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ABSTRACT
A massive outbreak of the koa moth (Geometridea: Scotorythra paludicola) defoliated more
than a third of the koa (Acacia koa) forest on Hawai‘i Island during 2013−2014. This was the
largest koa moth outbreak ever recorded and the first on the island since 1953. The outbreak
spread to sites distributed widely around the island between 800−2,000 m elevation and in wet
rainforest to dry woodland habitats. We monitored the outbreak at two windward forest sites
(Laupāhoehoe and Saddle Road Kīpuka) and one leeward forest site (Kona), and we studied the
dynamics of the outbreak and its impacts on the forest ecosystem at Hakalau Forest National
Wildlife Refuge, our higher elevation windward site. Study sites at Hakalau included two stands
of koa that were planted (reforestation stands) in former cattle pastureland about 20 years
earlier and two stands of koa that were dominated by ‘ōhi‘a (Metrosideros polymorpha) and
that were naturally recovering from cattle grazing (forest stands). We observed one outbreak at
Hakalau, multiple outbreaks at the two other windward sites, but no outbreak at the leeward
site. Caterpillars at Hakalau reached peak estimated abundances of more than 250,000 per tree
and 18,000,000 per hectare, and they removed between 64−93% of the koa canopy in
managed forest stands. Defoliation was more extensive in naturally recovering forest, where
‘ōhi‘a dominated and koa was less abundant, compared to the planted stands, where koa
density was high. Koa trees were still growing new foliage six months after being defoliated,
and leaves were produced in greater proportion to phyllodes, especially by small koa (≤ 8 cm
dbh) and by larger trees in forest stands, where light levels may have remained relatively low
after defoliation due to the high cover of ‘ōhi‘a. Small branches of many trees apparently died,
and canopy regrowth was absent or low in 9% of koa trees and seedlings, which indicates the
likely level of mortality. Between 2,000−5,000 kg/ha of frass fell during the defoliation event,
resulting in the deposition of up to 200 kg/ha of highly labile nitrogen on the forest floor in less
than two months. The deposition of nitrogen was detected as pulses in resin-available nitrogen
in the top 5−10 cm of soil at two of three sites. These sites showed elevated soil nitrogen for
about seven months. Nitrogen content of understory plant foliage, which is indicative of
nitrogen uptake, suggested weak and variable effects of nitrogen deposition in the soil. Foliar
nitrogen increased slightly in alien pasture grasses four months after the deposition of frass,
although distinctive increases were not detected in native woody species. Birds responded to
the abundance of caterpillars by increasing their activity in koa during the buildup of caterpillars
and decreasing their use of koa after defoliation. During the outbreak, caterpillars increased in
the diets of the two generalist insectivores we examined, and nearly all species gained weight.
Bats responded to the abundance of moths by compression of active foraging into the first
three hours of darkness each night after presumably having reached a digestive bottleneck.
Reduced foraging activity by bats also resulted in lower indices of detectability based upon
acoustic monitoring when compared to non-outbreak years. Parasitoid wasps tracked caterpillar
abundance, but the low rate at which they attacked caterpillars suggests that they had little
influence on the population. The predatory yellowjacket (Vespula pensylvanica) did not respond
to the outbreak. Although a single, protracted outbreak occurred at Hakalau, multiple outbreaks
and defoliations occurred at lower elevations. Our results provide a broad foundation for
evaluating the dynamics and impacts of future Scotorythra outbreaks.
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INTRODUCTION
Large outbreaks of insects are well-known phenomena in temperate continental forest
ecosystems, but less is known about the dynamics and consequences of insect outbreaks in
tropical forests, especially on remote islands (Dyer et al. 2012). In the Hawaiian Islands, the
endemic koa moth (Scotorythra paludicola), found on Kaua‘i, O‘ahu, Maui, and Hawai‘i, has
irrupted at least 14 times in endemic koa (Acacia koa) forests since the late 1800s (Henshaw
1902, Haines et al. 2009, Haines and Rubinoff 2009). Irruptions have been recorded eight times
on Maui (four since 1950) and six times on Hawaiʽi (two since 1950, including the 2013−2014
outbreak). S. paludicola is not known to have irrupted on O‘ahu, but an outbreak of S.
metacrossa and S. rara in koa was recorded there in 1900 (Swezey 1926). Although it is
widespread in native koa forests, S. paludicola is relatively uncommon when not irrupting (Giffin
2007; U.S. Geological Survey unpublished data). Outbreaks of insects that are typically
uncommon are not expected (Dyer et al. 2012), because wide fluctuations in population
abundance are more likely to lead to population extinction (Root and Cappucino 1992). This life
history trait of S. paludicola makes it all the more difficult to understand the factors leading to
outbreaks and, therefore, to predict their occurrence.
In January 2013, S. paludicola was discovered to be defoliating a large area of koa forest on
Hawai‘i Island, and in the following months the outbreak had spread to many other sites around
the island. Defoliation was severe (Figure 1) and by May extended nearly continuously in the
lower koa belt about 40 km northward from near the town of Hilo. Eventually, the outbreak

Figure 1. Heavy defoliation of trees by Scotorythra caterpillars within the lower koa belt of
Mauna Kea Volcano (background), Hawai‘i, in February 2013.
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reached the upper koa belt, including the forests of Hakalau Forest National Wildlife Refuge
(Hakalau). After recovering from defoliation, some areas were defoliated at least two more
times with outbreaks extending into early 2014. During the course of the 2013−2014 outbreak,
283 km2 of koa was defoliated at least once (Haines et al. 2013), which included about 36% of
the koa-associated forest (789 km2 total; Baker et al. 2009) on the island. The initial and largest
contiguous area of defoliation was located in wet, lowland to montane habitat on the windward
(eastern) slope of Mauna Kea and Mauna Loa. Other defoliated areas included windward and
leeward, wet to dry, montane habitats extending to nearly 2,000 m elevation. The 2013−2014
outbreak was the largest ever recorded (by a factor of 18), the first reported on windward
Hawai‘i since 1901 (Henshaw 1902), and the first anywhere on the island since 1953 (Davis
1955, Haines et al. 2009).
The outbreak was so massive when it was discovered that we decided to monitor three sites
outside the defoliated area to observe the oncoming wave of dispersing moths, the local
buildup of caterpillars, and the effects of the outbreak on forest communities and ecological
processes. The sites varied geographically such that we could examine the population dynamics
of S. paludicola and its interaction with koa in 1) a small, relatively isolated forest patch, 2) in
contiguous forest along a gradient of elevation (830−1,280 m), and 3) in high montane forest
experiencing two different management regimes. We conducted intensive studies at the high
montane site, Hakalau Forest National Wildlife Refuge (Hakalau), because communities of forest
birds, arthropods, and plants there could be impacted in ways that might affect Refuge
activities and planning for years. Koa is an extremely important foraging substrate for nearly all
native forest birds at Hakalau, including three endangered species, and it is the primary species
used to restore forest structure on former pasturelands. Managers at Hakalau have been
removing feral cattle (Bos taurus) and feral pigs (Sus scrofa) for decades (Hess et al. 2010),
which enabled us to compare results in two habitat types: dense stands of koa planted in
former pasture and naturally recovering forest that had suffered less ungulate damage and had
a relatively intact tree canopy. The selection of Hakalau as a study site also allowed us to draw
upon the long history of ecological research by the U.S. Geological Survey, USDA Forest
Service, U.S. Fish and Wildlife Service, University of Hawai‘i, and others.
Our goals were to document the dynamics of the outbreak as it spread to new areas; evaluate
the impact of defoliation and the response of koa to the outbreak in natural and planted forest
stands; assess the response of a diverse suite of native and alien insectivores to the outbreak;
and evaluate changes in nutrient cycling due to koa defoliation and caterpillar frass (feces)
deposition. An outbreak of S. paludicola on Maui during 2003−2004 revealed some important
aspects of the life history of the moth, the duration of its life cycle, and interactions with
parasitoids and other natural enemies (Haines et al. 2009). Nevertheless, the 2013−2014
outbreak afforded an opportunity for a more detailed understanding of outbreak dynamics,
including rates and synchronization of population growth, development of larvae, dispersal of
moths, invasion of new areas, and reinvasion of previously defoliated areas. Moreover, some
previous outbreaks resulted in increased stress to trees, as reflected in significantly reduced
growth rates, and mortality (Stein and Scowcroft 1984, Haines et al. 2009), concern arose
during the 2013−2014 outbreak that severe and repeated defoliation might benefit invasive
species and change forest structure over entire watersheds. Even less has been learned from
earlier outbreaks about their impacts, trophic interactions, frass production, and nutrient
cycling.
3

Scotorythra caterpillars were previously observed to be premier foods of many Hawaiian forest

birds, including nectarivorous and frugivorous species, and they were especially important to
the nestlings of all species (Perkins 1903, 1913; Banko and Banko 2009). When many more
species inhabited Hawaiian forests, Perkins (1903) and other early naturalists noted that birds,
including several frugivorous species, were attracted to outbreaks of S. paludicola from outside
their normal range. Since then, little has been reported on the response to outbreaks by birds,
bats, or other insectivores, including predatory wasps and parasitoids. Because much biological
research has been conducted at Hakalau, we were able to observe potential changes in bird
foraging behavior, diet, body condition, and demography resulting from the outbreak as it
progressed in natural and planted forest stands. Moreover, earlier studies of the Hawaiian hoary
bat (Lasiurus cinereus semotus) could be used to evaluate changes in population abundance
and foraging behavior resulting from the outbreak. Additionally, results of previous surveys of
yellowjacket wasps (Vespula pensylvanica) and parasitoid wasps (Ichneumonoidea) were
available for comparison with contemporary surveys.
Active forest restoration programs at Hakalau are transforming large tracts of degraded pasture
land to naturally regenerating stands of koa (Horiuchi and Jeffrey 2002). Because koa is an Nfixing tree and was planted so intensively in patches; large scale changes to soils have taken
place over time. Large litter layers have accrued, helping to decrease soil bulk density, while soil
N has increased as stands age (Scowcroft et al. 2004). Even though Acacia litter has higher N
concentrations than other native forest species, it is slow to decompose due to the
sclerophyllous nature of its phyllodes (Scowcroft 1997). Therefore, it is possible that large scale
defoliation and frass deposition due to the Scotorythra outbreak may lead to nitrogen pulses in
soils under koa canopies. This is because insect outbreak leads to large deposition of insect
frass, insect biomass, and greenfall (young leaves or phyllodes) all of which contains N that is
more labile than senescent litterfall (Christenson et al. 2002, Lovett et al. 2002). Such resource
pulses can be important for dynamics of understory communities (Yang 2004, Yang et al.
2008), as well as the recovery of defoliated trees (Russell et al. 2004). Therefore, in addition to
the above studies, we also tracked soil and plant N through the outbreak and in the following
year, to ask whether soils showed a pulse, and if this was taken up by understory species.

METHODS
Study Area
Our studies focused on two areas in the lowland koa belt and one area in the upper koa belt on
windward Hawai‘i Island, but we also surveyed a site on the leeward side of the island (Figures
2, 3). We monitored moth abundance near the northern (Laupāhoehoe; 830−1,280 m
elevation) and southern (Saddle Road Kīpuka; 800 m elevation) extremities of the lower koa
belt during the early stages of the first of several outbreaks. On the leeward side, we monitored
moth abundance in the central portion of the koa belt (Kona; 1,575−1,650 m elevation).
Intensive study sites in windward Hawai‘i were established in the central portion of the upper
koa belt (Hakalau; 1,600−1,920 m elevation). Moth sampling sites at Laupāhoehoe (Figure 4)
were located along Blair Road within Laupāhoehoe Natural Area Reserve. Moth sampling sites in
the Kīpuka study area (Figure 5) were clustered close to Saddle Road (Highway 200) near the
10-mile marker within a large kīpuka, or patch of older lava substrate and vegetation
surrounded by younger flows and vegetation. At the Kona study site (Figure 6), on western
Mauna Loa, moth sampling was conducted at two locations near the U. S. Fish and Wildlife
Service camp in the Kona Unit of Hakalau Forest NWR. On the eastern flank of Mauna Kea, in
4

the Hakalau Forest Unit of Hakalau Forest NWR, we established sites in two different habitat
types that were recovering from heavy, long-term cattle grazing (Figure 6).

Figure 2. Location of Scotorythra study areas at Hakalau Forest National Wildlife Refuge
(eastern Hakalau Unit and western Kona Unit), Laupāhoehoe Forest Reserve, and at the Kīpuka
along Saddle Road east of Hilo. The distribution of koa is shown at two levels of canopy cover
(Jacobi 1989): closed (> 60%) and open (> 25−60%) combined; scattered (5−25%) and very
scattered (< 5%) combined. The outbreak, with areas of severe defoliation shown in yellow
polygons and stars, was discovered in the lower koa belt near Hilo in January 2013 and had
spread to all other locations, including Hakalau Forest NWR, by May. Some areas were
defoliated multiple times, with outbreaks continuing into 2014.

5

Figure 3. Location of Scotorythra study sites at Laupāhoehoe, Hakalau, and Kīpuka (inset). The
distribution of koa is shown for all categories of canopy cover (Jacobi 1989): closed (> 60%),
open (> 25−60%), scattered (5−25%), and very scattered (< 5%). Laupāhoehoe sites (L1−L4)
extended along a gradient of elevation, and Hakalau sites include forest naturally recovering
from cattle grazing (Pua Akala [PA]) and Pedro Low [PL]) and former cattle pasture planted
with koa (Pedro Mid [PM] and Pedro High [PH]).
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Figure 4. Rainforest at the Laupāhoehoe study site.

Figure 5. Rainforest at the Kīpuka study site from outside the kīpuka (left) on younger substrate
and inside the kīpuka (right) on older substrate.

Tropical montane rainforest (Gagné and Cuddihy 1999) blankets windward Hawai‘i Island to
about 1,900 m elevation. The forest is dominated by two native trees, ‘ōhi‘a (Metrosideros
polymorpha) and koa, and the canopy reaches 30 m in some areas. Native forest cover has
been removed below about 500 m elevation by settlements, agriculture, and agroforestry; and
the forest has been removed or substantially reduced by cattle grazing above 1,900 m
elevation. Rainfall and temperature are strongly influenced by the elevation gradient extending

7

Figure 6. Mesic montane forest and malaise trap at the Kona study site. Grazing by feral cattle
has removed much of the understory vegetation.

from the coast to the summit of Mauna Kea at 4,205 m. Average annual rainfall (Giambelluca et
al. 2013) exceeds 7,850 mm in portions of the lower koa belt (Laupāhoehoe and Kīpuka study
sites) but declines to about 2,000 mm in the upper koa belt (Hakalau study site). Air
temperatures are up to 6° C warmer at lower elevations (800 m) than they are at the higher
sites (1,920 m), and monthly maxima and minima vary by about 9° C annually within this range
of elevation (Giambelluca and Schroeder 1998).
Over much of upland leeward Hawai‘i, the montane mesic forest is dominated by ‘ōhi‘a and koa
(Gagné and Cuddihy 1999) and conditions are drier but more seasonal than forests on the
windward side. The forest was extensively logged for koa and the understory has been heavily
damaged by cattle ranching and feral pigs throughout much of the region, including the Kona
study site (Figure 6).
The Hakalau Forest Unit of Hakalau Forest NWR (19°47'N, 155°18'W; 13,247 ha) was
established in 1985 primarily for the protection of endangered Hawaiian forest birds. It is
actively managed to remove introduced ungulates and weeds and to restore forest habitat on
former cattle pastures, which has resulted in three major habitat types (Camp et al. 2010): 1)
former pasture with planted stands of koa and other native trees and shrubs (extending to
about 20 years in age; 1,650−1,900 m elevation; Figure 7); 2) open-canopy forest with
abundant large trees and an understory that is naturally recovering from heavy cattle grazing
(1,400–1,900 m elevation; Figure 8); and 3) closed-canopy forest consisting of relatively intact
vegetation that was lightly grazed (> 1,400 m elevation; Figure 9).
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Figure 7. Koa planted in former pastureland (“reforestation” habitat) at the Hakalau.

Figure 8. Open-canopy forest recovering from relatively heavy cattle grazing (“forest” habitat)
at the Hakalau study site.
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Figure 9. Closed-canopy forest that was lightly grazed by cattle at the Hakalau study site (photo
by U. S. Fish and Wildlife Service). This habitat was not sampled in our study.

We located our Hakalau study sites within planted koa stands (reforestation sites) and opencanopy forest (forest sites). The two reforestation sites were located along Pedro Road at 1,670
m elevation (Pedro Mid) and 1,800 m elevation (Pedro High). One of the two forest sites was
also located along Pedro Road at 1,600 m elevation (Pedro Low) adjacent to closed-canopy
forest. The other forest site extended along Pua Akala Road between 1,830−1,920 m elevations
(Pua Akala). The age of the substrates across our study area exceeded 10,000 years (Wolfe and
Morris 1996).
Sampling Caterpillars, Moths, and Frass Production
At Hakalau, we surveyed caterpillar abundance on koa by removing 4−10 branches from up to
10 trees at intervals of 1−3 weeks during 18 April−26 July 2013 for a total of 11 sampling
events (Figure 10). Trees were selected if they were sufficiently large to withstand branch
removal (canopy > 4 m in diameter). As defoliation levels increased during the outbreak, we
sampled only trees that retained > 50% of their foliage. The two trapping locations at Pua
Akala were pooled for caterpillar assessment. Branches were placed in nylon bags and returned
to the lab where caterpillars were separated from foliage and measured (head capsule width).
Foliage was removed from twigs, air dried at 50° C and weighed. A subset of caterpillars was
maintained on fresh, young koa phyllodes to measure rates of parasitism and to confirm
identification. A subset of the caterpillars was dried at 50° C and weighed to determine average
biomass for each of the five instars. Age-structured biomass was used to estimate biomass of
all caterpillars within the samples.
We sampled moth and parasitoid abundance with ground and aerial malaise traps at each site
(Figure 11), but only a ground trap was installed at Pedro Mid. At Pua Akala, we deployed
ground and aerial traps at both lower and higher elevation trap locations. Ground traps were
set out on 11 April 2013 and canopy traps were set on 16 May 2013. We serviced the traps
every two or three weeks and counted S. paludicola moths and ichneumonid parasitoids. Frass
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Figure 10. Collecting branch samples for estimating caterpillar abundance.

produced by caterpillars was quantified. To evaluate caterpillar growth and frass production
under varying environmental conditions, Scotorythra (third, fourth, and fifth instars) were
collected at Laupāhoehoe because none were available at Hakalau at the time of the trials.
Caterpillar head capsule width and body weights were used to classify each caterpillar to instar.
Caterpillars were maintained on fresh, young phyllodes (collected from the summit region of
Kīlauea Volcano) over a 48-hour period in environmental chambers at approximately 15° C and
18° C to simulate air temperatures at higher and lower elevations, respectively. Caterpillars
were weighed at the beginning of the experiment after having been fasted for 24 hours. After
the experiment, caterpillars were reared to moths to confirm their identities; therefore, dry
weights were not obtained. Instead, we calculated mean dry weights of each instar from a
separate sample of caterpillars collected at Hakalau during the outbreak (n = 30 randomly
selected individuals per instar). Frass produced by caterpillars reared in the environmental
chambers was collected daily, dried, and weighed. Frass collected from other Hakalau
caterpillars that were reared in the lab on koa phyllodes was pooled into a single bulk sample
for nitrogen analysis. All samples for N analysis were sent to the University of Hawaii, Hilo
Analytical Lab.
At Laupāhoehoe, we sampled moths along a gradient of elevation with a malaise trap at 830 m,
925 m, 1,080 m, and 1,280 m during 5 March–18 September. At Kīpuka, we sampled moths
with three malaise traps separated by about 50 m at 800 m elevation during 10 April–26
September. At Kona, we sampled moths with two malaise traps at 1,575 and 1,650 m
elevations during 24 April–18 September. One of these traps was destroyed by cattle sometime
between 24 July and 18 September.

11

Figure 11. Malaise traps for sampling moths and other arthropods on the ground and in the
canopy.

Forest Structure and Patterns of Defoliation
We surveyed koa and ‘ōhi‘a in two natural forest stands and two reforestation stands at
Hakalau following the outbreak of Scotorythra moths during the summer of 2013. Based on
weekly visual assessments at each site, we determined that maximum koa defoliation occurred
by about June 20 at Pedro Low (natural forest) and Pedro Mid and Pedro High (both
reforestation stands) and by about 27 June at Pua Akala (natural forest).
We assessed the condition of koa soon after defoliation: Pedro Low: 11−12, 18 September;
Pedro Mid: 11, 13 September; Pedro High: 18 September, 18 October; and Pua Akala: 19
September. We established survey stations at 50 m intervals that were offset at random
distances and directions perpendicular to our line of travel along roads and fence lines. We
marked each station location using GPS and assessed all koa and ‘ōhi‘a within a 10-m radius
(314 m2) of the station. Six personnel field-tested methods and calibrated estimation techniques
and, working in teams of 2−3 (to maintain calibration), assessed the condition of individual koa
according to size classes as measured by trunk diameter at breast height (dbh, 1.4 m):






< 1 m tall seedling; no dbh; individuals counted but not marked and defoliation not
assessed
Class 0: seedling ≥ 1 m but < 1.4 m tall; no dbh; individuals marked and defoliation
assessed
Class 1: seedling ≥ 1.4 m tall, dbh < 1 cm, individuals marked and defoliation assessed
Class 2: small tree 1−8 cm dbh, individuals marked and defoliation assessed
Class 3: large tree > 8 cm dbh, individuals marked and defoliation assessed.
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At trees with multiple trunks, we measured the dbh of each trunk and calculated the total dbh
using the method of the U.S. Forest Service (2007): √(a2 + b2 + c2…). We estimated the
amount of koa foliage that had been lost to caterpillars from 0 to 100% in 5% increments. Any
remaining foliage was quantified to the nearest 5% according to the proportion of leaves or
phyllodes (Figure 12). The amount of new foliage was assessed during September−October and
December, when most trees were recovering vigorously from defoliation. New foliage was
quantified to the nearest 5% according to the proportion of leaves or phyllodes. Foliage
biomass was calculated by allometric equations (Pearson and Vitousek 2001) for koa 1−8 cm
dbh (Y = 0.0268dbh2.168) and for koa 8−30 cm dbh (Y = 0.034dbh1.746). The equation for small
koa was developed for koa 1.5−8 cm. The equation for large koa was developed for trees 8−30
cm dbh, but we also used it for trees that were > 30 cm dbh.
We counted all ‘ōhi‘a based on size classes 1−3 (as for koa), but we did not measure dbh
except when we could not determine size class by visual inspection.

Figure 12. True leaves (bipinnately compound) and phyllodes (enlarged, flattened leaf petioles)
of koa. Phyllodes are formed from buds or after true leaves drop off their petioles, which have
expanded to become phyllodes. Phyllodes dominate the foliage of most koa trees.

Nutrient Pulse Dynamics

Litter traps
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We used litter traps (Figure 13), placed under koa canopies in three sites (Pedro Low, Pedro
High, and Pua Akala) to account for changes in litterfall rates during and after defoliation. These
consisted of plastic mesh seedling trays (41 × 41 cm) that had fine mesh screening glued to the
bottom and sides. We placed litter traps adjacent to resin bag plots under the koa canopy, for a
total of eight per site. We started our sequence in May 2013 and collected the contents
approximately monthly until August 2014. Litter types were not separated by species, and
although most litter was from koa, litter from other plant species also accumulated. Frass also
accumulated in the traps but was not quantified or separated. Large branches, twigs and loose
lichen material that had presumably fallen from the canopy were discarded. Litter was dried at
70° C for at least 24 hours before obtaining dry weight.

Figure 13. Litter trap with fine mesh screen lining to catch frass and fine material.

Nitrogen deposition

We calculated nitrogen deposition rates based on estimates of multiple factors that were
assessed at varying scales to help explain variation in nitrogen pulse data under koa canopies.
To do this, we used the number of caterpillars of each instar (individual caterpillars/g foliage) at
specific sample dates and multiplied this by frass production of each instar (dry mg
frass/individual caterpillar) to estimate frass production at each sample date (dry mg frass/g
foliage). We then used foliage biomass (g foliage/m2) to scale up to frass deposition per unit
area at each sample date. Lastly, we linearly interpolated between sample dates to estimate
frass production over time. We used frass production rates for caterpillars reared at 15° C,
rather than 18° C as this was closer to average temperatures at Hakalau. We used allometric
equations (as described above; Pearson and Vitousek 2001) to convert koa diameter at breast
height (dbh) to foliar biomass in forest survey plots.

Resin bags

Variation in soil nitrogen over time was measured with ion-exchange resin bags. Resin bags,
which form strong bonds with ionic forms of nitrogen (NH4+ and NO3-, the two most common
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forms of nitrogen taken up by plants) act as an integrated measure of available nitrogen in soil
over the time they are buried.
We made resin bags by sewing 8 g of wet Mixed Bed Anion Exchange IONAC Resin (J. T. Baker,
Center Valley, PA) in silkscreen pouches. These were buried at a depth of 5−10 cm by using a
hori hori knife to lift soil, creating as little disturbance as possible. We used a shallow depth in
order to quickly capture the nitrogen signal from the caterpillar frass as it moved down the soil
profile. We used a paired plot design, burying resin bags in soil under the koa canopy and in a
nearby plot in open-canopy grassland. The understory of koa also tended to be dominated by
exotic grasses, although certain natural forest sites also had a native shrub component. We
used eight paired plots, in three sites (Pedro Low, Pedro High, and Pua Akala), for a total of 48
resin bags per time point.
Resin bags were buried for times varying from 15 to 47 days for a total of 9 samples spanning
May 2013 to May 2014. Our sequence started when caterpillars were already present, and the
first set of resin bags was pulled only 15 days later because frass was already falling at high
rates at certain sites. We accounted for varying burial times by calculating resin available
nitrogen as a rate per day. We continued replacing resin bags every month for 240 days. After
this, we switched to a schedule of approximately one month without resin bags and two months
with resin bags. Between time periods, we changed the resin bag placement slightly in order to
avoid disturbed soil. Resin bags should be viewed as an accurate method for measuring relative
differences between treatments or sites, rather than exact levels of inorganic N at any given
site. It is generally acceptable to leave resin bags in soil for up to 60 days without resulting in
saturation of ion exchange sites in the resin (Binkley 1984).
Resin bags were returned to the lab, rinsed with deionized water to remove roots and soil, and
extracted by shaking with 2M solution of KCl for six hours. Samples were then analyzed for
NH4+ and NO3- at the University of Hawai‘i, Hilo.
We used repeated measures analysis with site and habitat (koa versus grass) as fixed effects.
We log transformed data to account for non-normality.

Understory species foliar nitrogen

We tracked the foliar nitrogen of species in open areas versus under the koa canopy to ask
whether understory plants display increased nitrogen uptake due to the frass deposition. We
sampled four of the eight plots that contained resin bags in each site by taking new, fully
expanded leaves from exotic pasture grasses, as well as from the native woody species ‘ōhi‘a,
‘ōhelo (Vaccinium calycinum), and pūkiawe (Leptocophylla tameiameiae). We pooled leaves
from three separate individuals (or bunches in the case of grasses) per replicate plot. Grasses
were a mixed species assemblage dominated by Cenchrus clandestinus, but also including
Anthoxanthum 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, September 2013, and January 2014. We added
one extra sample date for grasses (August 2013) as these tend to grow and take up resources
more quickly than woody species. Foliage was dried at 70° C, ground with a Wiley Mill, and
send to the University of Hawaii, Hilo Analytical Lab for carbon and nitrogen analysis.

Understory plant community survey

In order to characterize understory community composition at each site, we measured percent
cover of understory species in all of the forest structure stations (see above). At Pedro High, we
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added five transects (spaced at 50 m intervals) because few stations were established at this
site due to the high density of koa and homogeneity of the canopy with respect to structure and
tree species composition. Nevertheless, additional replication was warranted for characterizing
the understory. We used the station center as the midpoint of a 20 m transect that followed a
magnetic North-South bearing. If this bearing led to a road or steep ravine, we used the
magnetic East-West bearing. We then used a point-intercept method by placing a 2 m tall tent
pole upright every 0.5 m. We noted all species touching the pole below 1 m. We also included
litter or moss if either was present at the bottom point of the pole. Percent cover of each
species was calculated as the number of contact points divided by the total number of sample
points (40). Because we recorded all plant species touching the pole at each point, our percent
cover values sum to greater than 100%; nevertheless, this method characterized the multilayered nature of the understory communities in these forests. We used linear discriminant
analysis, a multivariate method, to cluster sites given percent cover of understory species.
Response of Birds

Use of tree species

Five observers familiar with Hawaiian forest birds and five inexperienced observers recorded the
use of koa and ‘ōhi‘a by birds in two natural forest sites (Pua Akala, Pedro Low) and two
reforestation sites (Pedro Mid, Pedro High). We observed koa and ‘ōhi‘a trees on 12 surveys
conducted at about weekly intervals during 22 May–15 August 2013. We estimated the date of
defoliation as 20 June for the Pedro sites and 27 June for Pua Akala. We estimated heights of
trees to the nearest meter and estimated flower production of ‘ōhi‘a: None (0); Light (≤ 5%);
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 visited koa and ‘ōhi‘a trees during a two-minute period. The presence 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 minute
by counting all birds observed in a tree and dividing by two minutes; this calculation included
instances when we observed zero birds in a tree. Focal trees were selected without regard to
size or phenology as we walked along or near roads or fence lines. We usually selected trees
that were > 5 m tall and that we could observe clearly.
Logistic regression was used to identify factors explaining differences in the activity
(birds/tree/minute) of: 1) the total birds (all species combined) observed in koa and ‘ōhi‘a
before and after defoliation in natural forest and reforestation habitats and 2) the four most
frequently identified bird species: ‘apapane (APAP, Himatione sanguinea), Hawai‘i ‘amakihi
(HAAM, Hemignathus virens), ‘i‘iwi (IIWI, Vestiaria coccinea), and Japanese white-eye (JAWE,
Zosterops japonicus). Predictor variables were: tree species (koa, ‘ōhi‘a), habitat type (natural
forest, restoration), date, koa defoliation (0, light, heavy), ‘ōhi‘a flowering (none, light,
medium−heavy), and observer. Some variables were combined for greater predictive
resolution:
Flowdefol represented a combination of the three categories of ‘ōhi‘a flowering plus the three
categories of koa defoliation
Sppflow represented a combination of koa (regardless of defoliation status) plus the three
categories of ‘ōhi‘a flowering
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Sppdefol represented a combination of ‘ōhi‘a (regardless of flowering status) plus the three
categories of koa defoliation.

Changes in diet

To investigate changes in bird diets in response to the Scotorythra outbreak, we analyzed prey
content within fecal samples collected from Hawai‘i ‘amakihi and Japanese white-eye. We
focused on these two bird species because they are the most abundant generalist insectivores
found at Hakalau and were caught in mist nets most frequently. Because we were looking for
broad-scale differences in diet between pre- and post-outbreak conditions, we combined
samples from forest and reforestation sites for analysis. Pre-outbreak samples that we analyzed
were collected during 26 February–25 April and post-outbreak samples were collected during 22
May–27 June. Overall, 34 Hawai‘i ‘amakihi and 63 Japanese white-eye samples were processed,
resulting in 19 pre-outbreak and 15 post-outbreak samples for Hawai‘i ‘amakihi and 28 preoutbreak and 35 post-outbreak samples for Japanese white-eye.
In the lab, fecal samples were teased apart and individual arthropod fragments were
photographed and compared to a reference collection of known arthropods collected primarily
at Hakalau. Estimates of numbers 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, since 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
Scotorythra caterpillar mandibles are known and thus were quantified separately from all other
taxa.

Changes in weight

Birds were captured and banded in 2013 at Pedro Mid and Pedro Low as part of a multi-year
demographic study of forest birds begun in 2012. Work began 26 February as part of the preplanned banding season, which was scheduled to run for three months during the core
breeding season. However, in anticipation of possible Scotorythra defoliation, we extended the
banding season until 27 June. From February to the end of April, each site was visited three
times in a two-week period. From May through June, we visited the two Pedro sites once each
week. Mist nets (2.6 m x 12 m) at established locations (typically 10−12 nets per day per site)
were used to capture birds across the study period. Captured birds were removed from the
nets, placed in light-weight cotton bags to keep them calm and safe, and taken back to a
central banding location and held until ready for processing and release. When ready for
processing (typically 10−15 minutes from time of extraction from net), birds were removed
from their bags, banded with a unique numerical metal band, aged and sexed, measured (wing,
tail, bill length, weight), assessed for indicators of condition (furcular fat level [0-5 scale],
feather condition, molt), and released. 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
microcentrifuge tube and immersed in 95% ethanol for storage.
We used weight as a measure of the change in condition of birds as a response to the
caterpillar outbreak. Weight is ideal because it can reflect either the accumulation of fat (e.g.,
birds consuming more energy than they are burning gain weight) or the loss of muscle (and
weight) that can be associated with insufficient food intake. We set 22 May as the beginning of
the Scotorythra outbreak, 26 February − 21 May as the pre-outbreak period (25 banding days),
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and 22 May−30 June as the post-outbreak period (10 banding days). A total of 656 birds were
captured and processed at the two sites during this four-month period.
We used an Analysis of Variance model to test for significant differences in weight in species
before (pre-outbreak) and after (post-outbreak) May 22, 2013. Data was tested for normality,
and only species with five or more captures in each of the two periods were included. Program
JMP (SAS, Inc.) was used for statistical analysis.
Response of Bats
Echolocation pulses of Hawaiian hoary bats were recorded at six stations (Table 1) using Anabat
SD1 Bat Detectors (hereafter, SD1; Titley Electronics, Ballina, Australia). Each SDI detector was
programmed to record from 17:00 until 05:00 each night. Recording stations operated during
Scotorythra outbreaks at Hakalau from May through August 2013 and Laupāhoehoe from July
through September. We compared these results to data collected at the same locations in 2011
to determine the response of bats to increased moth abundance during 2013.

Table 1. UTM datum coordinates (NAD 83), elevations, and number of nights sampled at bat
recording stations.
Recording
Nights
Station
Easting UTM Northing UTM Elevation (m)
Sampled
Pedro Road 1
259151
2194148
1645
77
Pedro Road 2
258046
2194710
1722
77
Pua Akala 1
255352
2189961
2000
79
Pua Akala 2
256190
2189967
1929
42
Laupāhoehoe 2
260259
2205828
1122
63
Laupāhoehoe 3
260633
2206122
1069
74

The SD1 units logged bat calls on compact flash-memory cards and included timing devices and
ports to connect cables to microphones. Each SD1 was powered by an external 12-volt battery,
and both were enclosed in a water-resistant plastic box. An ultrasonic Hi-Mic microphone was
mounted inside PVC pipe oriented with the microphone toward the ground to prevent rain
damage. A 15 x 15 cm plexiglass plate was attached 12 cm below the microphone at a 45
degree angle to reflect and enhance calls from bats flying above the microphone. The PVC pipe
and microphone then were affixed to the top of a 7 m steel pole anchored into the soil
substrate and/or tethered to a tree or fence post. Anabat Hi-Mic microphones in this
configuration have an omnidirectional maximum effective range of 30 m. Microphones were
inspected periodically for operational efficiency.
SD1 recordings were downloaded from compact flash cards using the program CFCread (version
4.2.1, Titley Scientific). Recordings were organized in folders of call-events by night. AnalookW
software (version 3.3.6, Titley Scientific) enabled collected call events to be downloaded,
displayed, 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 (the number of times a calling bat passed a
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microphone), echolocation pulses (the number of discrete sound pulses in a call event), and
feeding buzzes (rapid increase in rate of production and total number of pulses in a call event
indicating an attack on a prey item).
“Bat detectability” as an index for occupancy analysis was calculated with the program
PRESENCE (version 4.2, Hines 2006). Maximum detectability of 1.0 was equivalent to every
recording station detecting a minimum threshold of three confirmed bat 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 station during a
monthly sampling period. All call events were verified by audio and visual inspection of
sonograms. We conservatively discarded any recorded events of sound that did not conform to
standard hoary bat vocalization parameters. The cumulative number of echolocation pulses for
all call events was summed by recording station and night during a survey period. Finally, we
tabulated the number of nights with feeding buzzes. Thus, our acoustic surveys provided sitespecific quantitative information on the presence or absence of bats as well as foraging activity.
Response of Parasitic and Predatory Wasps

Parasitoid wasps

Parasitoid wasp abundance was monitored at each site using the same malaise traps that were
used to assess Scotorythra moth abundance.
The rate at which Scotorythra caterpillars were attacked by parasitoid wasps was 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. Following collection, caterpillars were
maintained on fresh koa foliage in individual plastic vials until they pupated and emerged as a
moth or until a parasitoid emerged from their body. The parasitism rate was calculated as the
percentage of caterpillars from which a parasitoid emerged. Prior study of Scotorythra
caterpillars at Hakalau has shown that parasitoids emerge almost exclusively from third and
fourth instar caterpillars (U.S. Geological Survey unpublished data), so the parasitism rate
excluded caterpillars collected during the fifth (final) instar as those presumably have escaped
attack from parasitoids.
At Laupāhoehoe on 8 August, we searched for Scotorythra pupae within the litter beneath the
forest canopy and within root masses of roadside grass within an area that had been recently
defoliated. During about 1 person-hour, we collected 95 pupae and 10 pre-pupae (a brief postfeeding stage preceding development into pupae), primarily within the roots of grass.

Yellowjacket wasps

Yellowjacket wasps were monitored using heptyl butyrate, a species-specific long-distance
attractant used for determining the relative abundance of V. pensylvanica in Hawai‘i and
elsewhere (Foote et al. 2011). Approximately 20 Seabright yellowjacket wasp traps (Seabright
Laboratories, CA; Figure 14) were baited with 1.5 mL of heptyl butyrate and were checked and
rebaited during monthly visits to Hakalau from May 2013 through April 2014. Yellowjackets
were also examined during July−August malaise trap inspections. Malaise traps are used to
monitor a range of different species of Vespula wasps (Hanna et al. 2013) while heptyl butyrate
is specific to V. pensylvanica.
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RESULTS
Scotorythra Outbreak Dynamics
Caterpillar abundance patterns

The amount of foliage we collected decreased until maximum defoliation on 20 June (Pedro
sites) and 27 June (Pua Akala). Finding branches with relatively intact, accessible foliage
became challenging after 30 May. During 18 April−20 June, foliage biomass declined by 69%
overall, 72% at Pua Akala, 85% at Pedro Low, and 82% at Pedro High (Table 2, Figure 15).
Foliage biomass declined by 42% by 13 June at Pedro Mid, where defoliation was less severe.
Overall, caterpillar numbers peaked in mid to late May before disappearing at all sites by early
July (Figure 16). Trends in the numbers of caterpillars per unit of foliage sampled were less
clear, but two distinct peaks were observed at Pua Akala and Pedro High (Figure 17).

Figure 14. Yellow jacket wasp trap baited with heptyl butyrate.

Accounting for caterpillar abundance as a function of the amount of koa foliage sampled,
caterpillar biomass (mg per g of foliage) peaked at the Pedro sites on 13 June and at Pua Akala
on 20 June (Table 3; Figure 18), with the peaks occurring a week before maximum defoliation.
Peaks of caterpillar biomass were higher at the forest sites (Pedro Low, Pua Akala) and lowest
at Pedro Mid, where defoliation was least extensive. At the peak of the outbreak, a week before
maximum defoliation, caterpillars were swarming over koa trees in massive numbers (Table 4).
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Table 2. Dry weight (g) of koa foliage sampled at Hakalau during the 2013 Scotorythra
outbreak.
Pua Akala Pedro Low Pedro Mid Pedro High Mean
18 Apr
88.0
117.9
69.6
93.3
25 Apr
99.3
97.8
98.5
16 May
71.3
45.6
71.4
62.8
30 May
45.8
50.4
40.3
41.7
44.6
06 Jun
16.4
37.3
42.8
27.3
30.9
13 Jun
30.7
20.1
40.5
24.0
28.8
20 Jun
17.5
18.2
60.4
17.7
28.5
27 Jun
24.9
27.4
44.8
32.6
32.9
03 Jul
23.4
47.2
38.9
36.5
13 Jul
20.0
15.0
22.3
36.3
23.4
26 Jul
23.0
25.8
35.5
29.3
28.9
Mean
46.0
42.7
43.1
42.2
43.7
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Figure 15. Dry weight (g) of foliage collected from koa trees during caterpillar abundance
sampling (branch clipping) at four study sites at Hakalau during the 2013 Scotorythra outbreak.
Maximum defoliation occurred on 20 Jun at the Pedro Road sites and on 27 Jun at Pua Akala.
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Figure 16. Distribution of caterpillar numbers (mean number per branch clip sample) at four
study sites at Hakalau during the 2013 Scotorythra outbreak. Although branch samples were
not standardized, they consisted of similar amounts of foliage; therefore, numbers of
caterpillars per sample are roughly comparable. Maximum defoliation occurred on 20 Jun at the
Pedro Road sites and on 27 Jun at Pua Akala.
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Figure 17. Distribution of caterpillar numbers per gram of koa foliage sampled at four study
sites at Hakalau during the 2013 Scotorythra outbreak. Maximum defoliation occurred on 20 Jun
at the Pedro Road sites and on 27 Jun at Pua Akala.
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We observed movements of caterpillars up and down tree trunks and seedling stems and along
branches as they moved within the canopy and, presumably, from tree to tree. Columns of
caterpillars sometimes were moving in opposite directions on the same tree. Accounting for koa
trees of all sizes, the density of caterpillars at the peak of the outbreak reached into the millions
at each site (Table 5).

Caterpillar development and age structure
Scotorythra larvae develop through five instars, each larger than the last, as reflected by the

width of their head capsules (Figure 19). Caterpillar weight increased exponentially during
development (Figure 20), as larger instar larvae were better able to chew through phyllodes.
Early instar caterpillars were generally able only to scrape the surface layers of phyllode tissue,
including chloroplasts (Figure 21).
Before the outbreak (18−25 April), a mixed assemblage of relatively few Scotorythra caterpillars
varying in age (instar class) was found at all sites (Figure 22). Second and third instar
caterpillars were most abundant at all sites during mid and late April, but fourth and fifth instar
caterpillars also were present. After the outbreak began (16 May), age-structured cohorts
dominated at each site, although cohort structure varied according to habitat type. On 16 May,
samples at most sites consisted of > 80% first and second instar caterpillars. The pulse of first
instar caterpillars was missed at Pedro Low because that site was not sampled on 16 May.

Table 3. Temporal distribution of caterpillar biomass per unit of foliage sampled at four sites at
Hakalau during the Scotorythra outbreak, 18 Apr–26 Jul 2013. Average biomass (mg
caterpillar/g foliage) is shown with SE and number of branches surveyed included in
parentheses.
Pua Akala

Pedro Low

Pedro Mid

Pedro High

All Sites

18 April

0.012
(0.0037; 10)

0.050
(0.0206; 6)

0.099
(0.0496; 4)

No Sample

0.041
(0.0091; 20)

25 April

0.023
(0.0103; 5)

No Sample

No Sample

0.061
(0.0272; 5)

0.042
(0.0133; 10)

16 May

0.144
(0.0590; 6)

0.800
(0.3266; 6)

No Sample

2.477
(1.0111; 6)

1.140
(0.2688; 18)

30 May

3.533
(1.4422; 6)

7.355
(3.0029; 6)

3.926
(1.6028; 6)

8.270
(3.3763; 6)

5.771
(1.1780; 24)

6 June

14.148
(7.0741; 4)

16.677
(8.3385; 4)

1.969
(0.9845; 4)

16.929
(8.4645; 4)

12.431
(3.1077; 16)

13 June

19.846
(8.1020; 6)

41.511
(16.9468; 6)

8.111
(3.3111; 6)

27.299
(11.1448; 6)

24.192
(4.9381; 24)

20 June

46.928
(23.4639; 4)

26.978
(13.4888; 4)

2.568
(1.2840; 4)

5.219
(2.6094; 4)

20.423
(5.1058; 16)

27 June

14.397
(5.8774;6)

1.977
(0.9887; 4)

4.127
(1.6849; 6)

2.603
(1.0629; 6)

6.121
(1.3051; 22)
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3 July

3.195
(1.5973; 4)

No Sample

0.332
(0.1659; 4)

0.718
(0.3588; 4)

1.415
(0.4084; 12)

13 July

0.000
(0.0000; 6)

0.000
(0.0000; 6)

0.000
(0.0000; 6)

0.051
(0.0208; 6)

0.013
(0.0026; 24)

26 July

0.000
(0.0000; 6)

0.000
(0.0000; 2)

0.000
(0.0000; 6)

0.000
(0.0000; 6)

0.000
(0.0000; 20)

All Dates

7.696
(0.9696; 63)

10.928
(1.6475; 44)

2.540
(0.3745; 46)

6.339
(0.8707; 53)

6.886
(0.4798; 206)
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Figure 18. Temporal distribution of caterpillar biomass (mg) per unit of koa foliage (g) sampled
among four study sites at Hakalau during the 2013 Scotorythra outbreak. Maximum defoliation
occurred on 20 Jun at the Pedro Road sites and on 27 Jun at Pua Akala.

Table 4. Mean numbers of Scotorythra larvae (instars 1−5) on small (1−8 cm dbh) and large (>
8 cm dbh) koa trees at four sites at Hakalau during the peak of caterpillar abundance. Mean
numbers of caterpillars per tree are shown for each instar during 13 June (Pedro sites) and 20
June (Pua Akala), one week before maximum defoliation. Caterpillar numbers per tree were
estimated from branch clip samples and estimates of foliar biomass (kg dry weight) derived
from an allometric model.
Pua Akala
Pedro Low
Pedro Mid
Pedro High
Mean foliar biomass
0.64
0.59
0.38
0.35
(1−8 cm dbh)
instar 1
0
0
0
0
instar 2
9.1
0
0
0
instar 3
82.0
4.9
13.9
0
24

instar 4
instar 5
Total per tree
Mean foliar biomass
(> 8 cm dbh)
instar 1
instar 2
instar 3
instar 4
instar 5
Total per tree

1,538.9
3,114.2
4,744.2
37.43

578.1
2,642.8
3,225.8
15.70

108.4
266.5
388.8
16.17

97.3
1,278.4
1,375.7
16.73

0
534.7
4,812.3
90,364.3
182,867.3
278,578.6

0
0
130.1
15,482.9
70,779.0
86,392.0

0
0
599.5
4,662.4
11,456.2
16,718.0

0
0
0
2,553.4
33,542.9
36,096.3

Table 5. Mean density of Scotorythra larval instars at four sites at Hakalau during the peak of
caterpillar abundance. Mean numbers of caterpillars per ha are shown for each instar during 13
June (Pedro sites) and 20 June (Pua Akala), one week before maximum defoliation. Foliar
biomass is kg dry weight.
Pua Akala
Pedro Low
Pedro Mid
Pedro High
kg foliage/ha
instar 1
instar 2
instar 3
instar 4
instar 5

2533.5
0
36,193
325,736
6,116,593
12,377,957

1088.9
0
0
9,022
1,073,563
4,907,718

4295.3
0
0
159,216
1,238,348
3,042,799

6674.6
0
0
0
1,019,023
13,386,255

Total caterpillars per ha

18,856,479

5,990,303

4,440,364

14,405,278

Overall, first, second, and third instars were present during relatively short periods of time
compared to fourth and fifth instars. Fourth and fifth instar caterpillars comprised > 50% of the
samples at reforestation sites for 5−6 weeks, starting 30 May. At the forest sites these larger
instars comprised the majority of the samples for only 3 weeks, starting 6−13 June. Peaks in
caterpillar biomass (adjusted for foliage biomass) generally occurred at all sites when fifth instar
caterpillars were proportionally most abundant, although peaks in biomass also were found at
Pedro High and Pua Akala when fourth and fifth instar classes were abundant.

Frass production

Caterpillars reared at warmer (18° C) temperature produced more frass per instar than did
caterpillars reared at cooler (15° C) temperature (Figure 23). Moreover, later instars produced
more frass compared to earlier instars (Figure 23). Based on the measurements of frass for
instars three−five and the regression equation in Figure 23, we estimated that first instar
caterpillars produced negligible frass over 24 hours and that second instar caterpillars produced
0.2767 mg of frass at 15° C, the mean annual temperature at Hakalau (Table 6). During the
peak of caterpillar abundance, the highest estimated daily rate of frass deposition (dry weight)
25

occurred at Pua Akala and Pedro High, when accounting for frass production per instar, the
number of caterpillars per instar per gram of foliage, and the amount of foliage per area (Table
7).

Head capsule width (mm)

3.0
2.5
2.0
1.5
1.0
0.5
0.0
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3

4

5

Instar
Figure 19. Scotorythra caterpillar head capsule width (mm; n = 759) during development
(instars 1−5). Median head capsule width is indicated by the line within the box; head capsule
widths within the first quartile of data are indicated by the bottom of the red bar; third quartile
data is indicated by the top of the yellow bar; minimum and maximum widths are shown by
whiskers
.
0.010
y = 2E-05e1.1906x
R² = 0.9923

Mean dry weight (g)

0.009
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Figure 20. Increase in mean dry weight (g) of Scotorythra larval instars (n = 30 caterpillars per
instar).
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Figure 21. Koa phyllodes showing pitting (left) and scraping (left and right), usually by earlier
instar caterpillars (as shown in left), and consumption by later instar caterpillars (left; note the
two larger caterpillars).

Moth abundance at Hakalau

Ground and canopy (aerial) malaise traps showed similar patterns of temporal abundance,
although greater numbers of moths were consistently found in ground traps (Figure 24). Moth
abundance peaked higher at Pedro High, followed by Pedro Low, then Pedro Mid and Pua Akala,
which were similar in abundance. Moth abundance at the Pedro sites peaked about five weeks
after the peak of caterpillar biomass (per gram of foliage; Figure 24).
Caterpillar biomass peaked on 13 June, and moth numbers peaked on 19 July. At Pedro Low,
high numbers of moths persisted for 3−4 weeks, whereas moth abundance declined more
quickly at the two reforestation sites. At Pua Akala, moth numbers peaked eight weeks after the
peak of caterpillar biomass. At the high Pua Akala malaise trap, there was no peak in moth
numbers. At the low Pua Akala malaise trap, high numbers of moths persisted for about four
weeks. Moth numbers reached the highest levels at Pedro High, followed by Pedro Low, Pedro
Mid, and Pua Akala. Moth numbers were usually about 2.3 times higher in ground traps than
they were in canopy traps. Male moths were abundant and active throughout the day, and huge
swarms erupted from resting places, such as dead tree fern (Cibotioum glaucum) fronds or
dense vegetation, when disturbed. Over most of the study period, ground malaise traps
collected a greater proportion of male moths than did canopy traps (Figure 25), and we
observed mostly male moths taking refuge in the grass or on other vegetation near ground
level. Male moths outnumbered females in ground traps after 8 May, but males were more
abundant than females in canopy traps only during 3 July–15 August.
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Figure 22. Temporal distribution of Scotorythra larval instars (bars) and the overall abundance of larvae (mg of caterpillars per g of
koa foliage; line) at four study sites at Hakalau, 2013.
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Mean daily frass dry weight (mg)
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Mean dry weight (mg) of larval instars 3, 4, and 5
Figure 23. Relationship between mean dry weight (mg/individual) of caterpillars (instars 3, 4, 5)
and the frass they produced over 24 hours at 15° (n = 17) and 18° C (n = 15). Caterpillar
weights were the average of 30 individuals per instar; third instar is shown by the far left dot
and triangle, followed by the fourth and fifth instars to the right. (third instar = 1.013 mg;
fourth instar = 2.793 mg; fifth instar = 7.673 mg). Sample sizes (number of caterpillars from
which frass was collected) and SE whiskers are shown for each instar at each temperature.

Table 6. Estimated daily (24 hours) frass production (dry mg/individual) by caterpillar instars
two−five under laboratory conditions at 15° C. Mean dry weight (mg/individual) of caterpillars
was estimated from 30 individuals per instar.
Instar 2
Instar 3
Instar 4
Instar 5
Caterpillar
0.2767
1.0133
2.7933
7.6733
Frass
0.4698
2.1455
6.1945
17.2950

Moth abundance at Laupāhoehoe, Kīpuka, and Kona

At Laupāhoehoe and Kīpuka study sites, we observed spikes in moth abundance at our malaise
traps about four weeks after the peak of defoliation (Figure 26). At Laupāhoehoe, koa trees
were defoliated three times: 1) mid−late March with moths peaking during 16 April–1 May; 2)
early−mid August with moths peaking by 6 September; and 3) January 2014 with high numbers
of moths detected by 26 February 2014 (data not presented; samples not processed after 18
September). On each occasion, defoliation occurred between approximately 800 and 1,180 m
elevations. Moth numbers were highest at 925 m (Trap 3), located in the lower portion of the
outbreak area. Trap 2, at 1,080 m elevation in the upper portion of the defoliated area, was out
of commission due to pig damage during early May, but moths were caught in high numbers on
6 September, about three or four weeks after the second defoliation. A minor peak in moth
numbers was registered at 830 m elevation (Trap 4), at the bottom edge of the defoliated area,
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on 16 April. Above the defoliation zone at 1,280 m elevation (Trap 1), caterpillars were
generally uncommon and moth abundances changed very little over time. At the Kīpuka study
site, koa was defoliated twice, once during mid−late March and again during early−mid October
(Figure 27). The three malaise traps at 800 m elevation indicated that moth abundance peaked
on 1 May. Throughout the study, moth abundance was low at the Kona site and defoliation was
not observed.
Table 7. Estimated frass production at four sites at Hakalau during the peak abundance of

Scotorythra caterpillars, 2013. All values are of dry weight. Numbers of larvae in each instar are

given per gram of foliage. Daily frass production of second instar larvae was calculated from the
regression of frass production of instars three−five.
Pua Akala
Pedro Low
Pedro Mid
Pedro High
Peak larval abundance
20-Jun
13-Jun
13-Jun
13-Jun
nd
2 instar larvae/g foliage
0.014
0.000
0.000
0.000
3rd instar larvae /g foliage

0.129

0.008

0.037

0.000

4th instar larvae /g foliage

2.414

0.986

0.288

0.153

4.886

4.507

0.708

2.006

th

5 instar larvae /g foliage
kg foliage/ha
kg frass from 2nd
instar/ha/day
kg frass from 3rd
instar/ha/day
kg frass from 4th
instar/ha/day
kg frass from 5th
instar/ha/day
Total kg frass/ha/day

2533.5
0.02

1088.9
0.00

4295.3
0.00

6674.6
0.00

0.78

0.02

0.38

0.00

35.82

6.29

7.25

5.97

215.18

85.32

52.90

232.71

251.80

91.63

60.53

238.68
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Figure 24. Moth abundance (numbers of moths per trap-day) at four study sites at Hakalau during the 2013 Scotorythra outbreak. A
canopy malaise trap was not deployed at Pedro Mid.
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Figure 25. Proportion of males in ground and aerial malaise traps at Hakalau during the 2013
Scotorythra outbreak, all sites combined.
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Figure 26. Moth abundance at four sites along an elevation gradient at the Laupāhoehoe study
site during the 2013 Scotorythra outbreak. Trap elevations were: 1,280 m (Trap 1), 1,080 m
(Trap 2), 925 m (Trap 3), and 830 m (Trap 4). Samples collected after 18 September were not
processed and moth abundance leading up to and following the January 2014 defoliation is not
shown.
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Figure 27. Moth abundance at three traps (800 m elevation) in the Kīpuka study site along
Saddle Road during the 2013 Scotorythra outbreak. Samples collected after 26 September were
not processed and moth abundance following the October defoliation is not shown.

Defoliation and Response of Koa

Stand characteristics

We surveyed koa and ‘ōhi‘a trees at 55 stations at Hakalau, 85% of which were in forest
habitat. The total area surveyed was 17,279 m2 or 1.73 ha, of which forest habitat comprised
14,765 m2 (Pua Akala 6,911 m2, Pedro Low 7,854 m2) and reforestation habitat comprised
2,513 m2 (Pedro Mid 1,571 m2, Pedro High 942 m2). In forest habitat, 14 stations contained no
koa taller than 1.4 m (the height necessary for measuring dbh), and four stations contained no
‘ōhi‘a taller than 1.4 m (Table 8). In reforestation habitat, two stations contained no ‘ōhi‘a taller
than 1.4 m. We recorded dbh for 512 koa and counted 554 ‘ōhi‘a that were taller than 1.4 m
(Table 9). We also counted koa seedlings that were < 1 m tall: 11 at Pua Akala, 97 at Pedro
Low, 158 at Pedro Mid, and 170 at Pedro High. In forest habitat, large (> 8 cm dbh) ‘ōhi‘a were
over twice as abundant as were large koa (Figure 28).

Table 8. Distribution of tree survey stations at two forest and two reforestation sites at Hakalau,
2013. The number of stations with no koa or ‘ōhi‘a tall enough to measure dbh (≥ 1.4 m) is
indicated for each site.
Habitat Type
Site
Total Stations Stations – no koa Stations – no ‘ōhi‘a
Forest
Pua Akala
22
6
3
Forest
Pedro Low
25
8
1
Reforestation
Pedro Mid
5
0
2
Reforestation
Pedro High
3
0
0
Total
55
14
6
33

Table 9. Distribution of koa and ‘ōhi‘a by size class in forest and reforestation habitat at
Hakalau, 2013. Size classes indicate dbh (measured at 1.4 m height) in cm; class 0 = no dbh
(height < 1.4 m but ≥ 1 m).
Koa Size Class
‘Ōhi‘a Size Class
Habitat Type
Site
0 <1
1-8
> 8 Total < 1
1-8
> 8 Total
Forest
Pua Akala
5
3
46
46
100
15
137
86
238
Forest
Pedro Low
19
10
39
53
121
42
95
122
259
Reforestation Pedro Mid
18
15
31
41
105
21
0
1
22
Reforestation Pedro High
43
29
76
36
184
2
33
0
35
Total
85
57 192
176
510
80
265 209
554
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Figure 28. Density of koa and ‘ōhi‘a by habitat type and size class (dbh) at Hakalau, 2013.

The density of koa in reforestation habitat far exceeded koa density in forest habitat, but
although the distribution of small ‘ōhi‘a was relatively even among habitats, large ‘ōhi‘a were
nearly absent from the reforestation stands (Figures 29, 30). Nevertheless, large ‘ōhi‘a were
scattered immediately outside of the reforestation sites and were visited by birds. Tree density
was most similar at sites of the same habitat type, but Pedro High (reforestation) stood out in
terms of its high density of both koa and ‘ōhi‘a in the 1-8 cm dbh class (Figures 31, 32).
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Figure 29. Density of koa of different size classes in forest and reforestation habitats at
Hakalau, 2013.
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Figure 30. Density of ‘ōhi‘a of different size classes in forest and reforestation habitats at
Hakalau, 2013.
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Figure 31. Koa density by size class in forest (Pua Akala, Pedro Low) and reforestation (Pedro
Mid, Pedro High) habitats at Hakalau, 2013.
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Figure 32. ‘Ōhi‘a density by size class in forest (Pua Akala, Pedro Low) and reforestation (Pedro
Mid, Pedro High) habitats at Hakalau, 2013.

Reforestation sites supported higher densities even of larger koa when the > 8 cm dbh size
class was subdivided as: 8−30, 30−60, and 60−300 cm dbh (Figure 33). Koa density was
highest at Pedro High for all size classes.
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Figure 33. Density of koa by extended size class in forest (Pua Akala, Pedro Low) and
reforestation (Pedro Mid, Pedro High) habitats at Hakalau, 2013. Y-axis is log scale.

Patterns of defoliation

Defoliation was heavy for all size classes of koa, both in forest and reforestation habitats
(Figure 34). Variation in the severity of defoliation was most evident between large (> 8 cm
dbh) koa in forest (91%) and reforestation (80%) habitats (Table 10).

Figure 34. Koa of all sizes across the landscape were heavily defoliated by Scotorythra
caterpillars at Hakalau, 2013.
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Table 10. Variation in the extent of defoliation of koa of different size classes (dbh) and in
different habitats.
DBH
Forest
Reforestation
< 1 cm
88%
89%
1−8 cm
91%
93%
> 8 cm
91%
80%
Mean
91%
88%

Levels of extreme (90−100%) defoliation were similar in forest and reforestation habitats for
small trees (1−8 cm dbh), but seedlings (< 1 cm dbh) were more frequently affected in
reforestation habitat and large trees (> 8 cm dbh) were more often affected in forest habitat
(Figure 35). Among large trees (> 8 cm dbh), the extent of defoliation was heaviest at Pedro
Low, similar at Pua Akala and Pedro High, and least at Pedro Mid (Figure 36).
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Figure 35. Defoliation intensity among koa of difference size classes in forest and reforestation
habitats at Hakalau, 2013. Defoliation levels indicate the maximum percent of foliage lost.
Defoliation categories 90% and 100% are combined.
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Figure 36. Defoliation intensity among large ( > 8 cm dbh) koa at forest and reforestation sites
at Hakalau, 2013. Defoliation levels indicate the maximum percent of foliage lost.

Changes in foliar biomass

Foliar biomass, consisting initially almost entirely of phyllodes, was higher in reforestation sites
(Figure 37). At forest sites, foliar biomass was reduced by 93% at Pedro Low and 78% at Pua
Akala; at reforestation sites, foliar biomass was reduced by 79% at Pedro High and 64% at
Pedro Mid. Phyllodes were nearly always consumed first, but we occasionally observed
caterpillars eating leaves on koa seedlings even when phyllodes were available. We also
occasionally observed swarms of caterpillars on other plant species growing underneath koa,
including pilo (Coprosma rhynchocarpa) and ‘ākala (Rubus hawaiensis). Although we observed
herbivory on the leaves of these species, it was generally not extensive.

Response of koa to defoliation

The production of new foliage 24−25 weeks (December 2013) after maximum defoliation
averaged 32.4% of the crown for all koa > 1 cm dbh. The amount of new foliage produced by
koa may have been influenced by the severity of defoliation, but marginal sample sizes for
lightly defoliated koa could have affected our results. Seedlings and small trees (≤ 8 cm dbh)
that were relatively lightly defoliated (≤ 50%) tended to produce more new foliage than did
ones that were more heavily defoliated (Figure 38). Conversely, new foliage production was
greater in large trees (> 8 cm dbh) that were heavily defoliated.
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Figure 37. Change in estimated koa foliar biomass (dry weight kg/ha) due to defoliation by
Scotorythra caterpillars at forest and reforestation sites at Hakalau, 2013.
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Figure 38. Percent of koa tree canopy producing new foliage 24−25 weeks after relatively light
(≤ 50%) or heavy (> 50%) defoliation by Scotorythra caterpillars at Hakalau, 2013. Size classes
of koa include: seedlings (< 1 cm dbh), small trees (1−8 cm), and large trees (> 8 cm dbh).
Standard error bars and sample sizes are shown for each category.

Overall, 10% more new foliage was produced by koa trees in forest habitat (37%) than in
reforestation habitat (27%), but this difference was driven by large (> 8 cm dbh) trees: 45%
40

(forest) and 19% (reforestation). Foliage production also varied between size classes. Large koa
(> 8 cm dbh) produced 61% more new foliage than small koa (1−8 cm dbh) in forest habitat,
but large koa produced 43% less foliage than small koa in reforestation habitat (Figure 39).
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Figure 39. Percent of canopy of small (1−8 cm dbh) and large (> 8 cm dbh) koa trees in forest
and reforestation habitats containing new foliage 24−25 weeks after defoliation by Scotorythra
caterpillars at Hakalau, 2013. Standard error bars and sample sizes are shown for each
category.

New foliage was produced in similar amounts by small koa in forest (28%) and reforestation
(33%) habitat, but large koa in forest habitat produced more new foliage than did large
reforestation koa (45% and 19%, respectively).
Following defoliation, leaves were produced in greater proportion overall (73%) to phyllodes.
The new foliage of small koa (≤ 8 cm) was mostly comprised of leaves (81−89%), but the
proportion of leaves produced by large trees (> 8 cm dbh) was much less (32−55%; Table 11).
The proportion of leaves to phyllodes in large koa was 55:45% in forest and 32:78% in
reforestation habitat.

Table 11. Percentage of leaves (compared to phyllodes) in foliage of koa of different size
classes (dbh) and in different habitats 24−25 weeks following defoliation by Scotorythra
caterpillars at Hakalau, 2013.
Size Class
Forest
Reforestation
Mean
< 1 cm
88%
89%
89%
1−8 cm
81%
89%
85%
> 8 cm
55%
32%
45%
Mean
71%
74%
73%
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Although we did not quantify patterns of defoliation, we noticed that new foliage in
reforestation koa was often epicormic (growing from the bark), clumped in distribution, and
concentrated on large branches rather than near branch tips (Figure 40).
Of the 510 seedlings, saplings, and small and large trees we assessed, 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 less than
5% of their canopies. Of the heavily-defoliated (> 50%; n = 452) koa we observed, 40 (9%)
produced 0−5% new foliage 24−25 weeks after defoliation (Table 12). Koa with less than 5%
canopy recovery appeared dead or unlikely to survive more than a year, and most were in
reforestation habitat.
Nutrient Pulse Dynamics

Litterfall

Initially, canopy litter fell at the highest rates at Pedro High, although litterfall dropped
precipitously at this site after caterpillars reached maximum biomass in June (Figure 41).
Litterfall rates at the other sites started to decrease approximately one month later. After the
Scotorythra outbreak and defoliation event, litterfall rates stabilized at generally lower levels at
all sites. Koa phyllodes contained lower nitrogen concentrations than did Scotorythra frass, but
phyllodes also contained lower carbon concentrations, leading to lower overall C:N ratios for
frass (Table 13).

Figure 40. Patchy distribution of new foliage on reforestation koa following defoliation by
Scotorythra caterpillars at Hakalau, 2013. Leaves comprise most of the foliage and growth is
concentrated away from branch tips.
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Table 12. Canopy recovery of heavily-defoliated (> 50%) koa of different size classes (dbh) and
in different habitats 24−25 weeks following defoliation by Scotorythra caterpillars at Hakalau,
2013. Numbers of koa in each size class and foliage production class are shown.
No new
1% new
5% new
foliage
foliage
foliage
Total
DBH & Habitat Type
n
Forest
< 1 cm
24
1
1
1−8 cm
75
4
3
3
10
> 8 cm
91
Reforestation
< 1 cm
97
4
6
10
1−8 cm
101
5
1
9
15
> 8 cm
64
4
4
Total
452
13
5
22
40

7

Pua Akala

Litterfall (g/m2/d)

6

Pedro Low

5

Pedro High

4
3
2
1
0

Figure 41. Litterfall (dry weight) over the study period at Pedro Low, Pedro High, and Pua
Akala. Points are means ± 1 SE. Maximum defoliation occurred on 20 Jun at Pedro Low and
Pedro High and on 27 Jun at Pua Akala.

Table 13. Nitrogen (N) and carbon (C) concentrations in koa phyllodes and Scotorythra frass.
%N
%C
C:N
Koa phyllodes
2.46
49.16
19.98
Frass
3.30
51.30
15.55
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Nitrogen deposition

The highest estimated frass (Figure 42) and nitrogen deposition occurred at Pedro High and
Pua Akala (Table 14, Figure 43). Caterpillars appeared at Pua Akala earlier than the other sites,
which led to the estimated frass peak occurring earlier at this site.

Frass Production (kg/ha/day)

Figure 42. Caterpillar frass accumulation on dry koa phyllodes on ground (left) and on
understory plants (right).

350
300

Ped High

250

Ped Low

200

Ped Mid

150

Pua Akala

100
50
0

Figure 43. Estimated frass production (dry weight) over time at Pedro High, Pedro Mid, Pedro
Low and Pua Akala. Maximum caterpillar abundance occurred on 20 Jun at the Pedro Road sites
and on 27 Jun at Pua Akala.
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Table 14. Estimated cumulative frass (dry weight) and nitrogen deposition over the defoliation
event at Pedro Low, Pedro Mid, Pedro High, and Pua Akala.
Ped High
Ped Low
Ped Mid
Pua Akala
Frass (kg/ha)
5558.95
1465.61
3698.33
5586.65
Nitrogen (kg/ha)
183.45
48.37
122.05
184.36

Soil nitrogen

Available nitrogen in soils under koa canopies in the Pedro sites pulsed distinctly, while in grass
habitats it did not (Repeated measures ANOVA, time × habitat interaction: F8,29 = 0.86, P <
0.01). We did not detect a distinct nitrogen pulse at Pua Akala. Nitrogen at Pedro Low and
Pedro High peaked once in summer (3 July−19 August 2013) and again in winter
(approximately from 23 Oct 2013 to February 2014), but with some variation in timing between
sites (Figure 44). The mid-point of the first peak was approximately 43 days after maximum
caterpillar biomass at these two sites, which was June 13 at both Pedro High and Pedro Low.
Resin bag sampling was maintained for over one year. The last sample date showed resin
nitrogen levels remaining at low, post-pulse nitrogen levels (June−July 2014) as opposed to the
same time period the previous year, when nitrogen levels under koa canopies were elevated.
Available nitrogen under koa was first detected in both ammonium (NH4+) and nitrate (NO3-)
forms, though this quickly converted to an all nitrate signal one month after the initial pulse was
observed (Figure 45). At Pua Akala, the site with no distinct nitrogen pulse, we observed
elevated ammonium levels during the first resin bag burial, which coincided with peak caterpillar
biomass. Soil nitrogen at sites with distinct pulses under koa canopies returned to pre-pulse
levels about 280 days after the pulse began.
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Figure 44. Resin available nitrogen (NH4+ and NO3-) under koa canopies and in open grass
patches at Pedro Low, Pedro High, and Pua Akala. Dates represent starting points for resin bag
burial intervals. Points are means ± 1 SE. Caterpillar biomass peaked on 13 June at Pedro Low
and Pedro High and on 20 June at Pua Akala.
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Figure 45. Resin available ammonium (NH4+) and nitrate (NO3-) under koa canopies and in open
grass patches at Pedro High, Pedro Low, and Pua Akala. Dates represent midpoints of resin bag
burial times in soils. Dates represent starting points for resin bag burial intervals. Caterpillar
biomass peaked on 13 June at Pedro Low and Pedro High and on 20 June at Pua Akala. Points
are means ± 1 SE.

Soil resin nitrogen was higher in koa plots than in grass plots on all dates. In late March 2014,
when the nitrogen pulse event seemed to have dissipated, there were 12, 5, and 3 times as
much resin nitrogen in koa plots as there were in grass plots in Pedro High, Pedro Low, and Pua
Akala, respectively. By contrast, at peak nitrogen for each site, there were 33, 19, and 4 times
as much resin available nitrogen in koa as there were in grass plots in Pedro High (December
2013), Pedro Low (October 2013), and Pua Akala (May 2013).
Precipitation, which can affect nitrogen transformations and movement through the soil profile
(Lajtha 1988, Hart and Firestone 1989, Fierer and Schimel 2002), was highly variable over the
resin bag sampling period (Figure 46a). Resin available nitrogen, however, did not seem to
correlate with precipitation variability (Figure 46b). This lack of relationship changed, however,
when the last two sampling dates were removed; the correlation R2 changed from 0.06 to 0.48
(Figure 46c). Thus, precipitation was somewhat correlated with resin available nitrogen over the
period of the nitrogen pulse.

Understory community

Understory communities differed in species composition between sites. Pedro Mid and Pedro
High, the two reforestation sites, were dominated by exotic species more than were Pedro Low
or Pua Akala, largely due to the prevalence of exotic grasses (Tables 15, 16). In contrast,
vegetative cover of native shrubs, ferns, and trees was higher at Pedro Low and Pua Akala,
where litter layers at the soil surface also were more developed (Tables 15, 16). Discriminant
analysis indicated that Pedro Mid and Pedro High were more similar to one another than they
were to Pedro Low or Pua Akala (Figure 47). Although the latter two sites had relatively high
percentages of native species coverage in the understory, they separated in multivariate space
due to different native species being present or dominant.
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Figure 46. Precipitation during resin bag sampling (a; Western Regional Climate Center:
http://www.wrcc.dri.edu/cgi-bin/rawMAIN.pl?hiHHAK); and the relationship between
precipitation and resin available nitrogen in Pedro Low during the entire study period (b) and
during the nitrogen pulse (c).
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Table 15. Average percent cover of different understory plant species, as well as litter and moss, between 0 to 1m height in koa
survey plots. Life form and native versus exotic status are also noted.
Species
Native/exotic
Life form
Pedro High
Pedro Mid
Pedro Low
Pua Akala

Acacia koa
Adiantum sp.
Agrostis stolonifera
Anthoxanthum odoratum
Asplenium sp.
Axonopus fissifolius
Carex alligata
Cenchrus clandestinus
Cheirodendron trigynum
Cibotium glaucum
Cibotium menziesii
Coprosma sp.
Dicranopteris linearis
Dryopteris glabra
Dryopteris wallichiana
Ehrharta stipoides
Holcus lanatus
Hyparrhenia sp.
Ilex aquifolium
Juncus effusus
Leptecophylla tameiameia
Lotus subbiflorus
Metrosideros polymorpha
Myrsine lessertiana
Paspalum dilatatum
Rubus argutus

native
native
exotic
exotic
native
exotic
native
exotic
native
native
native
native
native
native
native
exotic
exotic
exotic
exotic
exotic
native
exotic
native
native
exotic
exotic

tree
fern
grass/sedge
grass/sedge
fern
grass/sedge
grass/sedge
grass/sedge
tree
fern
fern
shrub
fern
fern
fern
grass/sedge
grass/sedge
grass/sedge
shrub
grass/sedge
shrub
herb
tree
tree
grass/sedge
shrub

13.60
0
0
35.02
0
1.50
0
52.95
0
0
0
0
0
0
0
49.76
7.36
0
0
0
0
0
3.33
0
0
0.48
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2.43
0
0
8.29
0
3.50
0
64.71
0
0
0
0
0
0
0
62.19
3.88
0
0
0.48
0
0
0
0
0.48
1.00

0.10
0
6.34
9.02
0.60
4.17
0
23.01
0.10
1.94
0.10
0
5.45
2.64
3.16
40.35
3.12
0.20
0
15.32
4.64
1.22
1.30
0.21
0.52
1.22

0.11
0.11
7.96
2.46
0.85
0
1.34
33.56
0.11
0.45
0
0.22
0
14.69
12.60
26.55
6.13
0.65
0.54
8.85
0.44
0.11
2.79
0.11
0
0.22

Species

Rubus hawaiensis
Rumex acetosella
Sadleria pallida
Vaccinium calycinum

Native/exotic
native
exotic
native
native

Life form
shrub
herb
fern
shrub

Pedro High
2.48
17.95
0
0
7.67
0

Litter
Moss

Pedro Mid
0.48
22.00
0
0
2.00
0

Pedro Low
0.10
0.91
0.61
4.47
37.33
6.88

Pua Akala
2.21
1.00
0
1.13
54.59
1.33

Table 16. Average percent cover of different functional plant groups (0−1 m tall) in koa survey plots. Means are displayed on the top
lines and standard errors are shown in parentheses on the bottom line.
Exotic
Native
Grass/
Exotic
Exotic
Exotic
Native
Grass/
Native
Native
Native
Site
Sedge
Herb
Shrub
Total
fern
Sedge
Shrub
Tree
Total
Pedro High
146.6
18.0
0.5
165.0
0
0
2.5
16.9
19.4
(6.2)
(8.5)
(0.5)
(7.4)
(1.9)
(5.9)
(6.3)
Pedro Low
102.0
2.1
1.2
105.4
14.5
0
9.2
1.7
25.4
(10.6)
(1.1)
(0.4)
(10.9)
(2.9)
(2.0)
(0.6)
(3.8)
Pedro Mid
143.5
22.0
1.0
166.5
0
0
0.5
2.4
2.9
(4.9)
(6.8)
(0.6)
(9.2)
(0.5)
(0.8)
(0.9)
Pua Akala
86.2
1.1
0.8
88.0
28.8
1.3
4.0
3.1
37.2
(10.4)
(0.6)
(0.6)
(10.8)
(7.1)
(0.7)
(1.1)
(1.5)
(7.8)
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Figure 47. Canonical plot showing how sites relate to each other in terms of understory percent
cover in multivariate space. The plot comes from linear discriminant analysis of understory
percent cover data, using site as a dependent, categorical variable. Circles show 95%
confidence intervals around multivariate means in the two dimensions that best separate the
sites. The two multivariate axes cumulatively explain 92% of the variability in the data.

Understory foliar response

Understory species responded variably to the frass deposition event (Figure 48). Grasses
responded most strongly, with a 15% increase in foliar nitrogen from May to August 2013,
approximately one month after soil nitrogen started to display a pulse. In contrast, in the open
areas, foliar nitrogen decreased by 21% at this time. Thus, patterns of foliar nitrogen differed in
grass with frass deposition compared to grass in open patches, as signified by a time x habitat
interaction in a repeated measures ANOVA (time effect, F = 10.73, P < 0.01; habitat effect, F =
4.17, P < 0.01; time x habitat interaction, F = 1.75, P < 0.01). Native woody species ‘ōhi‘a,
‘ōhelo, and pūkiawe, [Leptecophylla tameiameiae]) also showed slight changes in foliar nitrogen
at this time, although time, habitat, or interaction effects in repeated measures models were
not significant.
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Figure 48. Foliar percent nitrogen over time for various understory exotic grasses and native
woody species (‘ōhi‘a, Metrosideros polymorpha; ‘ōhelo, Vaccinium calycinum; and pūkiawe,
Leptecophylla tameiameiae). Points are means ± 1 SE.

Response of Birds to Scotorythra Outbreak

Use of koa and ‘ōhi‘a trees

We observed 1,017 trees in the four study sites during 22 May–15 August. The koa sampled
consisted of 492 trees and ‘ōhi‘a consisted of 525 trees: Pua Akala (137 koa, 208 ‘ōhi‘a), Pedro
Low (113 koa, 158 ‘ōhi‘a), Pedro Mid (115 koa, 76 ‘ōhi‘a), Pedro High (127 koa, 83 ‘ōhi‘a).
Heights of koa and ‘ōhi‘a were similar among the forest sites and among the reforestation sites
(Table 17). Koa was only 3−4 m shorter in reforestation sites compared to forest sites.

53

Table 17. Mean height (m) of koa and ‘ōhi‘a trees in forest and reforestation habitats at
Hakalau.
Koa
‘Ōhi‘a
Forest
Pua Akala
14.9
16.0
Pedro Low
14.7
14.8
Reforestation
Pedro High
11.4
11.8
Pedro Mid
10.7
11.9

‘Ōhi‘a flowering intensity declined somewhat after defoliation (Table 18), as expected from
observations of natural phenological patterns (Kuntz 2008). In forest habitat, 32% of ‘ōhi‘a was
without flowers before defoliation compared to 33% after defoliation. Nevertheless, > 12% of
‘ōhi‘a trees in forest habitat were flowering at medium to heavy intensity before defoliation
compared to < 4% of trees after defoliation. In reforestation habitat, 36% of ‘ōhi‘a was without
flowers before defoliation and 43% were flowerless after defoliation. Moreover, > 14% of ‘ōhi‘a
in reforestations were flowering at medium or heavy intensity before defoliation compared to <
1% of trees after defoliation. Relatively few trees produced flowers on more than 5% of their
branch tips at any time.

Table 18. Flowering intensity of ‘ōhi‘a before and after koa defoliation by the Scotorythra at
Hakalau, 22 May–15 August. Levels of flowering were accessed by estimating the relative
percentage of branch tips with at least one inflorescence: None (0); Light (≤ 5%); Medium (≤
20%); Heavy (> 20%).
Forest
Pre-defoliation
Post-defoliation
Reforestation
Pre-defoliation
Post-defoliation

None

Light

Medium

Heavy

Total

23 (32%)
91 (33%)

40 (56%)
174 (63%)

5 (6.9%)
9 (3.3%)

4 (5.6%)
1 (0.4%)

72
275

10 (36%)
55 (43%)

13 (46%)
71 (56%)

4 (14%)
1 (0.8%)

1 (0.4%)
0

28
127

Unidentified birds constituted 63% of the total number of birds observed (Table 19). Among the
species we identified most frequently, IIWI and APAP were more strongly associated with forest
habitat, whereas Hawai‘i ‘amakihi and JAWE were more strongly associated with reforestation
habitat. We often could not determine what birds were doing while we observed trees, but we
sometimes observed active foraging on caterpillars, which frequently attempted to escape
predation by suddenly dropping from phyllodes on silk threads.
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Table 19. Birds observed in koa and ‘ōhi‘a trees in forest and reforestation habitats at Hakalau
on 12 weekly surveys during 22 May–15 August 2013. 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. Common and scientific bird names, residency status in Hawai‘i,
and federal endangered species status are provided below the table.
Forest
Reforestation
Total
koa
‘ōhi‘a
koa
‘ōhi‘a
NO BIRD
196
206
196
93
691
UNIDENTIFIED
73
218
64
80
435
BIRD
JAWE
3
9
13
51
76
IIWI
7
59
3
3
72
APAP
5
36
0
2
43
HAAM
3
13
11
20
47
HAEL
0
2
3
3
8
OMAO
2
1
0
0
3
HCRE
0
1
0
0
1
AKIP
1
0
0
0
1
AKEP
0
0
0
0
0
TOTAL BIRDS
94
339
94
159
686
JAWE (Japanese white-eye, Zosterops japonicas; alien), IIWI (‘i‘iwi, Vestiaria coccinea;
endemic), APAP (‘apapane, Himatione sanguinea; endemic), HAAM (Hawai‘i ‘amakihi,
Hemignathus virens virens; endemic), HAEL (Hawai‘i ‘elepaio, Chasiempis sandwichensis;
endemic), OMAO (‘ōma‘o, Myadestes obscurus; endemic), HCRE (Hawai‘i creeper, Oreomystis
mana; endemic; endangered), AKIP (‘akiapōlā‘au, Hemignathus munroi; endemic; endangered),
AKEP (Hawai‘i ‘ākepa, Loxops coccineus coccineus; endemic; endangered).

Overall bird density ([birds/tree] x [tree density]) was greatest in the dominant tree species in
each habitat type before and after koa defoliation. In forest habitat, ‘ōhi‘a (> 8 cm dbh) density
was more than twice that of koa (> 8 cm dbh), and ‘ōhi‘a attracted nearly three and a half
times as many birds as did koa (87.3 birds/ha in ‘ōhi‘a, 25.5 birds/ha in koa) even before koa
was defoliated (Figure 49). After koa was defoliated, bird density declined by 34% in ‘ōhi‘a and
66% in koa. In reforestation stands, koa density was nearly 77 times greater than that of ‘ōhi‘a,
although ‘ōhi‘a was more abundant adjacent to planted stands of koa. Before defoliation, bird
density was 20 times greater in koa (85.8 birds/ha) than in ‘ōhi‘a (4.3 birds/ha). After
defoliation, bird density declined by 39% in koa and 68% in ‘ōhi‘a.
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Figure 49. Bird abundance in forest and reforestation stands before and after koa defoliation by
Scotorythra caterpillars at Hakalau, 22 May–15 August 2013. Bird abundance (birds/ha) was
calculated by multiplying tree density (trees > 8 cm dbh) by the number of birds observed per
‘ōhi‘a or koa tree during two-minute sessions (birds/tree).

Despite the dominant tree species supporting more birds overall at each site, birds visited ‘ōhi‘a
more frequently than koa in both habitats before and after defoliation. Consequently, the
number of birds observed in ‘ōhi‘a per minute was always greater than the number of birds
observed in koa per minute (Table 20). Even so, the relative use of koa and ‘ōhi‘a by birds
changed before and after defoliation, but the direction of change differed in forest and
reforestation habitats. In forest habitat, where ‘ōhi‘a dominated, koa trees were visited more
frequently by birds before defoliation and less frequently after defoliation (Figure 50). On the
other hand, in reforestation stands, where koa dominated, individual koa trees were visited less
frequently before defoliation and more frequently after defoliation. ‘Ōhi‘a trees were used less
frequently in forest habitat before defoliation than they were after defoliation, but in
reforestation habitat birds used ‘ōhi‘a relatively more often before defoliation than they did after
defoliation.

Table 20. Bird activity in koa and ‘ōhi‘a trees in forest and reforestation stands before and after
koa defoliation by Scotorythra caterpillars at Hakalau, 22 May–15 August. Bird activity is defined
as birds per tree per minute. Mean ± SE (n) are shown.
Forest
Reforestation
Pre-Defoliation
Post-Defoliation
Pre-Defoliation
Post-Defoliation
Koa
0.38 ± 0.081 (62)
0.13 ± 0.031 (188) 0.28 ± 0.069 (57)
0.17 ± 0.049 (185)
‘Ōhi‘a 0.62 ± 0.099 (89)
0.41 ± 0.040 (277) 1.09 ± 0.243 (32)
0.35 ± 0.065 (127)
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Figure 50. Variation in the proportional abundance of koa and ‘ōhi‘a in forest and reforestation
habitats and the relative use of tree species by birds before and after defoliation by Scotorythra
caterpillars at Hakalau, 22 May–15 August 2013.

Among the four species we identified most frequently, activity levels after defoliation changed
least for the ‘i‘iwi and ‘apapane (Figure 51), which were more abundant in forest habitat. These
species were not recorded often in koa, nor did their use of ‘ōhi‘a change much after
defoliation.
Activity levels of the Hawai‘i ‘amakihi and Japanese white-eye, which were more abundant in
reforestation habitat, dropped substantially per ‘ōhi‘a tree after defoliation. Logistic regression
identified significant factors explaining changes in activity (birds/tree/minute) of the four most
commonly observed birds and of all bird species combined as:






Japanese white-eye: date, habitat type, interaction between date and habitat type, and
sppflow (koa + ‘ōhi‘a flower categories)
Hawai‘i ‘amakihi: sppdefol (‘ōhi‘a + koa defoliation categories), habitat type, and
observer
‘I‘i‘wi: sppflow (koa + ‘ōhi‘a flower categories), and habitat type
‘Apapane: flowdefol (‘ōhi‘a flower categories + koa defoliation categories), and habitat
type
Total: flowdefol (‘ōhi‘a flower categories + koa defoliation categories), and observer
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Figure 51. Patterns of tree use by the four most frequently observed bird species before and
after defoliation at Hakalau during 22 May – 15 August 2013. IIWI and APAP were more
abundant in forest habitats, whereas HAAM and JAWE were more abundant in reforestation
habitats.

After the caterpillar outbreak and until 15 August, birds generally spent less time in koa trees
that were heavily defoliated (> 25%) compared to trees that retained most of their foliage
(Figure 52).

Changes in bird diets

Overall, 764 individual prey from 19 samples were identified from Hawai‘i ‘amakihi prior to the
outbreak (26 February–25 April) compared to 128 arthropods from 15 samples collected during
the outbreak (22 May–27 June; Figure 53). The relative proportion of prey types differed
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Figure 52. Bird activity in koa following defoliation by Scotorythra caterpillars at Hakalau, 2013.
Defoliation was classified as “light” if ≤25% of the foliage had been consumed and “heavy” if >
25% of the foliage had been consumed. Bird activity in defoliated koa did not differ in forest
and reforestation habitats; therefore, data from both habitats were combined.
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Figure 53. Proportion (%) of arthropod taxa in the diets of Hawai‘i ‘amakihi (HAAM) and
Japanese white-eye (JAWE) prior to (pre; 26 February–25 April) and during (post; 22 May–27
June) the Scotorythra outbreak. Fecal samples were combined for each bird species during each
time period. Major prey were: psyllids (Psyllidae), caterpillars (Lepidoptera), spiders (Araneae),
planthoppers (Fulgoroidea: Delphacidae and Cixiidae), and flies (Diptera). Other taxa mainly
included true bugs (Hemiptera), moths (Lepidoptera), and beetles (Coleoptera).
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considerably before and during the outbreak, as psyllids (Psyllidae) comprised 92.3% of
identified prey before the outbreak and 35.9% during the outbreak. The consumption of
caterpillars changed dramatically in the opposite direction, increasing from 4.2% to 43.0% of
prey items. The proportion of spiders (Araneae) and planthoppers (Fulgoroidea) also increased
considerably during the outbreak (8.6 and 7.8%, respectively).
For Japanese white-eye, 843 prey from 28 samples were recorded prior to the outbreak and
292 prey from 35 samples during the outbreak. The pattern of prey use for Japanese white-eye
was similar to Hawai‘i ‘amakihi, with psyllids comprising 81.4% of the diet before the outbreak
and 13.4% during the outbreak. Caterpillar prey increased from 5.2% to 50.7% during the
outbreak. Spiders and planthoppers comprised 12.0 and 10.6% of the prey items, respectively,
during the outbreak.
The proportion of Scotorythra in the caterpillar component of the diet increased over time both
for Hawai‘i ‘amakihi (39.1% to 91.8%) and Japanese white-eye (75.0% to 96.9%; Figure 54).
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Figure 54. Proportion (%) of Scotorythra or other caterpillar taxa in the diet of Hawai‘i ‘amakihi
(HAAM) and Japanese white-eye (JAWE) prior to (pre; 26 February–25 April) and during (post;
22 May–27 June) the Scotorythra outbreak. Determinations were based on mandible
morphology and were grouped into Scotorythra or other types.

Changes in bird weights

A total of 573 individuals from seven common forest bird species were captured and measured
at the Pedro Mid and Pedro Low sites in 2013 (Table 21). Weights of only one species (‘i‘iwi)
were significantly different between the two sites, and the difference was consistent for preand post-outbreak periods (26 February−21 May and 22 May−30 June, respectively), so sites
were combined for analysis. The direction and magnitude of changes in pre- and post-outbreak
weights varied among species (Table 21, Figure 55). Insectivores (Hawai‘i ‘elepaio, Hawai‘i
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creeper) and generalists (Hawai‘i ‘amakihi, Japanese white-eye) all increased significantly in
weight. The one frugivore (red-billed leiothrix) did not change significantly in weight, and
weights of the nectarivorous species did not change significantly (‘i‘iwi) or decreased
significantly (‘apapane).

Table 21. Weights of seven common forest bird species at the Pedro Mid and Pedro Low
banding sites. For each species and period (pre- and post-outbreak), number of birds captured,
mean, standard error, and 95% confidence interval of weight is presented. Statistical
significance for change in weight before and after the outbreak are shown as F ratio and
associated P-value. RBLE = red-billed leiothrix (Leiothrix lutea; see Table 19 for key to other
bird identification codes).
Weight (g)
Species Period
n
Mean
SE
95% CI
F ratio P-value
APAP
pre
38
15.5
0.25 15.0−16.0
5.96
0.019
post
6
13.9
0.63 12.6−15.2
HAAM
pre
102
13.7
0.01 13.5−13.9
6.23
0.014
post
26
14.3
0.20 13.9−14.7
HAEL
pre
20
14.7
0.22 14.2−15.2
9.13
0.006
post
9
15.9
0.33 15.2−16.6
HCRE
pre
28
14.9
0.13 14.7−15.2
20.91 < 0.001
post
5
16.5
0.31 15.8−17.1
IIWI
pre
61
19.0
0.26 18.5−19.5
1.19
0.279
post
5
20.0
0.90 18.3−21.8
JAWE
pre
130
11.1
0.06 10.9−11.2
5.03
0.026
post
70
11.3
0.09 11.1−11.5
RBLE
pre
53
20.8
0.19 20.4−21.2
0.319
0.574
post
20
21.0
0.31 20.4−21.6

Response of Bats to Scotorythra Outbreak
Call events (the number of times a calling bat passed a microphone), echolocation pulses (the
number of discrete sound pulses in a call event), and feeding buzzes (rapid increase in rate of
production and total number of pulses in a call event indicating an attack on a prey item)
produced by Hawaiian hoary bats were recorded at Hakalau from June through August 2013
and at Laupāhoehoe from July through September (Table 22).
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Figure 55. Change in weight (g) of seven common forest birds at Pedro Mid and Pedro Low (sites combined). Weights of birds from
pre-outbreak (before 22 May 2013) are designated as red points, and post-outbreak weights are designated as blue points
62

Table 22. Call events, sound pulses, and feeding buzzes recorded from Hawaiian hoary bats.
Recordings were made from June through August at Pedro Road and Pua Akala Road, and from
July through September with two detectors at each location.
Pedro
Pua Akala
Laupāhoehoe
Events
Pulses
Buzzes
Events
Pulses
Buzzes
Events
Pulses
Buzzes
26
222
7
16
101
0
921
14,961
50

Monthly detectability indices of echolocating Hawaiian hoary bats for five-year periods without
Scotorythra outbreaks are compared to detectability bars during the 2013 outbreak at Pua Akala
(Figure 56) and at Laupāhoehoe (Figure 57).
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Figure 56. Bat detectability at Pua Akala during five years (2007−2011) when no Scotorythra
outbreak was observed (line showing monthly mean and SE) and during the 2013 outbreak
(bars showing monthly mean). Moth abundance peaked from mid-August to mid-September at
Pua Akala.
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Figure 57. Bat detectability at Laupāhoehoe during five years (2007−2011) when no
Scotorythra outbreak was observed (line showing monthly mean and SE) and during the 2013
outbreak (bars showing monthly mean). During the 2013 bat survey, moth abundance peaked
in late April and during late August – early September.

From July through September of 2011, a non-outbreak year for Scotorythra, echolocation call
pulses of Hawaiian hoary bats at Laupāhoehoe were recorded through all hours of darkness
between 1700 and 0600 hours. Minor peaks in calling as indicated by the mean number of
pulses per night occurred between 1900 and 2000 hours in 2011 (Figure 58). During the
Scotorythra outbreak of July through September 2013, echolocation calls were heavily
concentrated early in the night with a very strong peak between 1700 and 1959 hours. Calling
in the second half of the night was generally reduced during the moth outbreak period in 2013
compared to 2011.
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Figure 58. Hourly mean echolocation pulses from Hawaiian hoary bats recorded at night at
Laupāhoehoe during July−September in 2013 (Scotorythra outbreak) and during the same
months in 2011 (non-outbreak).

Response of Predatory Wasps to Koa Moth Outbreak

Parasitoid wasps

The rate at which Scotorythra caterpillars were parasitized decreased from 15.7% (34 of 217
caterpillars) before the outbreak (18−25 April) to 3.2% (5 of 155 caterpillars) during the
outbreak (16 May−20 June). Prior to the outbreak, Hyposotor exiguae (Ichneumonidae)
comprised 76.5% of all parasitoids while Meteorus laphygmae (Braconidae) made up 11.8%;
four additional parasitoids (11.8%) pupated but failed to emerge as adults and were not
identified. All five parasitoids that emerged from caterpillars during the outbreak were H.
exiguae (Figure 59). Parasitoids emerged from caterpillar instars three (n = 9), four (n = 21),
and five (n = 5); the instar was ambiguous for six individuals due to missing head capsules or
intermediate head capsule measurements.
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Figure 59. Pupal case of the parasitoid Hyposotor exiguae (left; note the head capsule of its
caterpillar host at the top of the pupal case) and a late-instarScotorythra paludicola caterpillar
(right) on a koa phyllode. The epidermis and chloroplasts of the phyllode have been scraped
away in places by early instar caterpillars that were too small to bite through the tissue.

The parasitoids Hyposotor exiguae and Meteorus laphygmae apparently tracked caterpillar
abundance at the four Hakalau study sites, generally increasing in abundance about 1–2
months following peak caterpillar biomass (Figure 60).
From the 105 Scotorythrya pupae (n = 95) and pre-pupae (n = 10) collected at Laupāhoehoe,
70 emerged as moths (45 male, 25 female), 12 were parasitized, and 23 died. Parasitoids were
represented by Vulgichneumon dimidiatus (Ichneumonidae; n = 9) and Chaetogaedia monticola
(Diptera: Tachinidae; n = 3). All parasitoids emerged from the Scotorythra pupal stage.

Yellowjacket wasps

No yellowjacket wasps were detected in the Seabright traps baited with heptyl butyrate during
the course of the study at any of the Hakalau study sites. In contrast, approximately four queen
V. pensylvanica were collected from malaise traps during the summer.
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Figure 60. Abundances of Scotorythra caterpillars collected from koa foliage (mg/g foliage) and the parasitoids Hyposotor exiguae
(HYEX) and Meteorus laphygmae (MELA) collected in malaise traps (number/trap-day) over the course of the study.
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DISCUSSION
Outbreak Dynamics
The Scotorythra outbreak originated in the native rainforest of windward Hawai‘i Island and was
large (11,000 ha) and already spreading rapidly within the lower koa belt when it was first
discovered in January 2013. The outbreak spread over many months to become the largest (in
terms of total area) and the most widely dispersed (windward to leeward locations) ever
recorded. This allowed us to observe some of its dynamics and impacts as it moved into new
areas. Although the outbreak spread relatively quickly within the lower koa belt, it did not reach
the upper koa belt, including the Hakalau study site, until six months after the initial discovery,
despite its close proximity (3−8 km) upslope of the main outbreak. When the caterpillar
outbreak finally began at Hakalau, over eight to nine weeks passed before most koa were
defoliated, suggesting that cooler temperatures slowed caterpillar development. Our
experimental results support this idea because caterpillars reared at higher temperature
consumed more foliage (indicated by their greater frass production), suggesting more rapid
growth, but other factors, such as leaf type (leaf or phyllode) and age of phyllode, can also
affect caterpillar survival and developmental rates (Barton and Haines 2013, U.S. Geological
Survey unpublished data) and warrant further study. Another Scotorythra outbreak was
observed over the course of seven months (August 2003−February 2004) in Kīpahulu Valley
(365−1220 m elevation) on the southeastern flank of Haleakalā Volcano, Maui; the outbreak
was not reported at Makawao (1090−1220 m elevation), 20 km away on the northwestern flank
of Haleakalā, until February 2004 (Haines et al. 2009).
The 2013 outbreak was notable not only for its unprecedented geographical scope but also
because some tracts of koa were repeatedly defoliated in rapid succession. We observed
complete defoliation of koa on three occasions at the Laupāhoehoe 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 (Joshua Pang-Ching, University of Hawai‘i at Hilo, personal
communication). Other accounts of closely-spaced multiple defoliations in the same location
include: Kona, Hawai‘i in 1892 and 1895 or 1896 (Perkins letter in Swezey 1926); Kīlauea,
Hawai‘i, in 1895 and 1896 (Perkins 1903); Kaiwiki, Hawai‘i, twice in 1901 (Henshaw 1902); and
Kīpahulu, Maui, in 2003−2004, 2006, and 2008−2009 (Haines et al. 2009, Haines and Rubinoff
2009). Multiple defoliations are of special relevance to conservation and commercial interests
because they likely impact tree survival and growth more severely compared to a single
defoliation event. Repeated defoliation of the sort we observed and discuss here is not reported
in the insect outbreak literature, suggesting that it may rarely occur or be observed in other
ecosystems. Reduced seasonality in Hawai‘i (Giambelluca and Schroeder 1998) and perhaps
some other tropical areas may permit tree species to regrow foliage relatively soon after
defoliation, which affords a cohort of fresh new resources for herbivores to start another
outbreak. Young phyllodes are highly palatable to Scotorythra paludicola (Barton and Haines
2013, U.S. Geological Survey unpublished data) and their abundance in the forest canopy could
be an important trigger for repeated outbreaks.
Although Scotorythras irrupted around Hawai‘i Island over many months, we observed a
relatively high degree of temporal synchronicity across kilometers of forest. At Laupāhoehoe,
defoliation was essentially simultaneous across the 2 km and 250 m elevation gradient 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 a cohort of fourth
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and fifth instar larvae were overwhelmingly abundant, resulting in widespread, sudden
defoliation. Caterpillar biomass and numbers peaked around 20 June at the Pedro sites, which
were spread nearly 2 km across an elevation gradient of 200 m. A week later and 4 km to the
south, caterpillars peaked at Pua Akala, indicating relatively close temporal synchronization over
at least this moderate spatial scale. We assume that synchronization at the 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, the question of what biotic and
environmental factors triggered the original outbreak and promoted synchronization initially is
profoundly more important and difficult to answer, as it is for most insect outbreaks (Bjørnstad
et al. 2008, Kessler et al. 2012).
Forest Structure, Patterns of Defoliation, and Response of Koa
The two sites in forest habitat, Pua Akala and Pedro Low, supported the lowest densities of koa,
but they sustained the highest biomass of caterpillars per unit of foliage. Of the two
reforestation sites, where koa densities were very high, Pedro High supported a relatively high
biomass of caterpillars, whereas caterpillars were much less dense at Pedro Mid, only about a
kilometer upslope.
Defoliation was heavy for all size classes of koa in forest and reforestation habitats.
Nevertheless, large koa was defoliated more severely in forest habitat. Defoliation was most
severe at Pedro Low and least severe at Pedro Mid. Foliar biomass was reduced by 78−93% at
forest sites and by 64−79% at reforestation sites. The heavier defoliation at forest sites
suggests a possible inverse relationship between koa density and the quality of foliage for
herbivores. Koa foliage in dense stands may provide poorer nutrition or lower palatability to
caterpillars due to competition among trees. Even so, among reforestation sites, defoliation was
more severe at Pedro High, where koa density was highest, than it was at Pedro Mid. Phyllode
age may also influence caterpillar consumption rates and development times. In experimental
feeding trials, caterpillars consumed more plant tissue and developed faster when placed on
young phyllodes compared to old phyllodes (Barton and Haines 2013, U.S. Geological Survey
unpublished data). We observed that phyllodes at Pedro Mid seemed generally older than
phyllodes at Pedro High or Pedro Low. This suggests that variation in phyllode age, presumably
due to local differences in koa phenology, might account for some of the variation in defoliation
severity among sites. Early caterpillar instars should be especially sensitive to tissue toughness
that increases with phyllode age, making it potentially difficult for outbreaks to start in stands
where the phyllodes are mostly older. Alternatively, defoliation might be less severe in
reforestation stands because oviposition sites for female moths and food for caterpillars are
more abundant where koa is dense, resulting in lower caterpillar density. Even so, high foliage
density and quality could be more attractive to female moths. Clearly, more research is needed
to understand the factors contributing to the patchiness of herbivory during outbreaks.
We observed a strong preference for phyllodes over leaves by S. paludicola caterpillars, as
expected from the results of laboratory feeding trials (Barton and Haines 2013, U.S. Geological
Survey unpublished data). Foliage consumed during the outbreak consisted mostly of phyllodes,
and foliage that was not consumed on seedlings and trees that were heavily infested with
caterpillars consisted mainly of leaves and what seemed to be relatively old phyllodes.
Nevertheless, we observed S. paludicola caterpillars on several other native plant species that
had not been previously reported (Haines et al. 2009). Also during 2013, a patch of the
widespread invasive tree, Falcataria mollucana (Fabaceae), was defoliated at ‘Akaka Falls State
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Park (16 km north of Hilo), and feeding trials indicate that S. paludicola can complete its
development on this species (Haines et al. 2013).
Before defoliation, we observed that phyllodes comprised virtually all of the canopy of individual
small and large koa. Following the defoliation of koa in our study sites, leaves were produced in
greater proportion relative to phyllodes across all size classes of koa, but large trees produced
the lowest proportion of leaves, particularly in reforestation habitat. The difference in
leaf:phyllode ratios among large trees might have been influenced by relative light levels after
defoliation. In shaded habitat, koa tends to produce higher proportions of leaves (Baker et al.
2009); therefore, leaves may have been favored in forest habitat due to shading by the
abundant ‘ōhi‘a (leaf:phyllode ratio = 55:45%). Because planted koa stands contained little
‘ōhi‘a in the canopy, light levels were likely very high after defoliation, thus favoring the
production of phyllodes (leaf:phyllode ratio = 32:78%), but more work is needed to understand
the factors that influence leaf:phyllode ratios. Leaves could have been favored initially by small
koa (≤8 cm dbh) in both habitat types regardless of light levels because growth should be
faster due to higher gas exchange per dry weight and per carbon and nitrogen investment
compared to phyllodes (Pasquet-Kok et al. 2010). Anecdotally, large trees at Laupāhoehoe and
Saddle Road Kīpuka, where ‘ōhi‘a was the dominate tree species, produced mostly phyllodes
soon after being heavily defoliated. New phyllode growth, at least at Laupahoehoe, was a
combination of epicormic and terminal growth, proportions of which varied among trees and
defoliation events. Haines et al. (2009) noted that defoliated koa on Maui during 2003 initially
produced high proportions of leaves that were replaced months later by phyllodes. The same
pattern was reported for the 1977 Scotorythra outbreak on Maui (Stein and Scowcroft 1984).
Nearly a third of the koa canopy (all koa > 1 cm dbh) at Hakalau had regrown 24−25 weeks
after defoliation, but the rates at which trees produced new foliage may have been influenced
by the severity of defoliation. Although relatively small sample sizes for lightly defoliated koa
could have affected our results, small koa (≤8 cm dbh) that were relatively lightly defoliated (≤
50%) tended to produce more new foliage at 24−25 weeks than did koa that were heavily
defoliated. Among large trees (> 8 cm dbh), however, we observed more new foliage in trees
that were heavily defoliated. Such a pattern might be due to differences in the stored nutrient
reserves of large and small trees. Assuming that small koa had limited reserves, the less
defoliated individuals may have had greater capacity for recovery. For larger trees, which
presumably had relatively large carbohydrate reserves, the adaptive pressure to grow new
foliage quickly should have been greater on heavily defoliated individuals. It is noteworthy that
koa defoliated on Maui in 1977 produced new foliage very slowly, with < 1% of the stand
canopy being replaced after six months (Stein and Scowcroft 1984). The capacity for foliar
recovery of the trees on Maui was apparently reduced by high stand densities, even after
silvicultural treatments, because growth rates of trees had stagnated even before the
Scotorythra outbreak and were further reduced by 71% a year after defoliation.
Differences in the production of new foliage also were observed between habitats, but only for
large trees. Small trees produced similar amounts of new foliage in both habitat types, but large
koa in the forest stands produced more than twice as much foliage as did those in the
reforestation stands. Additionally, we observed that new foliage in reforestation koa was often
patchily distributed and concentrated on large branches as epicormic growth rather than near
branch tips. Overall, our observations 23−25 weeks after defoliation suggested that koa in the
reforestation stands were recovering more slowly and suffering more branch and whole tree
mortality compared to koa in the forest habitat. Slower recovery of koa in dense stands were
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also observed on Maui by Stein and Scowcroft (1984), who observed greater foliar recovery of
koa crowns in young (~15 years) stands that had been thinned and fertilized three years before
the 1977 Scotorythra outbreak. Koa density was 2,100/ha on control stands and 490/ha on
treated stands on Maui, whereas koa density was 732/ha on reforestation stands and 125/ha on
forest stands at Hakalau. Even adding ‘ōhi‘a and other species, tree density at Hakalau was
much higher in reforestation stands. These results suggest that competition among trees in
relatively dense stands may reduce foliar recovery rates after defoliation, at least among large
trees.
Across all size classes and degrees of defoliation, 18% of koa produced 0−5% new foliage and
appeared dead or unlikely to recover substantially (i.e., major branch mortality) after 24−25
weeks. Koa that produced little or no foliage had been heavily defoliated (≥80%), were
distributed across all size classes, and were found in forest and reforestation habitats. Koa
mortality was apparently low on Maui during 2003−2004 (Haines et al. 2009), but Stein and
Scowcroft (1984) reported 35% mortality of trees 20 months after the 1977 outbreak on Maui.
We anecdotally observed that many trees seemed dead after the third round of defoliation at
the Laupāhoehoe study area, although we did not quantify mortality. Although trees that are
defoliated two or three times in rapid succession undoubtedly experience a very high level of
stress, other trees may be defoliated multiple times over their lifetime, with consequences for
growth and survival that less clear.
Nutrient Pulse Dynamics
The litterfall rates measured at the start of our study (Figure 41) were probably higher than
baseline rates. Koa foliage biomass in the canopy was declining (Figure 15) presumably due to
the increases in caterpillar biomass (Figure 22) and herbivory. Other work shows that koa
litterfall can range from 0.08 to 2.25 g/m2/day (Baker et al. 2009), which generally falls below
the rates in our sites at the start of the study (May 2013). It is possible that our early litterfall
quantities were higher than normal due to damaged leaves falling into traps. Whether or not
litterfall rates returned to normal after one year is hard to determine without additional
sampling points, although litterfall values seemed to have stabilized one year later.
Frass deposition over the defoliation period led to large quantities of nitrogen being deposited
on the forest floor (Table 14). By scaling up from measurements of multiple variables, we
estimate that between 1,500 to 5,500 kg/ha of frass and 48 to 184 kg/ha of nitrogen were
deposited over three months. Frass, which is the excreted residue of digested koa phyllodes,
has the potential to deposit in a short time the amount of nitrogen that would otherwise fall in
the form of leaf litter over one year. For example, our three-month estimate of frassfall
produced a similar amount of nitrogen as would the total annual litterfall typical of koa forests
(Baker et al. 2009), suggesting that annual litterfall was achieved in 25% of the normal cycle.
In other words, the deposition of frass was equivalent to the annual litterfall rate being
compressed into one short event, with the nitrogen being deposited in a more highly labile
form, resulting in a resource pulse.
This large quantity of frass deposition probably led to the nitrogen pulse seen in soils under koa
canopies at two of our three sites, approximately 43 days after peak caterpillar biomass. Two
pulses were observed over time, although why this occurred is unclear. It is possible that frass
was caught on understory foliage, and was washed off during heavy rainfall. Indeed, peaks
were loosely correlated with periods of elevated rainfall (Figure 46c). A double peak of nitrogen
could also be due to water transporting inorganic nitrogen through the soil profile to resin bags
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during rainfall events (Lajtha 1988, Hart and Firestone 1989). In addition, it may be possible
that the initial frass deposition led to increased decomposition rates of existing koa litter layers.
Koa litter, although having a low C:N ratio compared to other native tree species such as ‘ōhi‘a,
decomposes rather slowly (Scowcroft 1997), leading to the formation of thick litter layers in the
forest understory. Therefore, it may be possible that frass “primed” the koa litter layer, relieving
decomposition of nitrogen limitation and leading to a delayed peak in nitrogen mineralization
and release (Aber et al. 1990, Hobbie 2000).
Variability in nitrogen deposition among sites is difficult to explain, perhaps due in part to the
large uncertainty inherent in our estimates of frass production, caterpillar population structure
and density, foliage biomass, and tree density. Pua Akala and Pedro High received similar
quantities of frass and nitrogen, yet no distinct nitrogen pulse was seen at Pua Akala while
there were two distinct pulses at Pedro High. In fact, Pua Akala received four times the amount
of frass as did Pedro Low, where soil nitrogen also pulsed twice. It is possible that different soils
at the Pua Akala site affected the nitrogen pulse. While the Pedro sites are on Puu Oo highly
organic hydrous silty clay loam, Pua Akala is on Keamoku extremely cobbly medial loam (Soil
Survey Staff 2014). The Pua Akala soils, being younger and rockier, should be more porous and
fast-draining. It is possible, therefore, that the nitrogen in the frass leached out of the Pua
Akala soil too quickly to be detected with our sampling method.
More generally, soil nitrogen patterns differed under koa canopies versus under open
grasslands. Soils influenced by koa tend to have higher total available nitrogen due to koa being
a nitrogen-fixing species that deposits large quantities of nitrogen-rich leaf litter annually
(Scowcroft 1997, Scowcroft et al. 2004, Baker et al. 2009). Previous work showed that soils
influenced by koa tend to be dominated by nitrate rather than ammonium, although ammonium
tends to dominate available nitrogen pools in open grassland (Scowcroft et al. 2004). We saw
similar patterns in our stands, except at the beginning of the study during the highest rates of
frass deposition (Figure 45). Because frass is very high in ammonium, this pattern of higher
than normal ammonium further suggests that frass inputs were responsible for increases in soil
nitrogen. We note that our first resin bag deployment took place when caterpillar levels were
already high, and frass was already falling. This may explain high ammonium levels at the very
beginning of the study.
Understory plant species responded variably to frass deposition (Figure 48). Grasses under koa
responded most dramatically, with foliar nitrogen increasing by 15% as foliar nitrogen in
grasses in open plots decreased by 21%. Woody species, on the other hand, did not show a
response in the short time period we sampled within. Grasses tend to have higher growth rates
than woody species, as well as dense fibrous root systems in the upper soil layers (Scholes and
Archer 1997). Consequently, alien grasses may have been better able than native woody
species to exploit the ecosystem nitrogen pulse after the Scotorythra outbreak. Nevertheless,
even if woody plant species did increase nitrogen uptake during the nutrient pulse, foliar
nitrogen concentrations may not have increased due to the allocation of the extra nitrogen to
higher biomass production or fruit set rather than to leaves (Yang 2004). In addition,
consequences of high nitrogen uptake may not be evident for over a year in long lived, woody
species (Lovett et al. 2002). More sampling dates would be needed to ascertain whether
understory woody vegetation showed a clear response to the nitrogen pulse. If high soil
nitrogen 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 and
McDaniel 2010, McDaniel and Ostertag 2010). Thus, our results suggest that alien grasses may
72

have benefited most from the deposition of frass, although the long term consequences of the
nitrogen pulse on understory vegetation dynamics are unclear.
Response of Birds to Outbreak

Use of trees

Historically, native bird species were observed foraging in large numbers on Scotorythra
caterpillars during outbreaks, and some were even thought to have travelled some distance to
outbreaks. Caterpillar outbreaks were reported by Perkins (1913) to have attracted native forest
birds in “thousands:”
Many of the species of Scotorythra are polyphagous, but even these seem to
favor certain plants. Acacia koa is attacked by numerous species, and certain of
these become locally and periodically so numerous, that great areas of ‘Koa’
forest are entirely denuded of the phyllodes…Scotorythra idolias [paludicola] on
Hawaii and S. paludicola on Maui were responsible for two of the most severe
attacks that we have witnessed. Native birds attracted in thousands by the
abundance of this, one of their favorite foods, were gorged to repletion, and the
starving caterpillars formed writhing masses on the ground beneath the tall Koa
trees. The dropping of excrement from the trees on the dead leaves beneath
made a rattling noise as of a hailstorm.
In 1895 and 1896, Perkins (1903) observed one seed-eating bird species, the greater koa finch
(Rhodocanthis palmeri; extinct), and two fruit-eaters, the ‘ō‘ū (Psittrostra psittacea;
endangered, likely extinct) and ‘ōma‘o (Myadestes obscurus), at a Scotorythra outbreak above
Kīlauea on Hawai‘i. The ‘ō‘ū and ‘ōma‘o were thought to have been outside their normal ranges
in the rainforest, and they apparently departed from the 1896 outbreak after two weeks.
Presumably alluding to Scotorythra outbreaks, Perkins (1903) also noted that ‘apapane
sometimes gathered in “vast numbers” to forage on abundant caterpillars.
Large concentrations of birds attracted to caterpillar outbreaks have not been reported since
observations by Perkins in the 1890s despite nine outbreaks recorded since 1926, including the
2013−2014 outbreak we discuss here. We were unaware of birds being attracted to our study
sites during the outbreak, although bird activity declined generally after the peak of defoliation,
suggesting that some birds may have moved to other areas after caterpillar abundance crashed.
The large area and long period of time over which the outbreak occurred may have reduced
any potential adaptive advantage of birds concentrating in outbreak hotspots, but we cannot
directly evaluate the factors that may have influenced changes in bird distribution across the
region. Nevertheless, birds shifted their use of ‘ōhi‘a and koa apparently in response to
caterpillar abundance.
‘Ōhi‘a, which may support the largest arthropod assembly of any native tree (Gruner 2004), was
used by birds more frequently (birds/tree/minute) than koa in both habitats, but the
proportional use of tree species changed before and after defoliation. Bird activity in koa
declined in forest habitat and increased in reforestation habitat after defoliation. Conversely, the
use of ‘ōhi‘a increased in forest habitat but declined in reforestation habitat after defoliation.
The heavy use of koa relative to its abundance in forest habitat suggested that birds were
attracted to koa by the caterpillar outbreak. After defoliation in forest habitat, bird activity
(birds/tree/minute) declined more in koa than in ‘ōhi‘a, suggesting that koa was less attractive
after the end of the caterpillar outbreak.
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In reforestation habitat, birds were more active in ‘ōhi‘a before koa was defoliated, despite the
relative scarcity of ‘ōhi‘a. This may indicate that birds could readily obtain caterpillars in the
closed-canopy koa, allowing them more time in nearby ‘ōhi‘a to forage for nectar and other
foods not as readily available in koa. Caterpillars were the most frequent arthropod prey of all
bird species (except for Japanese white-eye) at Hakalau during 1994−1997 (U.S. Geological
Survey unpublished data), but many birds are also highly attracted to ‘ōhi‘a nectar. After
defoliation and as ‘ōhi‘a flowering was decreasing, bird activity declined markedly in ‘ōhi‘a in
reforestation habitat.
Following defoliation in each habitat type, therefore, bird activity changed least in the most
abundant tree species. The decline in bird activity in forest habitat may have been at least
partly related to changes in flowering intensity, because more ‘ōhi‘a trees produced medium
and heavy flower crops before defoliation compared to after defoliation, in accordance with the
typical seasonal pattern of flower production. In reforestation habitat, changes in ‘ōhi‘a
flowering intensity were more evident, as more trees were flowerless and few trees bloomed
even moderately after defoliation. Also, koa defoliation was less severe in reforestation habitat
compared to forest habitat.
Although we have no supporting data, we postulate that some birds dispersed from heavily
defoliated areas. ‘Ōhi‘a flowering intensity declined after defoliation, which may have reduced
the attractiveness of ‘ōhi‘a at least to ‘i‘iwi and ‘apapane in forest habitat and to Hawai‘i
‘amakihi and Japanese white-eye in reforestation areas. These four were the most commonly
observed species and all are at least semi-nomadic and move to some degree as resource
availability changes. For example, many ‘i‘iwi disperse from Pua Akala during May−August,
when ‘ōhi‘a flowering decreases (Kuntz 2008).
After the outbreak, birds spent less time in koa that were heavily defoliated compared to lightly
defoliated trees, suggesting that birds were responding to lower arthropod abundance or were
avoiding foraging substrates on which they were highly exposed to predators, such as ‘io (Buteo
solitarius). Nevertheless, in the long term, we expect that native Plagithmysus (Cerambycidae)
beetles will become more abundant in the many koa branches that were apparently killed after
being defoliated, which could increase foraging opportunities for the endangered ‘akiapōlā‘au
(Ralph and Fancy 1996).

Change in diet and weight
As reviewed by Paxton et al. (2011), the response of bird populations to insect outbreaks

depends largely on the palatability of the irruptive insect, which may change over the course of
larval development. Few studies provide detailed observations on the foraging behavior and diet
of birds before, during, and after caterpillar outbreaks, but the diets of some species of
warblers are composed largely of the larvae of the spruce budworm (Choristoneura sp.;
Tortricidae) during outbreaks (McMartin et al. 2002). As indicated by historical observations
(Banko and Banko 2009) and more recent studies (U.S. Geological Survey unpublished data),
including this one, Scotorythra caterpillars are highly palatable to Hawaiian forest birds.
We found that at least two generalist species greatly increased their consumption of them
during the outbreak such that they dominated their diets. Diet analyses indicated that Hawai‘i
‘amakihi and Japanese white-eye responded dramatically to the increased availability of
Scotorythra caterpillars during the outbreak. For both species, a shift was seen from a diet
dominated by psyllids before the outbreak to one dominated by caterpillars during the outbreak.
Although the change may have been due to a seasonal decrease in psyllid abundance that may
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have coincided with the outbreak, the strong shift to Scotorythra caterpillars from other
caterpillar taxa, particularly by the Hawai‘i ‘amakihi, suggests opportunistic utilization of this
temporarily abundant resource. An opportunistic shift to Scotorythra caterpillars is further
corroborated by analyses of fecal samples collected at Hakalau during 1994–1997, when
Scotorythra caterpillars comprised only 10.7% and 12.5% of the caterpillar component of
Hawai‘i ‘amakihi and Japanese white-eye diets, respectively (U.S. Geological Survey unpublished
data).
Most bird species gained weight during the outbreak because they fed opportunistically upon
Scotorythra, although our diet data is anecdotal due to small sample sizes for all but Hawai‘i
‘amakihi and Japanese white-eye. Changes in weight were significantly positive for the four
smallest species (Japanese white-eye, Hawai‘i ‘amakihi, Hawai‘i ‘elepaio, Hawai‘i creeper), which
are also highly insectivorous. For the larger species, which forage more heavily on nectar or
fruit, weight gains were small and not significant (‘i‘iwi, red-billed leiothrix) or negative and
significant (‘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 weight change is not clear.
Importantly, the outbreak occurred during the later portion of the nesting season, when the
surplus of highly nutritious food would have had maximum benefits for nestling and fledgling
growth and survival. Although koa trees were heavily defoliated as a result of the outbreak,
which apparently decreased the value of koa for foraging birds, ‘ōhi‘a would have continued to
provide an abundance of arthropod prey. Thus, the Scotorythra outbreak benefitted the forest
bird community as a whole, at least in the short-term. In reforestation stands, where koa
comprised virtually all of the canopy cover, food abundance would have declined sharply after
defoliation and birds presumably would have foraged more in other areas.
Given the heavy exploitation of Scotorythra caterpillars by birds, the question arises as to
whether predation pressure by birds is sufficient to suppress Scotorythra populations, if not
during outbreaks at least during periods of low abundance. A number of studies (summarized in
Glen 2004) indicate that predation by birds may reduce populations of foliar-feeding caterpillars,
and we identified Scotorythra caterpillars in fecal samples collected during 1994−1997 from
Hakalau bird species (U.S. Geological Survey unpublished data). If birds have a role in
suppressing Scotorythra populations, it likely is restricted to the upper koa belt, where bird
diversity and abundance are much higher than they are at lower elevation (Scott et al. 1986,
Camp et al. 2010). Nevertheless, defoliation was observed only once at Hakalau, which raises
the question of whether bird predation may have helped suppress subsequent irruptions, even
if they failed to suppress the first. Because larval development is slower at higher elevations,
caterpillars would be more vulnerable to attack by predators, parasites, and pathogens.
Response of Bats to Outbreak
Although bat detectability was notably lower during the outbreak year than in any year of the
five-year study conducted by Gorresen et al. (2013) at both Hakalau and Laupāhoehoe, we
suggest that this may be due to the relative ease in quickly reaching a digestive bottleneck for
bats during the koa moth abundance. Echolocation calls associated with searching and
attacking insect prey peaked abnormally early in the night during the outbreak at Laupāhoehoe
(we did not make a comparison of this type from Hakalau data because of insufficient bat
calling activity). Bats actively foraged over longer portions of the night and at lower success
rates during non-outbreak times when prey (moth) densities were orders of magnitude lower.
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With lower feeding efficiency, bats also should have to call more (more call events and sound
pulses) over longer portions of the night, which we observed during the non-outbreak year
(Figure 58).
During the outbreak, Hawaiian hoary bats remained uncommon at Hakalau relative to their
presence at Laupāhoehoe, as was the case in the Gorresen et al. (2013) occupancy study of
2007−2011. This is evidenced by the relative number of call events, pulses of sound and the
detectability indices from the two locations. Thus, even during a period when koa moths were
superabundant at Hakalau, Hawaiian hoary bats apparently did not increase their local
population. However, because koa moths were abundant over a large surrounding area during
the 2013 outbreak, there was no adaptive benefit in bats moving from other areas into Hakalau.
Had the moth outbreak been more localized within Hakalau, we might have detected more bats
there.
Response of Parasitic and Predatory Wasps to Outbreak
Our finding that Hyposotor exiguae was the primary parasitoid of Scotorythra caterpillars, with
Meteorus laphygmae also present to a lesser extent, is consistent with previous reports (Davis
1955, Zimmerman 1958, Haines et al. 2009, U.S. Geological Survey unpublished data). The
Scotorythra caterpillar parasitism rate of 15.7% prior to the outbreak was somewhat less than
found during an intensive study conducted at Hakalau during 2006–2007 when the mean
parasitism rate among four sites of nearly 1300 S. rara and S. corticea caterpillars collected on
koa was about 24% (U.S. Geological Survey unpublished data).
Parasitoids emerged primarily from fourth instar caterpillars, but also from third and fifth
instars. We failed to detect native parasitoids, such as Enicospilus spp., which may attack only
late instar caterpillars, and even then at low rates (Perkins 1913). Low attack rates on
Scotorythra by native parasitoids was corroborated by the results of rearing trials of Scotorythra
caterpillars collected from koa at Hakalau during 2006−2007. We tentatively identified only 3
Enicospilus among a total of 316 parasitoids, but the identity of these very large individuals
could not be confirmed because they failed to emerge from their pupal cases (U.S. Geological
Survey unpublished data). Whether or not native parasitoids are partially preempted from
parasitizing Scotorythra, they could not have played any meaningful role in suppressing the
outbreak we observed. Our finding that 15% of pupae and pre-pupae collected at Laupāhoehoe
were parasitized suggests that overall parasitism of Scotorythra at Hakalau may be greater than
the rate we measured rearing only caterpillars.
Although the data from malaise traps suggests that Hyposotor exiguae and Meteorus
laphygmae tracked caterpillar abundance during the outbreak, the observed parasitism rate of
3.2% during the outbreak indicates that the rate of parasitism was not proportional to
caterpillar abundance. The parasitism rate we measured is considerably less than the 20% (12
of 60) observed by Haines et al. (2009) during the very late stage of an outbreak on Maui
during March–April 2004, the 19−22% on caterpillars generally in the Alaka‘i Wilderness
Preserve on Kaua‘i Island (Henneman and Memmott 2001), and the 39.5% on Cydia spp.
(Tortricidae) caterpillars in subalpine (2200−2800 m elevation) woodland on Mauna Kea
(Oboyski et al. 2004). It is unclear what level of parasitism is necessary to affect a Scotorythra
outbreak, but our results suggest that parasitoids likely did little to dampen the caterpillar
irruption. The effects of parasitoids and other natural enemies on populations of Scotorythra are
not well understood, but top-down factors could be important in limiting the frequency and
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scope of outbreaks (Dywer et al. 2004, Letourneau 2012) even if they are not critical in
stopping them.
Conclusions
Our results add significantly to what is known about the dynamics and impacts of Scotorythra
outbreaks in Hawai‘i as well as to the body of knowledge of insect outbreaks on islands and
tropical forests. Our study examined for the first time the impact on and response of a suite of
native and alien species to a massive outbreak that resulted in widespread and severe
defoliation of a major tree species. We also evaluated some important aspects of the effect of a
large pulse of nitrogen on the plant community and ecosystem function.
Recent Scotorythra outbreaks on Hawai‘i and Maui 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 Scotorythra outbreaks, our results indicate that they can
alter forest communities and processes in the short-term and likely also have long-lasting
effects. Moreover, multiple outbreaks in rapid succession, as we observed in our low-intensity
study sites, could have profound consequences for resources that are critically important to
forest managers. Economic interests also may be affected by large outbreaks, given the
commercial value of koa.
Monitoring koa forests and Scotorythra populations could provide faster warning of future
outbreaks, which would allow research to be implemented more expeditiously and effectively.
Continuing to monitor koa and forest communities within the region of the 2013−2014 outbreak
and in areas where defoliation did not occur could provide valuable information on the longterm effects of the outbreak. Exploring the potential role of climate change in triggering and
sustaining Scotorythra outbreaks also may lead to important insights about maintaining native
koa forests into the future.
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 consequences for arthropod and vertebrate communities, food webs,
and ecosystem processes. Because the causes of most insect outbreaks are not well known,
there would seem to be no useful management prescriptions for preventing Scotorythra
outbreaks or stopping them once they are underway. Instead, we suggest that periodic
Scotorythra outbreaks are a natural phenomenon that may be more completely understood
when opportunities arise for additional observation and research. Nevertheless, stocking koa at
high densities to restore forest habitat on former pasturelands may accentuate the disruption to
animal and plant communities when outbreaks result in the near total loss of forest canopy over
large areas. Although koa is relatively 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.

ACKNOWLEDGEMENTS
Funding was provided by the U.S. Geological Survey Ecosystems Program. Robert Hauff of the
Hawai‘i Division of Forestry and Wildlife (DOFAW) and Karl Magnacca (Pacific Cooperative
Studies Unit, University of Hawai‘i at Mānoa, O‘ahu Army Natural Resources Program) assisted
with aerial and ground surveys of the outbreak and extent of the defoliation. Cynthia King of
77

the Natural Areas Reserve System (DOFAW) provided support for malaise traps and other
logistical assistance. Flint Hughes provided advice and assistance in the field for detecting
changes in nitrogen as well as laboratory facilities and supplies for tracking soil nitrogen. We
thank Angela Beck, John Diener, Kelsie Ernsberger, Lizzy Goodrick, Jonathan Henn, Steve
Kendall, Nolan Lancaster, Sonia Levitt, Danny McCamish, Stacia Near, Josh Pang-Ching, Laura
Petteway, Corinna Pinzari, Linda Pratt, and Travis Soward, for critical help in the field and lab.
Will Haines generously shared his extensive knowledge and observations of Scotorythra
paludicola during the outbreak. J. B. Friday of the College of Tropical Agriculture and Human
Resources, University of Hawai‘i, and others provided helpful observations as the outbreak
spread. We appreciate the encouragement and support of Jim Kraus, Manager, and Steve
Kendall, Biologist, of Hakalau Forest National Wildlife Refuge. Permits for work at Laupāhoehoe
were facilitated by Melissa Dean and Tabetha Block (Hawai‘i Experimental Tropical Forest,
Institute of Pacific Islands Forestry) and Steve Bergfeld (DOFAW). We thank Will Haines and
Steve Kendall for their very helpful comments on an earlier draft of the manuscript.

LITERATURE CITED
Aber, J. D., J. M. Melillo, and C. A. McClaugherty. 1990. Predicting long-term patterns of massloss, nitrogen dynamics, and soil organic-matter formation from initial fine litter
chemistry in temperate forest ecosystems. Canadian Journal of Botany 68:2201−2208.
Baker, P. J., P. G. Scowcroft, J. J. Ewel. 2009. Koa (Acacia koa) ecology and silviculture. General
Technical Report PSW-GTR-211. U.S. Department of Agriculture, Forest Service, Pacific
Southwest Research Station, Albany, CA.
Banko, P. C., and W. E. Banko. 2009. Evolution and ecology of food exploitation. Chapter 7, pp.
159−193 in T. K. Pratt, C. T. Atkinson, P. C. Banko, J. D. Jacobi, B. L. Woodworth
(editors). Conservation biology of Hawaiian forest birds: implications for island avifauna.
Yale University Press, New Haven, CT.
Barton, K. E., and W. P. Haines. 2013. Koa looper caterpillars (Scotorythra paludicola,
Geometridae) have lower fitness on koa (Acacia koa, Fabaceae) true leaves than on
phyllodes. Proceedings of the Hawaiian Entomological Society 45:141−147.
Binkley, D. 1984. Ion exchange resin bags: factors affecting estimates of nitrogen availability.
Soil Science Society of America Journal 48:1181−1184.
Bjørnstad, O. N, A. M. Liebhold, D. M. Johnson. 2008. Transient synchronization following
invasion: revisiting Moran’s model and a case study. Population Ecology 50:379−389.
Camp, R. J., T. K. Pratt, P. M. Gorresen, J. J. Jeffrey, and B. L. Woodworth. 2010. Population
trends of forest birds at Hakalau Forest National Wildlife Refuge, Hawai‘i. Condor
112:196−212.
Christenson, L. M., G. M. Lovett, M. J. Mitchell, and P. M. Groffman. 2002. The fate of nitrogen
in gypsy moth frass deposited to an oak forest floor. Oecologia 131:444−452.
Davis, C. J. 1955. Some recent lepidopterous outbreaks on the island of Hawaii. Proceedings of
the Hawaiian Entomological Society 15:401−403.

78

Dyer, L. A., W. P. Carson, and E. G. Leigh Jr. 2012. Insect outbreaks in tropical forests:
patterns, mechanisms, and consequences. Chapter 11, pp. 219−245 in P. Barbosa, D. K.
Letourneau, A. A. Agrawal (editors). Insect outbreaks revisited. Wiley-Blackwell,
Hoboken, NJ.
Fierer, N., and J. P. Schimel. 2002. Effects of drying-rewetting frequency on soil carbon and
nitrogen transformations. Soil Biology and Biochemistry 34:777−787.
Foote, D., C. Hanna, C. King, and E. B. Spurr. 2011. Efficacy of fipronil for suppression of
invasive yellowjacket wasps in Hawai‘i Volcanoes National Park. Hawai‘i Cooperative
Studies Unit Technical Report HCSU-028, University of Hawai‘i at Hilo.
Funk, J. L., and S. McDaniel. 2010. Altering light availability to restore invaded forest: the
predictive role of plant traits. Restoration Ecology 18:865−872.
Gagné, W. C., and L. W. Cuddihy. 1999. Revised edition. Vegetation. Pp. 45−114 in W. L.
Wagner, D. R. Herbst, and S. H. Sohmer. Manual of flowering plants of. Bishop Museum
Special Publication 97. University of Hawai‘i Press and Bishop Museum Press, Honolulu,
HI.
Giambelluca, T. W., and T. A. Schroeder. 1998. Climate. Pp. 49−59 in S. P. Juvik and J. O. Juvik
(editors). Atlas of Hawaii. Third edition. University of Hawai‘i Press, Honolulu, HI.
Giambelluca, T. W., Q. Chen, A. G. Frazier, J. P. Price, Y.-L. Chen, P.-S. Chu, J. K. Eischeid, and
D. M. Delparte. 2013. Online rainfall atlas of Hawai‘i. Bulletin of the American
Meteorological Society 94:313−316. doi: 10.1175/BAMS-D-11-00228.1.
Giffin, J. G. 2007. A comparison of moth diversity at Kilauea (1911−1912) and Upper Waiakea
Forest Reserve (1998−2000), Island of Hawaii. Proceedings of the Hawaiian
Entomological Society 39:15−26.
Glen, D. M. 2004. Birds as predators of lepidopterous larvae. Chapter 6, pp. 89−106 in H. F.
van Emden and M. Rothschild (editors). Insect and bird interactions. Intercept, Andover,
UK.
Gorresen, M. P., F. J. Bonaccorso, C. A. Pinzari, C. M. Todd, K. Montoya-Aiona, and K. Brinck.
2013. A five-year study of Hawaiian hoary bat (Lasiurus cinereus semotus) occupancy
on the Island of Hawai‘i. Hawai‘i Cooperative Studies Unit Technical Report HCSU-041,
University of Hawai‘i at Hilo. 48pp.
Gruner, D. S. 2004. Arthropods from ‘ōhi‘a lehua (Myrtaceae: Metrosideros polymorpha), with
new records for the Hawaiian Islands. Bishop Museum Occasional Papers 78:33−52.
Haines, W. P., M. L. Heddle, P. Welton, and D. Rubinoff. 2009. A recent outbreak of the
Hawaiian koa moth, Scotorythra paludicola (Lepidoptera: Geometridae), and a review of
outbreaks between 1892 and 2003. Pacific Science:349−369.
Haines, W., and D. Rubinoff. 2009. Recent defoliations of koa forest on East Maui caused by the
endemic caterpillar, Scotorythra paludicola. Abstract presented at the Hawaii
Conservation Conference, 28−30 July 2009, Honolulu, HI.

79

Haines, W. P., K. E. Barton, and P. Conant. 2013. Defoliation of the invasive tree Falcataria
moluccana on Hawaii Island by the native koa looper moth (Geometridae: Scotorythra
paludicola), and evaluation of five fabaceous trees as larval hostplants. Proceedings of
the Hawaiian Entomological Society 45:129−139.
Hanna, C., D. Foote, and C. Kremen. 2013. Short- and long-term control of Vespula
pensylvanica in Hawaii by fipronil baiting. Pesticide Management Science 68:1026−1033
Hart, S. C., and M. K. Firestone. 1989. Evaluation of three in situ soil nitrogen availability
assays. Canadian Journal of Forest Research 19:185−191.
Henneman, M. L., and J. Memmott. 2001. Infiltration of a Hawaiian community by introduced
biological control agents. Science 293:1314−1316.
Henshaw, H. W. 1902. Birds of the Hawaiian Islands, being a complete list of the birds of the
Hawaiian possessions with notes on their habits. Thrum, Honolulu, HI.
Hess, S. C., J. J. Jeffrey, L. W. Pratt, and D. L. Ball. 2010. Effects of ungulate management on
vegetation at Hakalau Forest National Wildlife Refuge, Hawai‘i Island. Pacific
Conservation Biology 16:144−150.
Hines, J. E. 2006. Presence 4—Software to estimate patch occupancy and related parameters.
U.S. Geological Survey Patuxent Wildlife Research Center, Laurel, MD. Available at:
http://www.mbr-pwrc.usgs.gov/software/presence.html Accessed on 25 March 2014.
Hobbie, S. E. 2000. Interactions between litter lignin and nitrogen litter lignin and soil nitrogen
availability during leaf litter decomposition in a Hawaiian montane forest. Ecosystems
3:484−494.
Horiuchi, B., and J. Jeffrey. 2002. Native plant propagation and habitat restoration at Hakalau
Forest National Wildlife Refuge, Hawaii. Pp. 233 in R. K. Dumroese, L. E. Riley, T. D.
Landis (technical coordinators). National Proceedings of the Forest and Conservation
Nursery Associations—1999, 2000, and 2001 (Proceedings RMRS-P-24), U. S.
Department of Agriculture, Forest Service, Rocky Mountain Research Station, Odgen,
UT. Available at: http://www. fcnanet. org/proceedings/2000/horiuchi.pdf
Jacobi. J. D. 1989. Vegetation maps of the upland plant communities on the islands of Hawai‘i,
Maui, Moloka‘i, and Lana‘i. Technical Report 68. Cooperative National Park Resources
Studies Unit, University of Hawai‘i at Mānoa, Department of Botany, Honolulu, HI.
Kessler, A. K. Poveda, and E. H. Poelman. 2012. Plant-induced responses and herbivore
population dynamics. Chapter 5, pp. 91−112 in P. Barbosa, D. K. Letourneau, and A. A.
Agrawal (editors). Insect outbreaks revisited. Insect outbreaks revisited. Wiley-Blackwell,
Hoboken, NJ.
Kuntz, W. A. 2008. The importance of individual behavior to life history and conservation:
breeding and movement biology in the ‘i‘iwi (Vestiaria coccinia). Ph.D. dissertation.
University of Hawai‘i at Mānoa, HI.
Lajtha, K. 1988. The use of ion-exchange resin bags for measuring nutrient availability in an
arid ecosystem. Plant and Soil 105:105−111.
80

Letourneau, D. K. 2012. Integrated pest management – outbreaks prevented, delayed, or
facilitated? Chapter 18, pp. 371−394 in P. Barbosa, D. K. Letourneau, and A. A. Agrawal
(editors). Insect outbreaks revisited. Wiley-Blackwell, Hoboken, NJ.
Lovett, G. M., L. M. Christenson, P. M. Groffman, C. G. Jones, J. E. Hart, and M. J. Mitchell.
2002. Insect defoliation and nitrogen cycling in forests. BioScience 52:335−341.
McDaniel, S., and R. Ostertag. 2010. Strategic light manipulation as a restoration strategy to
reduce alien grasses and encourage native regeneration in Hawaiian mesic forests.
Applied Vegetation Science 13:280−290.
McMartin, B., I. Bellocq, and S. M. Smith. 2002. Patterns of consumption and diet differentiation
for three breeding warbler species during a spruce budworm outbreak. Auk
119:216−220.
Oboyski, P. T., J. W. Slotterback, and P. C. Banko. 2004. Differential parasitism of seed-feeding
Cydia (Lepidoptera: Tortricidae) by native and alien wasp species relative to elevation in
subalpine Sophora (Fabaceae) forests on Mauna Kea, Hawaii. Journal of Insect
Conservation 8:229−240.
Pasquet-Kok, J., C. Creese, and L. Sack. 2010. Turning over a new 'leaf': multiple functional
significances of leaves versus phyllodes in Hawaiian Acacia koa. Plant, Cell and
Environment 33:2084−2100.
Paxton, E. H., T. C. Theimer, and M. K. Sogge. 2011. Tamarisk biocontrol using tamarisk
beetles: potential consequences for riparian birds in the southwestern United States.
Condor 113:255−265.
Pearson, H. L., and P. M. Vitousek. 2001. Stand dynamics, nitrogen accumulation, and symbiotic
nitrogen fixation in regenerating stands of Acacia koa. Ecological Applications
11:1381−1394.
Perkins, R. C. L. 1903. Vertebrata. Pp. 365−466 in D. Sharpe (editor). Fauna Hawaiiensis. Vol.
1, Pt. 4. University Press, Cambridge, UK.
Perkins, R. C. L. 1913. Introduction. Pp. xv–ccxxvii in D. Sharpe (editor). Fauna Hawaiiensis.
Volume 1, part 6. University Press, Cambridge, UK.
Ralph, C. J., and S. G. Fancy. 1996. Aspects of the life history and foraging ecology of the
endangered akiapōlā’au. Condor 98:312−321.
Root, R. B., and N. Cappuccino. 1992. Patterns in population-change and the organization of
the insect community associated with goldenrod. Ecological Monographs 43:393−420.
Russell, C., K. Kosola, E. Paul, and G. Robertson. 2004. Nitrogen cycling in poplar stands
defoliated by insects. Biogeochemistry 68:365−381.
Scholes, R., and S. Archer. 1997. Tree-grass interactions in savannas. Annual Review of Ecology
and Systematics 28:517−544.

81

Scott, J. M., S. Mountainspring, F. L. Ramsey, and C. B. Kepler. 1986. Forest bird communities
of the Hawaiian Islands: their dynamics, ecology, and conservation. Studies in Avian
Biology 9:1−431.
Scowcroft, P. G. 1997. Mass and nutrient dynamics of decaying litter from Passiflora mollissima
and selected native species in a Hawaiian montane rain forest. Journal of Tropical
Ecology 13:407−426.
Scowcroft, P. G., J. E. Haraguchi, and N. V. Hue. 2004. Reforestation and topography affect
montane soil properties, nitrogen pools, and nitrogen transformations in Hawaii. Soil
Science Society of America Journal 68:959−968.
Soil Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture. Web Soil Survey. Available online at http://websoilsurvey.nrcs.usda.gov/.
Accessed [10/14/2014].
Stein, J. D., and P. G. Scowcroft. 1984. Growth and refoliation of koa trees infested by the koa
moth, Scotorythra paludicola (Lepidoptera: Geometridae). Pacific Science 38:333−339.
Swezey, O. H. 1926. Reports on defoliation of Maui koa forests by caterpillars. Hawaiian
Planter’s Record 30:354−362.
Yang, L. H. 2004. Periodical cicadas as resource pulses in North American forests. Science
306:1565−1567.
Yang, L. H., J. L. Bastow, K. O. Spence, and A. N. Wright. 2008. What can we learn from
resource pulses. Ecology 89:621−634.
U.S. Forest Service. 2007. Field data collection procedures for phase 2 plots, Version 4.0.
Volume I. Pp. 1−224 in Forest inventory and analysis national core field guide.
Wolfe, E. W., and J. Morris. 1996. Geologic map of the island of Hawaii. Miscellaneous
Investigation Series, Map I−2524-A, scale 1:100,000. U.S. Geological Survey, Reston,
VA.
Zimmerman, E. C. 1958. Insects of Hawaii, Vol. 7, Macrolepidoptera. University of Hawaii Press,
Honolulu, HI.

82

