frass deposi-
tion. Alien grasses under koa responded most dramatically,
with foliar N increasing by 15% whereas foliar N in grasses
in open plots decreased by 21%. In contrast, native woody
species did not respond during our short sampling period.
Grasses tend to have higher growth rates than woody spe-
cies, as well as dense fibrous root systems in the upper soil
layers (Scholes & Archer, 1997). In contrast, woody plants
adapted to low N conditions may exhibit low flexibility in N
uptake following nutrient additions (Chapin et al., 1986).
Consequently, alien grasses may have been better able than
native woody species to exploit the N pulse after the out-
break. Similar results were found in a northern California
grassland, where an insect outbreak led to widespread mor-
tality of native bush lupines (Lupinus arboreus), followed by
an N pulse and subsequent exotic annual grass invasion
(Maron & Connors, 1996; Maron & Jefferies, 1999).

Potentially, woody species did increase N uptake dur-
ing the nutrient pulse, but foliar N concentrations may
not have increased due to the allocation of the extra N to
higher biomass production or fruit set rather than to
leaves (Yang, 2004). Also, high N uptake may not be evi-
dent for over 1 year in long-lived, woody species (Lovett
et al., 2002), which would require additional sampling to
detect a response to the N pulse. If high soil N levels
increase alien grass growth, the reestablishment of native
woody species may be hindered where koa has been
planted to restore Hawaiian montane forests (Funk &
McDaniel, 2010; McDaniel & Ostertag, 2010). Thus, our
results indicate that alien grasses benefited quickly from
the deposition of frass, whereas the long-term conse-
quences of the N pulse for understory vegetation dynam-
ics are unclear. It is also possible that frass deposition
increased foliar P more than N, as commonly occurs fol-
lowing nutrient fertilization (Ostertag, 2010), but our lack
of foliar P data and the relatively small changes observed
in soil resin P at most sites make this difficult to evaluate.

The dense grass cover at Hakalau may also have
reduced the amount of frass-derived nutrients available
to koa recovering from defoliation, resulting in the slow
regrowth of crowns compared to our anecdotal observa-
tions at the Laup�ahoehoe and Kīpuka sites, where grass
cover was relatively sparse. Repeatedly defoliated trees at
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these warmer, wetter, lower-elevation sites renewed their
crowns in only 18 weeks, whereas trees at Hakalau
regrew only about half their crowns after 34 weeks. In a
mesocosm study, Frost and Hunter (2007) found that
after experimental herbivory or mechanical removal of
21%–24% of the total leaf area of potted red oak (Quercus
rubra) saplings, a portion of 15N-enriched caterpillar frass
added to the pots was quickly recovered in the foliage
and subsequently assimilated by late-season caterpillars.
This indicates an interaction between grass cover and cli-
mate whereby frass interception by dense grass at
Hakalau slowed refoliation and reduced koa foliar N,
both of which might have suppressed another outbreak.
Experimental studies might resolve how grass cover
interacts with allocations of N to koa foliage and woody
tissue and subsequently to rates of herbivory.

Response of consumers to the resource
pulse

Resource pulses can affect consumers and communities
directly and indirectly at various levels, including changes
in the behavior, distribution, physical condition, fecundity,
and survival of individuals; population dynamics and epide-
miology; food web and trophic interactions; and community
structure and dynamics (Ostfeld & Keesing, 2000; Yang
et al., 2008, 2010). Nevertheless, the short-term
unpredictability of the spread of the koa moth outbreak and
the large area over which it occurred precluded us from
investigating landscape-level responses and interactions of
consumers. The scope of our study was, therefore, limited
to relatively local observations of short-term changes in the
feeding behavior, diet, and mass of birds; the feeding behav-
ior of bats; and the population dynamics of parasitoid wasps
and changes in their caterpillar attack rates.

Response of birds to outbreak

Perkins (1903) noted that large numbers of birds were
attracted to koa moth outbreaks, but we did not observe
unusually high bird activity perhaps because caterpillars
were distributed widely across the landscape. Bird activ-
ity was affected primarily by the abundance of ‘�ohi‘a
flowers, severity of koa defoliation, and habitat type.
Time spent in ‘�ohi‘a or koa changed in response to cater-
pillar abundance, but the direction of change differed
according to habitat type. Additionally, birds increased
their consumption of koa moth caterpillars as they
became more abundant, and most species gained weight.

Birds occupied ‘�ohi‘a, which hosts many arthropods
(Gruner, 2004) and is a major source of nectar (Banko &

Banko, 2009), equally or more frequently than koa in
both habitats, but the proportional use of tree species
changed after defoliation, when both caterpillars and
flowers became scarce. Relative to koa, bird activity
increased in ‘�ohi‘a in natural forest habitat but declined
in reforestation habitat after defoliation. As we expected,
therefore, birds in natural forest habitat were attracted to
koa when caterpillars were abundant, despite the rela-
tively low density of koa. Contrary to our expectations,
birds in reforestation habitat were more active in ‘�ohi‘a
during the outbreak, despite the low density of ‘�ohi‘a.
Although we have no supporting data, this suggests that
birds might have readily obtain caterpillars in the high-
density koa stands, allowing them more time to forage in
‘�ohi‘a for nectar and perhaps arthropods less available
in koa.

Although caterpillars are the most frequent arthropod
prey of birds generally at Hakalau (Banko et al., 2015),
the availability of ‘�ohi‘a nectar strongly influences the
foraging behavior and movements of nectarivorous spe-
cies (Baldwin, 1953; Carothers, 1986; Carpenter &
MacMillen, 1976; Pimm & Pimm, 1982), some of which
likely dispersed as flowers became increasingly scarce
during the outbreak. Many ‘i‘iwi disperse from Hakalau
from May through August, when ‘�ohi‘a flowering typi-
cally decreases (Guillaumet et al., 2017; Kuntz, 2008),
and in later months some ‘i‘iwi and ‘apapane, the most
abundant species in natural forest habitat, move to subal-
pine habitat during the flowering peak of m�amane (Sop-
hora chrysophylla; Fabaceae; Hess et al., 2001). Hawai‘i
‘amakihi and warbling white-eye, the most abundant
species in reforestation habitat, may have responded to
changes in flower abundance with relatively localized
movements. Birds spent less time in heavily defoliated
trees compared to lightly defoliated trees, indicating
that they were responding to reduced caterpillar avail-
ability. Birds also may have avoided defoliated trees to
reduce their exposure to raptors, such as ‘io (Buteo
solitarius). Although birds were affected by defoliation
for a relatively short time at Hakalau, koa stands in the
lower koa belt (e.g., Laup�ahoehoe and Kīpuka) were
defoliated repeatedly, with potentially greater impacts
on regional bird populations. Whisson et al. (2018)
found that Australian bird species richness was
reduced and that birds used fewer microhabitats in
defoliated trees, indicating that reduced resource avail-
ability can affect community structure, at least tempo-
rarily. Although we did not observe changes to the
Hakalau bird community, native Plagithmysus
(Cerambycidae) beetles may increasingly infest the
many koa branches killed during defoliation
(Goldsmith et al., 2007), and this could increase forag-
ing opportunities for the endangered ‘akiap�ol�a‘au
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(Hemignathus wilsoni; Ralph & Fancy, 1996) and other
insectivores.

The response of bird populations to insect outbreaks
depends largely on the palatability of the irruptive insect
(Paxton et al., 2011), and birds readily exploit some out-
breaking insects (McMartin et al., 2002) or not
(Hogstad, 2005). We expected birds to feed heavily on
S. paludicola during the outbreak because Scotorythra
spp. are important in the diets of Hawaiian birds gener-
ally (Banko & Banko, 2009; Perkins, 1903, 1913). Oppor-
tunistic species are expected to be especially prone to
switching to a superabundance of palatable prey (Yang
et al., 2008), and we found that two insectivorous/
nectarivorous generalists, the Hawai‘i ‘amakihi and war-
bling white-eye, responded dramatically to the abun-
dance of caterpillars during the outbreak. Both species
shifted from a diet dominated by an invasive, irrupting
psyllid before the koa moth outbreak to one dominated
by koa moth caterpillars during the outbreak. Although
the change may have been due to a seasonal decrease in
psyllid abundance coinciding with the outbreak, the shift
from other caterpillar taxa to S. paludicola, particularly
by the Hawai‘i ‘amakihi, indicates opportunistic utiliza-
tion of this temporarily abundant and valuable prey
species.

In parallel with these dietary shifts, omnivorous and
insectivorous bird species gained mass during the out-
break. Changes in mass were significantly positive for at
least two (Hawai‘i ‘elepaio, endangered Hawai‘i creeper)
of the four smallest and most insectivorous species (also
including warbling white-eye, Hawai‘i ‘amakihi). Mass
was unchanged for the frugivorous red-billed leiothrix
and nectarivorous ‘i‘iwi, and mass apparently declined
for the nectarivorous ‘apapane. Because sample sizes
were small for ‘apapane, Hawai‘i ‘elepaio, Hawai‘i
creeper, and ‘i‘iwi during the post-outbreak period, the
influence of foraging guild or other factors potentially
accounting for patterns of mass change is not clear.

Apart from increased mass, we were unable to evalu-
ate other measures of fitness associated with the outbreak
at Hakalau. The outbreak occurred during the later stages
of the nesting season for most species (Ralph &
Fancy, 1994; Woodworth & Pratt, 2009), when the abun-
dance of highly nutritious food may have increased fledg-
ling survival or possibly enabled additional nesting
attempts. Nevertheless, following defoliation and the
crash of caterpillars on koa, parent birds and fledglings
would have had to rely more heavily on ‘�ohi‘a resources,
especially in reforestation stands.

Predation by birds may reduce populations of foliar-
feeding caterpillars under non-outbreak conditions
(Barbaro & Battisti, 2011; Glen, 2004; Holmes, 1990), but
it is ineffectual at preventing high densities (millions/ha)

of caterpillars (Crawford & Jennings, 1989), levels that
we observed during the peak of the outbreak. We identi-
fied caterpillars of Scotorythra spp. in fecal samples col-
lected from 1994 to 1997 from Hakalau bird species
(Banko et al., 2015), but if birds have a role in
suppressing Scotorythra populations, it is likely restricted
to the upper koa belt, where bird diversity and abun-
dance, especially of insectivores, are much higher than at
lower elevation (Camp et al., 2010; Scott et al., 1986). The
single defoliation event at Hakalau raises the question of
whether bird predation may have helped suppress subse-
quent irruptions, even if it failed to suppress the first.
Caterpillars are more likely to be vulnerable to attack by
predators, parasites, and pathogens at higher elevations,
where larval development is slower, but slower larval
development itself may have contributed to there being
only one defoliation event.

Response of bats to outbreak

Where bats are diverse and abundant, they have been
shown experimentally to limit arthropod populations and
herbivory in natural and agroforestry habitats (Kalka
et al., 2008; Kalka & Kalko, 2006; Williams-Guillén
et al., 2008). Given the relatively low abundance of the
Hawaiian hoary bat, it seems doubtful that they suppress
insect populations in native forests or play an important
role in the dynamics of insect outbreaks. Although Hawai-
ian hoary bat detectability at both Hakalau and
Laup�ahoehoe was notably lower during the outbreak year
than in any year of the 5-year study conducted by Gorresen
et al. (2013), this was likely due to the relatively short
amount of foraging time required to reach a digestive bottle-
neck each night. Echolocation calls associated with
searching and attacking insect prey peaked abnormally
early in the night during the outbreak at Laup�ahoehoe
(no comparison of this type from Hakalau data is made
because of insufficient bat calling activity). Bats actively for-
aged over longer portions of the night and presumably at
lower success rates during non-outbreak times when moth
densities were orders of magnitude lower. The timing of
feeding among bat species varies relative to the activity and
abundance of preferred prey species (Rydell et al., 1996).
Furthermore, moth activity is strongly affected by tem-
perature and wind with fewer moths collected in light
traps on cold and windy nights (Jonason et al., 2014;
Yela & Holyoak, 1997). We expect that koa moths were
active well after sunset, based on personal observations
and communications from others of moth activity at
house lights many hours after sunset and “blizzards of
moths crossing Saddle Road” (W.P. Haines, public
communication in Stewart, 2013). With lower feeding
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efficiency, bats also are expected to have to call more
(more call events and sound pulses) over longer por-
tions of the night, which we observed during the non-
outbreak years. Although the activity and frequency of
feeding buzzes of some continental bat species
increased when local densities of a pest moth were
experimentally enhanced with synthetic sex phero-
mone lures, their behavior was not observed during a
large-scale outbreak (Charbonnier et al., 2014).

During the 2013–2014 outbreak, Hawaiian hoary bats
remained uncommon at Hakalau relative to their presence
at Laup�ahoehoe, as was observed by Gorresen et al. (2013)
from 2007 to 2011. This is evidenced by the relative number
of call events, echolocation pulses, and the detectability
indices from the two locations. Thus, even during a period
when koa moths were superabundant at Hakalau (see video
link within https://doi.org/10.5066/P9HE9WKK), we did
not detect an increase in bat foraging activity. Because koa
moths were abundant and widespread during the 2013–
2014 outbreak, there would have been little adaptive benefit
to bats moving into Hakalau from surrounding areas. Some
bat species track and exploit the local availability of prey
within regional landscapes (McCracken et al., 2012), but
aggregating behavior is more likely to occur in open habi-
tats rather than in closed forest (Müller et al., 2012).

Response of parasitic wasps to outbreak

Hymenopteran parasitoids can drive moth population
cycles in temperate, continental regions (Klemola
et al., 2010; Turchin et al., 2003), but their role in tropical
and insular environments is unclear. Koa moth outbreaks
may at one time have occurred more frequently in the
Hawaiian Islands (Haines et al., 2009; Perkins, 1913), but
interactions between Hawaiian moths and their native
predators and parasitoids are complicated, if not disrupted,
by a diverse, abundant, and widespread invasive parasitoid
community (Henneman & Memmott, 2001; Oboyski
et al., 2004; Peck et al., 2008). Nevertheless, we expected to
see increased numbers and attack rates of some members
of this novel parasitoid community in response to the koa
moth outbreak.

Consistent with previous reports (Davis, 1954; Haines
et al., 2009; Zimmerman, 1958), H. exiguae, a long-
established adventive parasitoid, was most frequently reared
from koa moth caterpillars, and Meteorus laphygmae, intro-
duced in 1942 to control sugarcane pests, also was reared.
Both have broad host ranges and are widespread on
Hawai‘i Island (Funasaki et al., 1988; Peck et al., 2008).
Although malaise trap data indicate that both species
tracked caterpillar abundance during the outbreak, the rate
of parasitism (3.2%) was not proportional to caterpillar

abundance. The rate was also less than that found during
the late stage of the 2003–2004 Maui koa moth outbreak
(20% [12 of 60], Haines et al., 2009), for caterpillars gener-
ally in Kaua‘i forests (20% [12 of 60], Henneman &
Memmott, 2001), and for endemic Cydia spp. (Tortricidae)
in subalpine woodland on Mauna Kea (39.5%; Oboyski
et al., 2004). Our finding that 15% of pupae and pre-pupae
at Laup�ahoehoe were parasitized indicates that overall par-
asitism at Hakalau may be greater than the rate we
observed only in caterpillars.

We did not assess mortality rates of koa moth eggs
due to parasitism, predation, or pathogens, but preda-
tors can destroy many eggs of some outbreaking spe-
cies (Castagneyrol et al., 2014). Host associations of egg
parasitoids are poorly known in Hawai‘i, but the
endemic Trichogramma semifumatum (Hymenoptera:
Trichogrammatidae) has been reported to attack
Scotorythra spp. eggs (Swezey, 1929). Other species of
Trichogramma are often released as biocontrol agents
of agricultural pests and can be a significant cause of
Lepidoptera egg mortality (Smith, 1996). We could not
attribute caterpillar mortality in the field or laboratory
to pathogens, but entomopathogenic fungi or other fac-
tors may have gone undetected during the egg stage.
Unidentified diseases were suspected of killing many
caterpillars being reared in the laboratory during the
2003–2004 koa moth outbreak on Maui (Haines
et al., 2009), and microorganisms may affect insect out-
break dynamics in a variety of complex ways and in
concert with other factors (Cardoza et al., 2012; Elderd
et al., 2013; Ewald, 1987; P�aez et al., 2017; Royama
et al., 2017).

It is unclear what level of parasitism might be neces-
sary to suppress a koa moth outbreak, but non-native
parasitoids did little to dampen the 2013–2014 irruption.
Moreover, we found no evidence of parasitism by
endemic species of Enicospilus (Ichneumonidae), despite
earlier reports of Enicospilus attacking Scotorythra spp.
(Swezey, 1929). Neither was Enicospilus reared from
S. paludicola during the 2003–2004 outbreak on Maui,
likely because Enicospilus attacks later instars than do
H. exiguae and M. laphygmae (Haines et al., 2009). In
an experimental study of the temperate, continental
autumnal moth (Epirrita autumnata; Geometridae), a
caterpillar parasitism rate of 88% was associated with a
rapid decline in numbers to below initial outbreak levels
(Klemola et al., 2010). Top-down factors may be impor-
tant in limiting the frequency and scope of outbreaks
(Dwyer et al., 2004; Letourneau, 2012; Ostfeld &
Keesing, 2000; Symondson et al., 2002) even if they are
not critical in stopping them, but quantifying the effects
of native and non-native enemies on koa moth dynamics
is challenging due to the unpredictable timing of
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outbreaks. Even in the intensively studied spruce bud-
worm (Choristoneura fumiferana) outbreak system,
Royama et al. (2017) were unable to identify a dominant
effect of a single agent of mortality among the number
they investigated.

Outbreak dimensions and dynamics

Across Hawai‘i Island, >280 km2 of forest was defoliated at
least once (Haines et al., 2013), affecting about 36% of the
island’s koa-associated forest (789 km2 total; Baker
et al., 2009). The outbreak was the largest ever recorded
(by a factor of 18), the first reported on windward Hawai‘i
Island since 1901 (Henshaw, 1902), and the first anywhere
on the island since 1953 (Davis, 1954; Haines et al., 2009).

Frequent, large, or prolonged defoliator outbreaks are
not expected where seasonality is low, tree diversity is high,
and leaves are heavily defended against herbivory, such as
in some continental tropical forests (Dyer et al., 2012). Spo-
radic irruptions of the koa moth provide valuable, if rare,
opportunities to investigate outbreak dynamics and conse-
quences in tropical forests with low seasonality and low
tree diversity. The 2013–2014 koa moth outbreak was mas-
sive and long-lasting, but other large, extended outbreaks
have occurred on Maui and Hawai‘i Islands in the past
(Haines et al., 2009; Perkins, 1896; Swezey, 1931). Our
results confirm that these large irruptions can result in
enormous pulses of prey for vertebrate and invertebrate
consumers, abrupt and severe defoliation of large tracts of
forest, and sudden infusions of nutrients into the soil that
far exceed background levels of resource variability and
community function. The ecological factors that trigger
and terminate koa moth irruptions are not understood,
although our results can help to develop a framework for
understanding the roles of environmental variability,
herbivore–host plant interactions, predator–prey dynamics,
and disease–host relationships (and see Barton &
Haines, 2013; Haines et al., 2009, 2013).

The outbreak arrived at the Hakalau site 6 months
after being initially detected in the lower koa belt. Cater-
pillar numbers increased over 8 or 9 weeks at Hakalau
before koa trees were defoliated, indicating that cooler
temperatures in the upper koa belt slowed caterpillar
development. Our experimental results support this idea
because caterpillars reared at lower temperature con-
sumed less foliage (indicated by lower frass production),
indicating slower growth. Other factors, such as foliage
type (true leaf or phyllode) and age of phyllode, may also
have affected caterpillar survival and developmental rates
(Barton & Haines, 2013).

The 2013–2014 Hawai‘i Island outbreak was notable
also because some tracts of koa were repeatedly defoliated

in rapid succession. We observed complete defoliation of
the same koa stands on three occasions at the
Laup�ahoehoe study site and twice at the Kīpuka site in
2013. Koa was reportedly also defoliated on three occasions
in the Kaiwiki area over 12 km northwest of Hilo (J. Pang-
Ching, University of Hawai‘i at Hilo, oral communication,
2014). Other multiple defoliations in the same location
have occurred within a single year (Henshaw, 1902), dur-
ing consecutive years (Perkins, 1903) and separated by
4 years (Evenhuis, 2007; Haines et al., 2009; Swezey, 1926).
Although forest stands can be defoliated repeatedly over
short multi-year intervals by the koa moth and in some
other outbreak systems, multiple within-year defoliations,
as we and Henshaw (1902) observed, are unusual. We pro-
pose that multiple factors affected the frequency of defolia-
tion within the koa stands we observed.

Repeated defoliation may be partly due to relatively
slow rates of egg and larval development, which may allow
defoliated stands to refoliate before being revisited by
waves of koa moths dispersing from other defoliated areas.
Additionally, reduced seasonality in Hawai‘i
(Giambelluca & Schroeder, 1998) enables koa to regrow
foliage year-round, providing fresh resources for repeated
rounds of mass herbivory. The broad gradient of elevation
over which the outbreak occurred may also have contrib-
uted to the temporal patchiness of the defoliation through
local variability in rainfall and temperature (Giambelluca
et al., 2013). At a finer scale, young phyllodes are highly
palatable to S. paludicola caterpillars (Barton &
Haines, 2013) and their abundance in the forest canopy
could be an important trigger for repeated outbreaks.
Although induced chemical changes following defoliation
may reduce growth and fecundity in the following genera-
tion of herbivores, increased N content (derived from frass)
in the new foliage may counteract any putative defensive
compounds (Nykänen & Koricheva, 2004), potentially all-
owing new, vigorous cohorts of koa moths to repeatedly
defoliate stands. Interception of N by the dense alien grass
cover at Hakalau may have reduced the quality of new
foliage, reducing herbivory and the potential for subse-
quent defoliation.

Although koa moths irrupted in various locations on
Hawai‘i Island over many months, we observed a rela-
tively high degree of temporal synchronicity across large
areas of forest. At Laup�ahoehoe, defoliation was essen-
tially simultaneous across 2 km and a 250-m gradient of
elevation during each of the three outbreaks. At Hakalau,
we collected caterpillars representing two to four instars
in our branch samples during the peak of caterpillar
abundance, but the cohorts of fourth- and fifth-instar lar-
vae were overwhelmingly abundant, resulting in wide-
spread, rapid defoliation and a cohort of moths that
could then disperse more or less together to oviposit in
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new, unaffected or recovered areas, thus reinforcing syn-
chronicity at local to regional scales. At a local scale, cat-
erpillar biomass and abundance peaked around 20 June
at the three northernmost sites, which were clustered
within 2 km of one another and across an elevation gra-
dient of 200 m. A week later and 4 km to the south, cater-
pillars peaked at Mix2, indicating relatively close
temporal synchronization over an approximately regional
spatial scale. We assume that synchronization between
the four Hakalau study sites was partly a result of the
enormous numbers of moths dispersing from the larger,
earlier outbreak in the lower koa belt below Hakalau.
Nevertheless, as for most insect outbreaks (Bjørnstad
et al., 2008; Kessler et al., 2012), we could not identify the
biotic and environmental factors that triggered the initial
outbreak and promoted regional synchronization. The
role of synchronicity in ending the outbreak due to large,
if temporary, declines in koa foliage across large areas
also remains uncertain, but trees with any remaining
foliage near our study areas were scattered and unlikely
to support even a local outbreak.

Consequences of koa moth outbreaks for
koa and forest dynamics

Insect outbreaks may have profound ecological conse-
quences when they affect dominant species or occur in
low-diversity ecosystems (Carson & Root, 2000; McBrien
et al., 1983), such as those typical of the Hawaiian Islands
and other remote islands (MacArthur & Wilson, 1967;
Price, 2004). Theory suggests that high diversity ecosys-
tems are more resilient to disturbance (i.e., they return
more quickly to equilibrium) than are low-diversity sys-
tems (Hooper et al., 2005; Peterson et al., 1998; Tilman &
Downing, 1994). Although determining how diversity
affects food webs depends upon the structure and con-
nectivity of different linkages within the ecosystem
(Proulx et al., 2005), experimental evidence indicates that
reduced diversity can decrease and destabilize interaction
webs and ecosystem processes (Rzanny & Voigt, 2012).
Furthermore, biodiversity effects on food web resilience
are likely mediated through complex pathways, which
may be obscured by variable life-history traits of species
and indirect interactions both within and between tro-
phic levels (Downing & Leibold, 2010). Although we did
not investigate impacts of the outbreak to the Hakalau
forest food web specifically, our study examined outbreak
dynamics and species interactions at three trophic levels
(koa host trees, koa moth herbivores, and predators and
parasitoids of herbivores). Despite the massive short-term
increase in herbivory and large pulse of nutrients and
high-value prey, there was no indication that food web

structure and function would be affected in the
long term.

By 2018, 4 years after the outbreak, evidence of wide-
spread koa defoliation had become difficult to detect,
although seedpod production remained extremely low
even into 2020 (S. Kendall, U.S. Fish and Wildlife Service,
written communication, 10 February 2020). A lack of
long-lasting impacts would point to the likely coevolution
between the outbreak herbivore and its host plant species
(Yang, 2012). Furthermore, specific resource pulses sel-
dom, if ever, result in permanent transitions of communi-
ties to alternative stable states (Yang et al., 2010). The
extensive defoliation of koa indicates low resistance to
koa moth herbivory, but trees at Hakalau regenerated
their crowns within about 1 year, indicating a relatively
high degree of resilience. The repeated recovery of many
tree crowns in lowland areas after serial defoliation
(e.g., Laup�ahoehoe and Kīpuka) also indicates relatively
high resiliency of koa to outbreaks, despite apparently
greater mortality and crown dieback. Outbreak dynamics
may be sustainable between koa and koa moths partly
because outbreaks are infrequent at local scales. Never-
theless, seven outbreaks occurred across portions of
windward East Maui from 1894 to 2003, with some
degree of spatial overlap (Haines et al., 2009). Conse-
quently, individual trees and patches of forest likely expe-
rienced repeated defoliation during their lifetimes.
Additionally, small outbreaks could easily be overlooked,
suggesting that outbreak frequency may be under-
estimated, at least at the stand level.

Koa may also tolerate defoliator outbreaks because of
their capacity for relatively fast growth and flexible phe-
nology. Koa grows rapidly, particularly during the first
decade (Pearson & Vitousek, 2001). Moreover, despite the
occurrence of a general seasonal pattern, new leaves or
phyllodes can be produced throughout the year, as
observed when light levels are experimentally altered
(Baker et al., 2009). Above 1650-m elevation, we observed
that koa produced new phyllodes in any month but usu-
ally more prolifically during winter and spring
(Lamoureux et al., 1981). In contrast, defoliation of other
native tree species by native or non-native caterpillars
has rarely been reported and has not been observed over
large areas. Koa also recovers or regenerates quickly from
wind damage and fire (Baker et al., 2009; Herbert
et al., 1999). Generally, koa responds to herbivory and
other physical damage in ways that support the hypothe-
sis that resistance and resilience are inversely related
(Herbert et al., 1999). Furthermore, the different
responses of koa to herbivory and defoliation in reforesta-
tion (high-density) and natural forest (low-density)
stands indicates an influence of nutrient limitation,
although we did not assess site differences in the
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nutritional value of foliage and our baseline estimates of
nutrient stores were made after rather than before high
levels of frass deposition. The lower biomass of caterpil-
lars per unit of foliage and the lower intensity of defolia-
tion in reforestation stands may indicate lower
nutritional value of the foliage, and the slower regrowth
of foliage soon after defoliation and greater mortality of
trees in reforestation stands may indicate nutrient limita-
tion in the soil. It also was found for ‘�ohi‘a, for example,
that resistance to hurricane damage decreased and resil-
ience increased as the supply rate of a limiting resource
(P) increased (Herbert et al., 1999).

In some continental forests, periodic outbreaks of
defoliators can influence stand structure through tree
mortality and gap initiation (Filion et al., 2006). Even
in koa-dominated stands, however, the increase in
light penetrating to the forest floor following defolia-
tion may be only a temporary benefit to gap-adapted or
weedy species. The amount of light intercepted even by
intact koa crowns is relatively low due to the vertical
orientation typical of the phyllodes (Baker et al., 2009),
and, as we found, crown mortality is low and crown
regeneration is relatively rapid, especially where grass
cover is sparse. Our observations support the idea that
koa forests are resilient to perturbations of many kinds
(Baker et al., 2009), but at Hakalau the pulse of N
resulting from caterpillar frass deposition was readily
taken up by the dense cover of alien grasses. Neverthe-
less, even in tropical forests where grasses do not domi-
nate the forest floor, nutrient pulses (e.g., following
hurricanes) are short-lived (Ostertag et al., 2003).
Longer-term studies would be needed, however, to
fully understand whether nutrient pulses lead to
increased biomass of exotic grasses, or what effect this
may have on subsequent forest dynamics. Thick alien
grass layers lead to an almost complete lack of under-
story regeneration in koa restoration stands, even in
the absence of nutrient pulses (Yelenik, 2017); thus, an
increase in grass biomass due to excess N may have no
net negative effect on these somewhat degraded sec-
ondary forest systems.

Recent koa moth outbreaks on Maui (Haines
et al., 2009) and the 2013–2014 outbreak on Hawai‘i
Island raise the question of whether conditions are
changing in ways that favor more frequent outbreaks in
the future. Although we do not understand the factors
that promote koa moth outbreaks, our results indicate
that they can alter forest communities and processes in
the short term. More frequent large outbreaks could
potentially have longer-lasting effects (Yang
et al., 2010). Moreover, multiple outbreaks in rapid suc-
cession, as we observed in our low-elevation study sites,
could have greater consequences for resources that are

critically important to conservation managers. Eco-
nomic interests could also be affected by large out-
breaks, given the high commercial value of koa (Baker
et al., 2009).

Managers confronted with the 2013–2014 outbreak
had no better option than to observe how a massive
irruption of native moths could potentially affect their
efforts at forest restoration. Attempting to forestall or
curtail the outbreak using pesticides, for example,
could have had many unintended, harmful conse-
quences for arthropod and vertebrate communities,
food webs, and ecosystem processes. Because the cau-
ses of most insect outbreaks are not well known, useful
management prescriptions for preventing koa moth
outbreaks or stopping them once they are underway
are unknown. Nevertheless, stocking koa at high densi-
ties to restore forest habitat on former pasturelands
may increase the disruption to animal and plant com-
munities when outbreaks result in the near total loss of
forest canopy over large areas. Although koa is rela-
tively fast-growing and is a valuable resource for many
native species, increasing the diversity of canopy tree
species in planted forest stands may help reduce the
impacts of severe outbreaks in the future.
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