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SUMMARY
The invertebrate surveys reported here were carried out as part of ecological studies funded by
the Department of Energy in support of their environmental impact statement (EIS) for the
Hawai'i Geothermal Project. Currently, preparation of the EIS has been suspended, and all
supporting information is being archived and made available to the public. The invertebrate
surveys reported here assessed diversity and abundance of the arthropod and gastropod fauna

in forested habitat and lava tubes in or near the three geothermal resource subzones.
Recommendations for conservation of these organisms are given in this report.

Surveys were conducted along three 100-m transect lines at each of the six forested locations.
Malaise traps, baited pitfall traps, yellow pan traps, baited sponge lures, and visual
examination of vegetation were used to assess invertebrate diversity along each transect line.
Three of these locations were adjacent to roads, and three were adjacent to lava flows. Two of
these lava-forest locations (Keauohana Forest Reserve and Pu'u 'O'0) were relatively remote
from direct human impacts. The third location (Southeast Kula) was near a low-density
residential area. Two lava tubes were surveyed. The forest over one of these tubes (Keokea
tube) had recently been burned away. This tube was used to assess the effects of loss of forest
habitat on the subterranean fauna. An undisturbed tube (Pahoa tube) was used as a control.
Over 26,000 arthropod and gastropod individuals in more than 100 families were evaluated in
these surveys. Approximately 20% of these invertebrate specimens belonged to endemic (see
Table 4, footnote a, for a definition of endemic) taxa (in 36 families). Approximately 70%
were individuals belonging to alien taxa (in 44 families). The remaining 10% were specimens
belonged to taxa of uncertain status (in 34 families).

These surveys showed that the diversity of endemic arthropod and gastropod taxa is greatest in
the relatively intact forest associated with the higher elevations of the Middle East Rift (upper)
geothermal resource subzone. This area also supports the greatest number of native plant
species. While endemic diversity was lower in more disturbed lower elevation locations
associated with the Kamaili (mid-elevation) and Kapoho (lower elevation) geothermal resource
subzones, abundances of alien and endemic arthropods were highest in these areas. For the
lava-tube fauna endemic diversity and abundance was highest in undisturbed Pahoa tube.
Living roots that penetrate into the tubes and form the base of the food chain were five times
more abundant in the Pahoa tube, as compared to the Keokea tube. Thus, loss of forest habitat
is directly related to subterranean ecosystem vitality.

Recommendations offered in this report direct geothermal development away from areas of
high endemic diversity and abundance, and toward areas where natural Hawaiian biotic
communities have already been greatly disturbed. These disturbed areas are mainly found in
the lower half of the Kamaili (middle) geothermal subzone and throughout most of the Kapoho
(lower) geothermal subzone. These recommendation may also generally apply to other
development projects in the Puna District.




INTRODUCTION AND OBJECTIVES

In 1993, the U.S. Department of Energy (DOE) contracted the U.S. Fish and Wildlife Service,
Pacific Islands Ecoregion (Service) to conduct biological surveys of the geothermal resource
subzones on the Island of Hawai'i (Fig. 1). These subzones were designated by the State of
Hawai'i in 1989. Reports from these surveys were to be included in an environmental impact
statement (EIS) being prepared by DOE for the Hawaii Geothermal Project. However, the
DOE has suspended the completion of the EIS (Department of Energy, 1994) following a
declaration by the State of Hawai'i (State of Hawai'i, 1993) that it no longer supported the
Hawai'i Geothermal Project. Currently, the State of Hawai'i supports geothermal
development to meet the energy needs of the Island of Hawai'i only. This report (and the bird
and plant reports prepared by the Service) will be archived by the DOE and will be made
available to the public in public reading rooms in Hawai'i and the mainland. Presented in this
report are new field data on the current status of terrestrial invertebrates in or near the
geothermal resource subzones, and an assessment of the potential impacts of geothermal
development on these invertebrates.

The terrestrial invertebrate fauna of Hawai'i is characterized by its great diversity and its
disharmonic composition. Terrestrial pulmonate and prosobranch snails number about 1000
species (Solem, 1990). The terrestrial arthropod fauna is even more diverse, composed of an
estimated 10,000 (5,312 described) species of insects, arachnids, myriapods and crustaceans
(Howarth and Mull, 1992; Nishida, 1994). Included in the arthropod fauna is a unique
assemblage of cave taxa (Howarth, 1987) that is well represented in the geothermal resource
subzones. This great diversity is disharmonic, being derived from only 15% of the families of
terrestrial insects and 15% of the families of terrestrial snails. Endemism in Hawaiian snails
and arthropods is greater than 95%, and most species have limited distributions, being found
on single islands and often in a single valley or watershed.

The high extinction rate of Hawai'i's terrestrial invertebrates is attributed to loss of habitat
and the introduction of alien predators and competitors. Solem (1990) estimated that between
65-75% of the terrestrial snails of Hawai'i are extinct, with some groups (e.g. Entodontidae
and Amastridae) being 90+ % extinct. These high levels of extinction have resulted from
direct or indirect human activities coupled with some or all of the following biological traits:
high endemism, small geographic distributions, low dispersal capacity, slow growth rates, late
age at first reproduction, and low fecundity (Hadfield and Miller, 1989; Hadfield et al., 1993).

Similar levels of extinction may also apply to native Hawaiian arthropods, although extensive
documentation is not presently available. For instance, of the 35 species of Rhyncogonus
weevils, 69% (24) have been identified by the Service as species that may be in need of
protection under the Endangered Species Act (U.S. Fish and Wildlife Service, 1994). Many
other groups of Hawaiian arthropods are similarly listed by the Service: 53% of the 60 species
of Hylaeus yellow-faced bees, 52% of the 33 species of Eopenthes click beetles, 48% of the 23
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species of Omiodes moths, 46% of the 24 species of Megalagrion damselflies, 44% of the 162
species of Hawaiian Proterhinus beetles, and 32% of the 129 species of Plagithmysus long-
horned beetles. Of the 351 Hawaiian arthropod taxa currently listed as candidates for
protection under the Endangered Species Act, 75 (21%) are considered to be rare or possibly
extinct. This is especially true for Lepidoptera and Hymenoptera, with 65% (22 taxa) and
64% (34 taxa), respectively, being rare or possibly extinct. As with Hawaiian snails,
extinctions among these and other groups of Hawaiian arthropods are attributed to loss of
habitat and alien predators and competitors (Asquith and Messing, 1993; Asquith and
Miramontes, 1994; Gagné and Howarth, 1985).

Terrestrial invertebrates are represented on the Island of Hawai'i by approximately 128 snail
species (Cowie, 1994), 1,700 insect species, and 100 other arthropod species (Nishida, 1992).
These invertebrates make a significant contribution to ecosystem stability by recycling
nutrients, pollinating native plants, and serving as a major food source for birds, bats, and
other invertebrates. Despite the obvious need to study these fauna, only one brief systematic
survey of terrestrial invertebrates has been done in the vicinity of the geothermal subzones
(Nishida and Gagné, 1987). The fauna of Hawaiian lava-tubes (see Materials and Methods for
a brief description of Hawaiian lava tubes) in the Puna District has been well sampled for
taxonomic studies (Howarth, 1973), but surveys of this fauna in the geothermal subzones are
few (McEldowney and Stone, 1991). Studies of invertebrates should be a fundamental part of
assessing habitat vitality and biodiversity.

The objectives of this study were to:

1. evaluate arthropod and gastropod diversity and abundance in the geothermal subzones,
including the composition of lava-tube fauna;

2. assess the impact of road cuts and lava flows on the abundance and diversity of native
and non-native arthropods and gastropods;

3. assess the impact of forest removal on the abundance and diversity of native and non-
native subterranean arthropods;

4. present recommendations for geothermal development that will minimize impacts on
arthropod and gastropod fauna in the geothermal resource subzones.

Quantitative surveys of gastropods and arthropods in the 21,984 acres of the geothermal
resource subzones would require several years of sampling across seasons, elevations, and
habitats. The more limited invertebrate surveys presented here focus on arthropods and
gastropods sampled from eight locations within or near the geothermal resource subzones. Six
forested locations covered the elevation range of the subzones, and two additional locations are
representative of mid-elevation lava-tube communities in the Puna area. Limits on funding,
field time, and data analysis plus restricted land access represented significant constraints in
surveying the invertebrate fauna in these subzones. However, this study provides important
data needed to assess the biological impact of geothermal development, and will add to our
understanding of the composition and dynamics of rift-zone invertebrate species.
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MATERIALS AND METHODS

Sampling strategy and definitions

To accomplish the objectives of this study, invertebrate species were sampled from pairs of
locations (disturbed/undisturbed) in or near each of the lower, middle and upper geothermal
subzones (Fig. 1) and at two mid-elevation lava tubes (locations confidential). Survey
locations were placed at several elevations ranging from 16 m to approximately 700 m,
allowing comparisons along an elevation gradient. The types of human-caused disturbances
selected for study were road cuts and removal of forest over a lava tube. These disturbances
were meant to provide information on the potential effects on invertebrate diversity and
abundance that might result from construction of roads and well pads associated with
geothermal development. Paired locations for the forest surveys consisted of two forested
areas, one adjacent to a road and the other adjacent to a lava flow. Thus, invertebrate
diversity and abundance associated with a man-made disturbance (i.e., a road cut) could be
compared to that associated with a natural disturbance (i.e., a lava flow). The single pair of
subterranean locations were selected to compare invertebrate diversity and abundance in a
disturbed lava tube (i.e., overstory forest removed) to an undisturbed tube (i.e., overstory
forest intact).

For the purposes of this study, a "disturbed" forest location was defined by the presence of a
road-cut next to an otherwise unmanipulated forest. An "undisturbed" location was defined by
the presence of a recent lava flow (1955 or later) next to unmanipulated forest. Three
locations were selected as undisturbed and three locations were selected as disturbed. For
surveys of the subterranean lava-tube fauna, a disturbed location was defined as a lava tube in
which the root system from the overlying forest had been destroyed by removal of the forest.
The forest overlying the single disturbed lava tube selected for study had been burned away in
March 1992. The single undisturbed lava tube selected for study had a well developed root
system from a forest of mixed alien and native plants.

Selection of sampling locations

Access to all of the lands in the geothermal resource subzones was not available. Permission
for access was requested from over 370 landowners in the geothermal subzones. Sixty percent
of these landowners responded to our letters of access. Of these respondents, approximately
79% granted access for biological surveys. However, the Middle East Rift (upper elevation)
geothermal subzone was almost entirely held by a single landowner, who denied access to this
land. Table 1 gives the approximate composition of each subzone and of the areas available
for surveys.




Table 1. Approximate composition of geothermal resource subzones and the areas
available for field surveys; Puna District, Hawai'i, 1994. Areas (hectares) were
estimated from aerial photographs taken during January-March 1992 and January-

March 1993.
Geothermal resource subzones (percent of total area)

Coverage Kapoho Kamaili Middle East
(lower) (middle) Rift (upper)

Total subzone area® 2,977 2,242 3,689
Unforested lava flows 750 (25%) 250 (11%) 130 4%)
Native forest 140 (5%) 1,322 (59%) 3,550 (96%)
Agricultural, urban, etc. 2,087 (70%) 670 (30%) 9 (0.2%)
Area available for surveys® 2,288 (77%) 730 (33%) 35 (1%)
Unforested lava flows 755 (25%) 7 (%) 0 (0%)
Native forest 46 (2%) 540 (24%) 2 (0.1%)
Agricultural, urban, etc. 1,487 (50%) 183 (8%) 33 (0.9%)

a. Total areas for each geothermal subzone were obtained from the State of Hawaii (1989).
b. Access to land was dependent on written permission from the landowner.

Much of the land available for surveys did not meet criteria set for disturbed and undisturbed
study locations. In order to meet these criteria, several locations were near to, but outside the
boundaries for geothermal development (Fig. 1). Specifically, Pu'u 'O'o (a lava-forest
location) and Northeast Kahauale'a (a road-forest location) were outside of the Middle East
Rift (upper elevation) subzone because almost all of this subzone was unavailable for surveys.
These two survey locations are probably ecologically similar to the forest along the upper
boundary of the Middle East Rift subzone. Upper Kau'eleau (a road-forest location) was
within the Kamaili (mid-elevation) subzone, but Keauohana Forest Reserve (a lava-forest
location) was outside of this subzone; land within this subzone that supported an
unmanipulated forest next to a lava flow was not available for surveys. Similarly, Upper
Oneloa (a road-forest location) was within the Kapoho (lower elevation) subzone boundary,
but Southeast Kula (a lava-forest location) was outside the boundary. The disturbed lava-tube
location at Keokea was outside the geothermal boundary, being located south of the boundary
common to the Middle East Rift and Kamaili subzones. The Pahoa tube (undisturbed) was the
most distance from the geothermal subzone, being located approximately 3.5 km north of the
northern boundary of the Kamaili (mid-elevation) subzone. This lava tube extends up into the
Middle East Rift subzone. This upper section of the lava tube was not available for surveys.
Table 2 gives precise location information on the placement of transect lines within each of the
surveyed locations. Botanical characterization of each location is covered in the discussion.
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These selected survey locations correspond to the major habitats identified in the Scope of
Work outlined for the Department of Energy. The 'ohi'a woodland habitat is represented by
Upper Oneloa (lowland wet 'ohi'a/uluhe forest). The 'ohi'a forest habitat, the most common
habitat in the geothermal subzones, is represented by the upper (Pu'u 'O'o and Northeast
Kahauale'a) and mid-elevation (Keauohana Forest Reserve and Upper Kau'eleau) locations.
This habitat is more commonly called lowland wet 'ohi'a forest. The Southeast Kula location
(lowland mesic 'ohi'a forest) represents the mixed lowland forest habitat listed in the Scope of
Work. Lava flows were sampled at the edge of the lava-forest interface at Pu'u 'O'o,
Keauohana Forest Reserve and Southeast Kula, and lava tubes were samples at Pahoa and
Keokea.

In selecting undisturbed locations, we attempted to find unmanipulated forest that was isolated
from roads that might otherwise influence the composition of the invertebrate fauna.
Unfortunately, extensive human activities in the Kapoho (lower elevation) and Kamaili (mid-
elevation) subzones combined with limited access virtually excluded the "best" areas within the
subzones from being surveyed. Consequently, the undisturbed locations in or near these
geothermal subzones were significantly affected by alien species typically associated with
agricultural and residential areas. The undisturbed Pu'u 'O'o location, west of the Middle
East Rift (upper elevation) geothermal subzone, was the most intact section of forest surveyed
and was approximately 2 km north of the most recently active vent (Pu'u 'O'0) of the ongoing
Kilauea eruption.

Disturbed locations were readily found within or near all of the geothermal subzones. The
roads associated with these locations carried light to moderate traffic associated with
agricultural (Upper Oneloa; Kapoho subzone), industrial (cinder quarry; Upper Kau'eleau;
Kamaili subzone), or residential (Northeast Kahauale'a; Middle East Rift subzone) activities.

For surveys of subterranean invertebrate fauna, two lava tube systems relatively near the
geothermal subzones were studied. Hawaiian lava tubes are formed during an eruptive phase
of an active volcano that produces sustained pahoehoe lava flows. Fluid, pahoehoe lava often
forms river-like flows. The sides and upper surfaces of a pahoehoe flow can cool and harden,
forming a tube through which the hotter, fluid lava can be transported for several kilometers.
As the volcanic eruptive phase subsides, the pahoehoe lava within the lava tube empties out.
The tube eventually cools and solidify into stable, elongate geological feature. Lava tubes are
typically several meters in radius with a flat floor that is the remains of the flowing lava river.
For those lava tubes near the surface, roots from 'ohi'a trees and other native vegetation
penetrate into the tube. These roots provide the nutrient base to support a subterranean
community of endemic Hawaiian arthropods. The Keokea lava tube was located during a
helicopter scouting trip that was part of pre-survey activities. This tube most likely originates
in the vicinity of Heiheiahulu, which is located within the lower part of the Middle East Rift
subzone. The Pahoa lava tube is well known. It is estimated to be at least 10 km in length
and extends up into the Middle East Rift (upper elevation) geothermal subzone. Interior
sections of these tubes were used for the subterranean surveys. Lava tubes have traditionally
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been used by Hawaiians as burial sites and are important cultural and archaeological resources.
Consequently, the specific locations of the lava tubes surveyed in this study are available only
upon special request to the U.S. Fish and Wildlife Service and the State of Hawai'i Historic
Preservation Division.

Sampling design

Assessing the diversity and abundance of arthropods and gastropods in the geothermal
subzones required a variety of sampling techniques. The major sampling effort was expended
on arthropods. For each of the six forest locations, three 100-m transect lines were extended
from the edge of the adjacent road or lava flow into the forest. The transect lines were
parallel and separated from each other by approximately 50 m, except at Southeast Kula where
one transect line (C) was set 154° from parallel with the other two transect lines. This lack of
parallel design was necessitated by topographic features.

For each transect line, four types of arthropod traps (malaise, pitfall, yellow pan, and baited
sponges) were set at the 0 m and 100 m sites; these traps are described below. In addition, a
pair of pitfall traps was set up every ten meters along each transect line. Except for the baited
sponges, the arthropod traps were allowed to operate continuously for approximately 54 hours.
The first transect line was set up by 10-11 am the first day of sampling and taken down by 4-5
pm on the third day. Similarly, the second transect line was set up on the second day of
sampling and taken down on the fourth day; the third transect line was set up on the third day
of sampling and taken down on the fifth day. Baited sponges were sampled every morning on
days 2-4.

Arboreal snails and slugs were sampled by counting the number of individuals seen on
vegetation along the length of each transect line and within 3 meters of either side of the
transect line. The leaf surfaces and stems of native and alien tree and bushes were examined,
extending up as high as could be reached from the ground. Each transect line was surveyed
for two hours by two biologists experienced in finding terrestrial and arboreal snails.

Arthropods were sampled in each of the two lava tubes surveyed in this study. Eight sites
were established along a section of each lava tube at locations where root systems penetrated
into the tube. The distance between each site within a tube varied, depending on the
occurrence of roots. In the Pahoa tube, the sites were separated by an average of 58 m (range
of 38-102 m) and covered a total distance of 1,110 m. The average area of each site was 62
m? ( range of 52-78 m?), totaling 520 m?. In the Keokea tube, the sites were separated by an
average of 140 m (range of 30-400 m) and covered a total distance of 408 m. The average
area of each site was 68 m? ( range of 42-95 m?), totaling 544 m?. Each lava tube was
surveyed twice. The first survey was done on the first visit to each tube. Following the first
count at each site, bean and alfalfa sprouts, rolled oats, and blue cheese were placed at 9-12
places within a site. In addition, four pit-fall traps (see below) were set at each of sites 1, 5,
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and 8 in the Keokea tube and sites 1, 6, and 8 in the Pahoa tube. Each site was surveyed a
second time 72 hours later.

On each of the visits to the lava tubes, timed counts were conducted by a biologist experienced
in the identification of Hawaiian lava tube fauna. Each site was surveyed for 20 minutes,
during which time all accessible surfaces, including roots, were examined and the number of
individuals of each observed species were recorded.

Arthropod trapping methods

Terrestrial insects were sampled at the 0 and 100 m sites using four different methods.
Standard malaise traps were used to intercept flying insects; these preferentially sampled
Lepidoptera, Diptera, and Hymenoptera. Two yellow pan traps (22 x 27 x 7 cm) were set
under each of the malaise traps. The yellow color of the trap attracted flying insects into
water/surfactant (i.e., Photoflow) held within the trap. Pitfall traps were made of plastic cups
(0.5 liter) one-third filled with water/surfactant and baited with a smear of blue cheese on the
inside wall of the cup. These were set into and flush with the ground or set among the lava at
the 0 m sites and in the lava tubes. These traps captured ground dwelling arthropods and were
set every ten meters along each transect line or at the first, last, and middle sites in each lava
tube. Sponges (15 x 9 x 2.5 cm) were baited for drosophilid flies and tacked up on the north
face of trees. Two sponges were set at each of the 0 m and 100 m sites. Each sponge
received two baits, one on the left half and the other on the right half of the sponge. The
banana bait, meant to attract introduced fruit flies, was a mixture of banana-tapioca baby food
and baker's yeast that had ripened overnight. The other bait, meant to attract Hawaiian
picture-wing drosophilids, was a mixture of chopped mushrooms, water, and baker's yeast that
had ripened for 5-7 days. Flies attracted to these baits were counted each morning, after
which the baits were refreshed. Two additional trapping methods identified in the Scope or
Work (baited bucket traps and hand netting) were not employed due to lack of time and the
large sample sizes obtained from the other trapping methods.

Sample preservation and identification of taxa

Samples from each type of trap at each site were maintained separately. For each of the 0-m
and 100-m sites, there were one malaise sample, one yellow pan sample (from two yellow pan
traps) and one pitfall sample (from two pitfall traps). Additionally, there was one pitfall
sample (from two pitfall traps) every ten meters between the 0-m and 100-m sites. Additional
miscellaneous specimens were taken, when needed, from the sponges. All snails and slugs
that were encountered were identified in the field. Samples were initially preserved in the
field with 70% methanol. Upon return to the laboratory, the samples were rinsed with
freshwater, and leaves, stems and other extraneous material were removed. Each sample was
preserved in 70% ethanol. All collected specimens were curated by the entomological staff at
the B. P. Bishop Museum, Honolulu, Hawai'i.
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All arthropod specimens were identified by the entomological staff of the Bishop Museum,
Honolulu. Terrestrial arthropods were mainly identified from collected specimens by D.
Preston. Cave arthropods were identified by F. Howarth during field surveys and from a few
collected specimens. Limited funding prevented the identification of all the large number of
arthropod specimens collected during these surveys. Several groups of samples have not been
included in this report or the analysis of the data. These include all of the malaise, yellow
pan, and pitfall samples from two of the disturbed locations (Upper Kau'eleau and Northeast
Kahauale'a), and the pitfall samples from the 10-90 m transect line sites at the four additional
forest locations (southeast Kula, Upper Oneloa, Keauohana Forest Reserve, and Pu'u '0'0).
Completion of the analyses of these data depends on additional funding.

Botanical characterization of the surveyed locations

Each of the six forest locations and the area overlying the two lava tubes were characterized
by their plant assemblage. Plants within a five meter radius of each 10 m sampling site were
identified by a botanist (M. Bruegmann of the U.S. Fish and Wildlife Service) along each of
the 100 m transect lines. A qualitative assessment of species dominance was made at each
site. Visual estimates were also made for canopy height and percent canopy cover. Plant
species and relative abundance for each transect line are given in Appendix 1.

Plants growing in the vicinity of the lava tubes were identified and percent cover was
estimated for the more common species. In the area of the Keokea tube, the composition of
three 440 m? quadrats of the burned forest was contrasted with the composition of three 440
m? quadrats from a nearby (400 m to the north) unburned area of the same tract of forest.

RESULTS

Botanical characterization of the forested survey locations

Alien plant species were found at all locations, and accounted for more that half of the plants
seen at the lowest (16 m, Southeast Kula) elevation examined (Table 3). Higher elevation
locations contained more native species, which accounted for 60-70% of all plant species at the
highest elevations surveyed. The diversity of native species increased from 14 species up to
32 species with increasing elevation. Alien species decreased from 20 species down to 17
species with increasing elevation. For all plants species, the greatest diversity (54 taxa) was
observed at a mid-elevation location (Upper Kau'eleau, 314 m).

Lava-forest locations (Southeast Kula, Keauohana Forest Reserve, and Pu'u 'O'o) were not
richer in native species than the three road-forest locations (Table 3). However, middle
(Keauohana Forest Reserve) and upper (Pu'u 'O'0) elevation lava-forest locations did have
fewer alien plant species than the road-forest locations at similar elevations (Upper Kau'eleau
and Northeast Kahauale'a).
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The two low elevation locations were low stature (3-5 m), open (23-46% cover) forests that
lacked a subcanopy (Table 3). The lowest of these, Southeast Kula (lava-forest location), was
characterized as a lowland mesic 'ohi'a forest with 59% alien plant species. The other low
elevation location, Upper Oneloa (road-forest location), was a lowland wet 'ohi'a/uluhe forest
with 56% alien plant species. In both these forests, 'ohi'a (Metrosideros polymorpha) is the
only native canopy species (Table 4). At Southeast Kula three alien trees (Clusia rosea,
Schefflera actinophylla, and Schinus terebinthifolius) also occupy canopy space. At Upper
Oneloa strawberry guava (Psidium cattleianum) holds canopy space.

The four remaining forested locations were all characterized as lowland wet 'ohi'a forests with
a medium to high (7-32 m), closed (76-86% cover) canopy and a low subcanopy (Table 3).
The mid-elevation road-forest location at Upper Kau'eleau was comprised of 56% alien plant
species. The highest elevation road-forest location, Northeast Kahauale'a, contained 35%
alien plant species. This difference between these two locations was due to an increase in
native species and an decrease in alien species at the higher elevation location. The two
remaining lava-forest locations were comprised of mostly native plants; 63 % native at the mid-
elevation Keauohana Forest Reserve, and 65% native at the higher elevation Pu'u 'O'o.

The forest canopy at the four lowland wet 'ohi'a forest locations has not be invaded by alien
trees; 'ohi'a dominates at all four locations and is accompanied by 'olapa (Cheirodendron
trigynumy) at the two upper elevation locations (Table 4). Diversity at these forest locations is
greatly enhanced by a rich assemblage of subcanopy (4-8 species) and understory (16-26
species) plants at a given location.

Pulmonate gastropods observed during the surveys

The native arboreal snail fauna was completely absent at low (Southeast Kula, Upper Oneloa)
and mid-elevation (Keauohana Forest Reserve, Upper Kau'eleau) locations. Four alien slugs
(two Deroceras sp., two Limax maximus) and two alien snails, both Euglandina rosea, were
found at Upper Kau'eleau, and an third specimen of E. rosea was found at Southeast Kula.
Euglandina rosea is a predator of snails and slugs.

At the two upper elevation locations some native arboreal snails were encountered. The road-
forest location at Northeast Kahauale'a had low numbers of Succinea sp., mainly on the
endemic plant Broussaisia arguta (kanawao); a total of 9 specimens were counted along the
three 100-m transect lines. Numerous alien slugs were also seen at this location and several
were taken in the pitfall traps; eight Deroceras spp. (either laeve, the marsh slug, or
reticulatum, the gray garden slug), four Limax maximus (spotted garden slug), and seven
Veronicella cubensis (2-lined slug) were seen along the three transect lines.

No alien snails or slugs were seen or collected in pitfall traps at the lava-forest Pu'u 'O'o
location, which is the most isolated of the six forest locations. The abundance of Succinea sp.
at this location was 40 times higher than that at Northeast Kahauale'a, with a total of 120

17




panunuod

9T -6 —ig -1V uolle  pIyoIo punoid surdifiiyq vivoyd siiop3oyivds
€T -9 4D —~f9g -1V ualfe (0) eaend Arragqmeng wnuv1a11I02 Wp1sd
6E €% ‘D A €11V ua|[e piy210 ooquueg vijofiunuvid vupunty
6C €:L¢D 109 76V usie 98paswioorg snandia uododospuy
¥ -1 -fgg -~ {9y  snouaSipur 19y vi10fip102 sidajoydapN
oy 11D 769 STV piliieiniel (0) v, 140, vydiowjod sosapisorsapy
9z €%% ‘D -~fLg - {L ¢y snouaSiput nn, B, v0fissn3up vULLVYIDIN
€S 88D Or‘or‘d 9°¢1‘vy  snouaSipug aynn Suvauy) su3dounoiq
(1s210] aynjn/e_14o _ 19/ PUB[MO] ‘UOIIEIO] IS9I0J-PEOI ‘W O] UOHEBAI[S) eoppuQ 1addp
A -fg ¢ —~Ltg -~y usie vIS10quUNy) 9AIYM suvi3vyf miaquny
LI R Ate) zic'g 16V usie auou vijofionn viaydivikyovss
61 -~$9 -fr'g -9ty uole  pryoro punoid surdiyg vivond si1o18oyvds
ré&s -1 D 169 101V usle (o) A112q seunsLyD snyofiyniiqalar snuiog
L1 - —~$6‘d -9ty usije (o) 991 sndoyoQ vjikydouttov via1ffoyog
61 - BTN : | -ty uole (o) 9a1 ydeaony Dasot visny)
0z R Ate) I1‘9¢g 1401V usife a8paswoorg snanndaia uododospuy
€ 18 €:gg 01V olurapu9 eV, *ds vruza00551M
€T -~ -~igiq 26y snouagipur u1aj WNLMUPU2d010IS SNL0SOIDUAY ]
g€ 16D ci11'g 701y snoualipur u19) vijofipL02 sidajorydan
op SII D Lir'g 1411V JJwopua (@) =,ly0, vydiowjod solapisosapy
0z -9 —~igg -1y snouaSipur snyany vqoj1Ly SNIN220D)
(15910J ®,1YO, JISSWI PUB[MO[ ‘UOIIEIO] ISI0J-BAE[ ‘WI Q] UONBASJR) B[y *H'S

(JueurwIOp SB SIS JO JaquInu (os = Adoueogns
oPn[EA ¢pardnao0 saNIs JO JoquInu $joasuelr) snjels ‘9 = Adoueo) SuIeld JYUUIS

SourUIIIOq par Is JO Iaq e Quat
9JUAIINII0 sa10ads QWIBU UOWWOD)

*(T x1puaddy 995 ¢/ X 9NJEA 9JUBRUNIOP) UOUIIOD 3q 03 PAISPISUOD
QIoMm SIS 9} JO 191renb € URY) SIOWI B JUBUIWOP 2IaMm Jey saroads jueld 10 SS)Is g€ 91 JO J{BY URY) SI0UI I8 U3as saroads
e[y “p66T ‘I.TemMeH “10INSI Bung s9eI1qajroAul oy pajdures sourf 109suen} Suoe punoy sjue[d UOUIUOD JSO ‘b SR

*Ne

18




panunuo9

61 R e - fcig -~y usije  pyoro punoi8 ourdiiuyd vvond sy1o18oyrods
62 -6  -org o1V uole (3s) eAeng L11oqmeng wWnuvI1Iv WNIPISy
LT -6 -1 g -9y ugqe sse1d joyseqg snjpa1a1y snuauisydo
9Z - g9 -f6'd -6 'V ualfe QUIO)SB[OW qNIYS wWnpIpuvI DUOISOIIN
€€ aadd A 70 TR § (1 : GRS § 1" JIWopU (0s) omido, SISUIOMDY DUIOYILST
7€ -1 -—-a1g o1 tv OIuapus UI0)  SISUINDMDY °IeA DIDI[DX2 SidajoLydaN
bE =1 19 11V JIuIapu () =10, vydiowljod solapisosiapy
¥T -9 -=-491'9g -~ {L 'Y snouaSipur a1,9], D2.10q4D D114
€C - -~ {9iq —-igty plliichlie] (0s) n,ndey wnonvy3d wnyoqr)
(359105 ®,140, J9M PUB]MO] ‘UOIIBDO] 1S910J-PEOI ‘W ] ¢ UOIIBAD[9) nead,ney Jaddn
(ol i Rie) uale 1A E) vousvavd s1421dK1ay [
0z -9 -6 ‘q -6 Y usife  piyoxo punoad surdyyg vivond sio18oyivds
0z =L -pig -6V uaije A11aqa[quuny g, snijofisor snqnyy
GZ 19 1¢L°dg 78'V uare (0s) eaeng A11oqmens WNUDIAIIIDO WIPISy
81 - —~fcig -6V ualfe PIYd210 ooqueg vijofiunupid vuipunty
17 =T TiLd (AR Jluspud 132 A 4N ds vpuaosYIM
ST -9 18— ‘01‘V OIWOpU (0s) oxido . SISUSNDMDY D1I0YILST
6€ 9:0I D 7019 6%V olwI9pu9 U1  SISUINDMDY ‘XA DIDIIDX2 StdajodydaN
LE €% ‘D Z11 9 €1 'Y JIIopu9 (0) v,140, vydiouifjod soLapisosapy
€1 e R | - ¢y  snouaSipur ssowt "ds wnf1qoona
2 19 AR I | 19 %y  snoualipur (0s) 21,9], 1200940 v
0z - -0:g -1 Y snouaZipur anyanyy pqoj1ig SniNnI20Y)
LT €ig 19 -3y JIWIpU (os) n,ndey wnonvyd wn1oqi)
(3s210] ©,140, 19M PURIMO] ‘UOIEIO] 1SAI0J-BAR] ‘WI /7 UOHBAD[S) JAXISAY 7S940, BUBYONELI|

(Jueurop se sa)Is Jo Joquinu (0s = Adomeoqns
a9UIEA ‘pardi H smeis 0 = £doueo) aureu 9HNUSIOS

SoueuImo Ppardnooo salIs Jo Jequinu 1oasuer) . nuat
: 90UL1INDJ0 $9109dS QUIBU UOWIUIO))

"pINUBU0) “p 3[qeL

19




*JUBUIWIOP SE SIS JO JOqUINU -+ S9JIS JO IQUINU :UWIN{0O ,99UIIIND0 s919adg, wolg *q

*90UR)SISSE UBLINT INOYIIM 1,IEMBH UI POALLIE JO [ lemel

Ul PAAJOAD Jayite Ay A9y} ‘sa10ads ueliemel] snouadipu pue SIWApua Yloq 10, °SPUR[S] UBHIEMEL] 9Y} JO 9pISINO (Spuejst dijtoed Apisour)
SeaIe JI9Y)0 Ul pue SPUE[S] UBlleMel] 9} Ul punoj a1e saroads snousSipu] ‘spuels] ueriemely 9y} ur A[uo punoj ssroads a1e saroads onwuapuy ‘e

ov 01 ‘01 ‘D -6 -1V uaI[e (35) eAend A1roqmens WnUD12]1I02 WMIPISy
yC -1 D - i8iq -9ty JIUIAPUD (9s) oxj1do, SISUNIDMDY DILIOYILST
1% €ITD  T111'g 14114V JIWISPU (0) &40, vydiowjod sosapiso.apy
9z -%6 D ~6'd - gty JIWwopu9 ayo. vjikydoyonsip auyovsy
9z -1 -6 ‘g - {L 'y  snouaSipur (9s) 21,9, 02.00q40 DYoUIIL24y]
1€ YD S0t | 78y  snoualipur ayngn Suvau suaidouvonq
61 101D —-g 1Y oIWapua (os) n,ndeyg wnonvyd wnnoqr)
€ -~ -6 'd -ty JIWIpUd (9) edejO, wnuksrp uotpuapo.1ay)
¥Z -6 -8 -y oIuwIapud oemeuey] A0IN84p vISIDSSHOLY
(159103 ®©,10, 1M PUB[MO] ‘UOIIBIO] ISAI0J-PEOI ‘W G/ UOHEBAI[Q) B d[eneyey “A°N
81 0S¢ 09‘qg 0°LVY uolfe nuasta1ad vuvdaq
1¢ 145D 18¢g 0%9 'y uslfe sse18 oI umnfuoo wmppdsvd
€Z 19¢ 18¢g I1{9¢y  snouaSipur u19j vij0fip109 sidajoydaN
0S 911 ‘D 811 'g €T 'Y OIWIAPUS (9) v,140, vydiowdod sotapisodsapy
81 0¥ D 08:g 09y JIUIOPUS (0s) BuRyIyOW O[0NO]OY vijofitsnyo adosiapy
9% 98D 9:8:g 96y  snouagipul ayn[n Suvauyy suadouvionq
61 0% D 0% ‘g 0:!6°V OIWI9pU9 Tem ByQ, vuopfindod viuoutia)
LT 001 D 09 €3y oluIspus (os) n,ndeyy wnonvy8 wnyoq1)
T 001D 0°s‘d 09y JIWIpU? () edejo, wnukS1ey uoIpuapoL1YD)
8T 06D 19019 08y JIwapua oemeuey] i3y vISwssnoLg
(159105 ®©,140, 19M PUB[MO] ‘UOIIBIO] IS2I0J-BAB] ‘WX €7/, UOHEAJ[) 0,0, N,ng
(QueuruIop sk Sa)Is JO JaquInu (os = Adoueoqns

L ‘pardnaoo s93Is JO Jaquunu $)oasuely) SHEeIS ‘9 = Adoueo) Qwreu JIJIIUAI0S

JoUBUIWO] : ’ T

99UA1INIJ0 S9102dS

Qureu uowuwo)

"paNuUu0) “p AqEL,

20




snails observed along the three transect lines. Three small native snails belonging to the genus
Auriculella sp. were also observed. As at Northeast Kahauale'a, almost all of these native
snails were living on Broussaisia arguta.

Arthropods sampled during the surveys

Arthropods identified from the six sample locations totaled 25,899 individuals in 94 families
(Table 5). Twenty percent of these specimens (5,110 in 36 families) are from species that are
endemic to Hawai'i. Specimens of alien species accounted for 69% (17,863; 44 families) of
the total, and specimens of uncertain status accounted for the remaining 11% (2,926; 34
families). For all samples combined, the abundance of individuals was inversely correlated
with the elevation of the sampled location (Table 5); 42% of all specimens were from
Southeast Kula (elevation 16 m), 31% were from Upper Oneloa (elevation 108 m), 12% were
from Keauohana Forest Reserve (elevation 227 m), and 11% were from Pu'u 'O'o (elevation
723 m). The remaining 4% of specimens were native and alien drosophilid flies sampled at
Upper Kau'eleau and Northeast Kahauale'a (see below). The diversity of arthropods was
fairly uniform across the sampled locations (Table 5 and Appendix 2). Southeast Kula had 81
taxa in 57 families, Upper Oneloa had 77 taxa in 62 families, Keauohana Forest Reserve had
66 taxa in 49 families and Pu'u 'O'o had 87 taxa in 60 families.

The greatest numbers of endemic arthropod individuals were seen at the two lower elevation
locations (Appendix 2). Samples from Southeast Kula had 1,437 individuals (17 taxa, 16
families), and samples form Upper Oneloa had 1,713 individuals (25 taxa, 22 families).
Mestelobes spp. moths (Lepidoptera, Crambidae) accounted for 47 % (676 individuals) of the
endemic Kula species; 32% (465 individuals) belonged to the dipteran family Sciaridae; total
Diptera accounted for 44% (in 9 taxa) of the all the endemic specimens from Kula (Table 6).
At Upper Oneloa, 82% (1,406 individuals in 10 taxa) of the endemic specimens were Diptera
(Appendix 2). Forty-one percent (704 specimens; Table 6) of the endemic Oneloa sample
were from a single species of ceratopogonid fly (Forcipomyia, probably hardyi). Sciarid flies
represented 23 % (388 individuals) of the endemic Oneloa sample.

Keauohana Forest Reserve (elevation 227 m) and Pu'u 'O'o (elevation 723 m) had fewer
endemic individuals (951 and 868, respectively) but more endemic taxa (26 and 39,
respectively) and families (23 and 29, respectively) than the lower elevation locations at
Southeast Kula and Upper Oneloa. As for the lower elevation locations, endemic flies
dominated the samples from Pu'u 'O'o and Keauohana. At Keauohana, 52% (10 taxa in 9
families) of the endemic sample were flies, mostly (37%) Forcipomyia sp. The hemipteran
caseate Alares sp. was also commonly taken at Keauohana (21 % of the endemic specimens), as
were Mestelobes spp. (12% of the endemic specimens). At Pu'u 'O'o 15 taxa of endemic flies
represented 60% (524 individuals) of the sample of endemic arthropods. However, unlike the
four other locations, no single species dominated the sample; the most common fly (13% of
the specimens) was Forcipomyia sp. (Table 6). Unidentified hemipteran psyllids were the
largest group (26 % of the endemic sample).
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For endemic drosophilid flies, all but 13 of the 267 individuals seen during the surveys were
counted while they fed at mushroom-baited sponges. Over half (59%) of these endemic
drosophilid flies belonged to the Scaptomyza group (157 individuals), and the remaining 110
individuals were picture wing Drosophila, including tanythrix (76 individuals), ochracea (29
individuals), and sproati (5 individuals). No native drosophilid flies were seen at the lowest
elevation location, Southeast Kula (Appendix 2), and were seen in very low numbers (a total
of 5 Scaptomyza spp.) at Upper Oneloa (elevation 108 m, road-forest) and the Keauohana
Forest Reserve (227 m, lava-forest). Thirty-two flies were recorded at the Kau'eleau location
and the remaining 230 individuals were almost equally divided between the two highest
locations, Pu'u 'O’0 (723 m, 120 flies) and Northeast Kahauale'a (725 m, 110 flies). At
Kau'eleau and Northeast Kahauale'a, both road-forest locations, approximately two-thirds of
the flies (69% and 66 %, respectively) were seen at the 100-m sites. This contrasts with
observations at Pu'u 'O'o, a lava-forest location, where flies were equally abundant at the 0-
meter (59 flies) and 100-meter sites (61 flies).

The number of alien arthropods caught in the traps was greatest at the lower elevation
locations (Table 5, Appendix 2). Southeast Kula yielded the largest alien sample with 8,160
individuals (42 taxa in 30 families) representing 74% of the entire Kula sample. The sample
from Upper Oneloa had 5,672 individuals (39 taxa in 27 families) representing 71% of the
total Oneloa sample. Most of these alien arthropods were ants (9 taxa, 81% of the alien Kula
sample; 7 taxa, 29% of the alien Oneloa sample) and flies (12 taxa, 15% of the alien Kula
sample; 10 taxa, 67% of the alien Oneloa sample). The abundance of alien arthropods was
much lower at the Keauohana Forest Reserve and at the Pu'u 'O'o location. At Keauohana,
the 1,752 alien individuals (25 taxa in 20 families) sampled were 40% ants and 45% flies. At
Pu'u 'O’'o, only two alien ants were taken, and the 1,429 alien individuals were predominately
(93%) alien flies. At all locations where they occurred, ants were mainly represented by the
long-legged ant (Anoplolepis longipes), and flies were mostly Drosophila belonging to the
suzukii group.

Of the 17,853 alien specimens, 51% (9,081; 35% of the grand total) were ants and 39%
(6,983; 27% of the grand total) were fruit flies (Table 5). Most (72%) of the ants observed in
these surveys were long-legged ants (Anoplolepis longipes, Table 6), and most (91%) were
found at the two lower elevation locations; 73% (6,621) were from Southeast Kula and 18%
(1,671) were from Upper Oneloa. Although Southeast Kula is a lava-forest location, low
density residential housing is common in the general vicinity area. Upper Oneloa is a road-
forest location adjacent to agricultural land. The number of ants captured at the Southeast
Kula forest edge (0-meter sites) was 4.75 times higher than the count form the 100-meter
forest site (Table 6). This relationship did not hold for Upper Oneloa or Keauohana Forest
Reserve (a lava-forest location). At Upper Oneloa, the 100-meter forest site yielded almost
twice as many ants (1,077) as the O-meter site. At Keauohana, the two sites had similar
number of ants and total 787 specimens. The lava-forest location at Pu'u 'O'o was virtually
free of ants (Table 5), yielding only two specimens from the forest edge.

28




Alien Drosophila fruit flies were the dominant fly at all of the surveyed locations. Overall,
these flies were equally common at the 0-m and 100-m sites (Table 5). Almost all of these
flies were counted when they came to feed at the banana-baited sponges; a small number were
also taken in malaise traps. Approximately half of the 6,900+ specimens taken were from the
Upper Oneloa (road-forest) location, which is adjacent to agricultural land; the flies were
equally distributed between the O-meter and 100-meter sites at this location and at the
Keauohana Forest Reserve (530 specimens). The high (Pu'u 'O'o) and low (Southeast Kula)
elevation lava-forest locations yielded similar numbers of flies (1,186 and 1,008, respectively).
However, at the higher location 73% of the flies were from the O-meter site, compared to 29%
at the lower location. At the two remaining road-forest locations, alien flies were most
abundant at the O-meter road sites (Appendix 2), but were comparatively uncommon
(Kau'eleau, 155 flies, 75%, at the 0-m site; Northeast Kahauale'a, 435 flies, 68%, at the 0-m
site).

Species of uncertain status represented 8-20% of the arthropods sampled for each of the six
forested locations (Table 5). Southeast Kula had the highest number of individuals of
uncertain status (1,383; 22 taxa in 22 families), and most of these specimens were moths (46%
of the uncertain status Kula sample). At Upper Oneloa, 666 specimens of uncertain status
were represented by 26 taxa in 24 families; most were entomobryid collembola (36% of the
uncertain status Oneloa sample). The lowest number of uncertain status arthropods were taken
at the Keauohana Forest Reserve. The 297 individuals represented 15 taxa in 15 families. At
the Pu'u 'O'o location, 31% of the 580 individuals (25 taxa in 24 families) were beetles
belonging to the family Staphylinidae.

Botanical characterization of the lava-tube forests

The plant assemblage growing over the two surveyed lava tubes was mainly comprised of alien
species with low diversity (Table 7). Root systems penetrating into the Pahoa lava tube were
probably from three alien and two native tree species including 'ohi‘a, which was once the
dominant forest tree in this area. The main ground cover in this area of the lava tube was
Melastoma candidum, which might also send roots into the lava tube. At the Keokea lava
tube, the main ground cover was also an alien plant, the broomsedge Andropogon virginicus.
This location was covered by an 'ohi'a/uluhe forest prior to a forest fire in March 1992. At
this time, very few of the 'ohi'a remain alive; two live and 120 dead trees were found within a
440 m? quadrat (Table 7). However, an additional 65 'ohi'a within this quadrat were
sprouting new growth from the base of the tree trunk.

The live 'ohi'a tree roots were the primary nutrient source for cave invertebrates in the Keokea
lava tube; the death of these trees has greatly reduced the food base for this food web. A
comparison of the root systems of the Pahoa and Keokea lava tubes (Table 8) shows that while
the total abundance of roots in each of the tubes was very similar (28/100 m? at Keokea,
34/100 m? at Pahoa), 77% of the roots in the Keokea tube were dead versus <2% in the
Pahoa tube.
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Table 7. Most common plants found over the Pahoa (undisturbed) and
Keokea (disturbed) lava tubes; Puna District, Hawai'i, 1994.

Scientific name Common name Status® Percent cover®
Pahoa lava tube®
Metrosideros polymorpha 'Ohi'a endemic 1%
Psychotria hawaiiensis 'Opiko endemic 1%
Melastoma candidum none alien 70%
Nephrolepis multiflora fern alien 1%
Psidium cattleianum Strawberry guava alien 10%
Keokea lava tube’
Metrosideros polymorpha 'Ohi'a endemic 2%
Albizia lebbeck Siris Tree alien <1%
Arundina graminifolia Bamboo orchid alien 10%
Andropogon virginicus Broomsedge alien 70%
Psidium cattleianum Strawberry guava alien 1%

Unburned forest upslope of the Keokea lava tube®

Dicranopteris linearis Uluhe indigenous 70%
Machaerina angustifolia "Uki'uki endemic 2%
Metrosideros polymorpha 'Ohi'a endemic 15%

a. Endemic species are species found only in the Hawaiian islands.. Indigenous
Hawaiian species are found in the Hawaiian Islands and in other areas (mostly Pacific
islands) outside of the Hawaiian Islands. For both endemic and indigenous species,
they have either evolved in Hawai'i or arrived in Hawai'i without human assistance.

b. Approximate value was visually determined.

c. Presently, 2 mixed exotic wet shrubland; historically, probably a lowland wet
'ohi'a/uluhe forest.

d. Presently, a mixed exotic wet shrubland; prior to a 1992 fire, this was a lowland wet
'ohi'a/uluhe forest. The main nutrient source for this cave fauna was live 'ohi'a
roots. The present condition of these trees were assessed in three 440 m* quadrats.
Of the 187 ‘ohi'a trees in these quadrats, 120 (64%) were dead, two were alive, and
65 (35%) had new shoots sprouting from the base of the dead tree trunk. These latter
trees will require an extended period of growth before new roots can re-establish
themselves in the lava tube.

e. This forest previously extended over the area of the Keokea lava tube. Presently, it is
a lowland wet 'ohi'a/uluhe forest. The condition of the 'ohi'a trees that dominate this
area were assessed in three 440 m? quadrats. Of the 199 'ohi'a trees in these
quadrats, 198 (99%) were alive. A lava tube under this intact forest cover would be
expected to have 3 times more roots (198 + [65+2]) than the Keokea lava tube is
expected to have after all of the live 'ohi'a trees remaining over it have re-grown
deep roots. The Pahoa lava tube currently has 5 times more live roots than the
Keokea lava tube in its current condition (see Table 8).
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Table 8. Site location and subterranean root structure in the Pahoa (undisturbed) and
Keokea (disturbed) lava tubes; Puna District, Hawai'i, 1994.

Site location Subterranean roots®
(meters from tube (f=flushing roots, p=root patch, h=hanging roots,
entrance; m? sampled) a=attached root; roots/100 m’)
Site Keokea  Pahoa Keokea tube Pahoa tube
tube tube Living Dead Living Dead
1 230;72 415;52 0 12h, >30h; 58 10a, 5h; 29 0
2 660; 70  466; 75 3th, 2ph; 7 12h, 1a; 19 5a, 14h; 25 0
3 1,020; 42 517; 52 1fh; 2 12h; 29 8h; 16 3a; 6
4 1,125; 60 555; 69 0 la, >3pa; 7 11a, 4h; 22 0
5 1,250; 95 657;70 12fh; 13 1h; 1 8h, 3fa; 16 0
6 1,280; 84 704; 69 12fh, 3fpa; 18 >10a; 12 18a, 27h, 3pa; 70 O
7 1,310; 63  777; 55 0 11h, >10a; 33 13a, 21h; 62 0
8 1,340; 58 823; 78 1fh, 1fa; 3 11h, 2a; 22 14a, 10h; 31 0
Total; 544 m?, 520 m?%; 35; >116; 174, 3;
average® 68 m* 62 m? 5 23 34 1

a. Flushing root = new, white root that has not developed an outer bark; root patch = numerous short
roots hanging from ceiling and wall cracks or spreading as a patch across a rock surface; hanging root
= root emerges from the ceiling but does not reach the floor or wall and is less accessible to most cave
invertebrates; attached root = root extends from ceiling to floor or wall, or lies along the ceiling or
wall,

b. Total area of all sites; average area per site. Total number of roots at all sites; average root density
(per 100 m?).

Arthropods sampled or observed in lava tubes

A list of the invertebrate taxa encountered during the lava-tube surveys is given in Table 9. A
list of all known lava-tube species that have been observed in the Puna District is given in
Appendix 3. Of the 24 taxa seen in the two lava tubes, 13 were endemic, nine were alien, and
two were of uncertain status. Of the endemic taxa, nine were considered to be obligate lava-
tube (i.e., hypogean; troglobite) species. Four additional endemic taxa were troglophiles,
living and reproducing in lava tubes but also found in surface (epigean) habitats. Only one of
the alien taxa was classified as a troglobite (the spider Nesticella mogera). Seven of the
remaining alien taxa were troglophiles and one (the snail Subulina sp.) was an accidental
occurrence that is typically found in surface habitats.

Overall, diversity (Table 9) was highest in the undisturbed Pahoa tube, with 11 endemic taxa,
eight alien taxa, and one taxon of uncertain status. Although diversity was 25% lower in the
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Table 9. Invertebrates observed in the Pahoa (undisturbed) and Keokea (disturbed) lava
tubes; Puna District, Hawai'i, 1994.

Scientific name

Lava tube affinity,

taxon group, (unbaited, baited®)

Number of individuals

Number of sites®
(unbaited, baited®)

trophic niche* Keokea Pahoa Keokea  Pahoa
Endemic taxa
Caconemobius sp. A TB, cricket, S 0, 11, 28 0,4 5,8
Caconemobius sp. B TB, cricket, S — 0,1 —_— 0,1
Cavaticovelia aaa TB, water treader, P 4,0 — 1,0 ——
Forcipomyia pholetor TB/TP, midge, S 3,6 18, 13 1,2 6,7
Limonia sp. TP, crane fly, B 18, 13 0,1 3,1 0,1

near jacobus
Lycosa howarthi TB, spider, P —_— 1,0 —_ 1,0
Nannolene sp. TP, millipede. S 0,8 0,2 0,3 0,2
Oliarus polyphemus TB, planthopper, PHY 2,0 244, 158 2,0 8,8
Phytosciara volcanata TP, fly, S 0, 11 — 0,1 —
Psychodidae TP, moth fly, S —_ 1, — 1,0
Sinella yosiia TB, springtail, S —— 7,20 — 5,7
Schrankia sp. A TB, moth, PHY 4,3 9,8 1,3 3,3
Tachys sp. TB, beetle, P 0,1 1,2 0,1 1,2
near arcanicola

Alien taxa
Entomobryidae TP, springtail, S 0,4 0,3 ,3 3,0
Geoplana septumlineata TP, flatworm, S —_— 0,1 0,1
Nesticella mogera TB, spider, P —— 0,2 —_— 0,2
Nicoletia meinerti TP, bristle tail, S — 2,2 —_— 2,2
Onychiurus folsomi TP, springtail, S 1,5 —_— 1,2 —_—
Oxidus gracilis TP, millipede, S 1,1 2,1 1,1 1,1
Phoridae TP, coffin fly, S —_ 1,12 —_— 1,5
Porcellio sp. TP, isopod, S - 1,72 2,1 1,7 2,1
Subulina sp. ACC, snail, S —_— 0,1 —_— 0,1
Uncertain status
Collembola spp. 7, springtail, S 47, 163 12,9 4,6 2,1
Rhagidiidae TB?, mite, P 0,6 — 0,3 —

a. ACC, accidental, animal that wanders into lava tubes but cannot survive there; B, scavenger that feeds on
mineral precipitate/bacterial slime on the cave walls; P, predator; PHY, phytophage that sucks fluids from
live plant roots hanging inside the lava tube; S, scavenger that feeds on dead plant and/or animal material;
TB, troglobite, species that is obligate to hypogean lava-tube habitats; TP, troglophile, species that lives
and reproduces in lava tubes but is also found in epigean (surface) habitats; TX, trogloxene, species that
uses lava tubes for shelter but feeds in the epigean environment.

b. After the first of two visits per tube, each site was baited with blue cheese, bean sprouts and oatmeal.

¢. Number of sites where each taxon was seen; there were eight sites sampled in each lava tube.
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disturbed Keokea tube, most of this decline was due to a lack of alien species; nine endemic
taxa, four alien taxa, and two taxa of uncertain status were seen in this tube.

More dramatic differences were seen in the abundance of endemic and alien lava-tube species.
In the undisturbed Pahoa tube, 327 endemic and 27 alien individuals were seen; an additional
12 springtails were of uncertain status. In the disturbed Keokea tube, 58 endemic and 82 alien
individuals were seen. Six mites and 163 springtails, both of uncertain status, were also seen
in the Keokea tube. These uncertain taxa are comprised of very small individuals, and we
estimate that they constitute much less than 1% of the total lava tube biomass. Thus, endemic
abundance in the Pahoa tube 2.6 times greater than in the Keokea tube. Alien arthropods are
three times more common in the disturbed Keokea tube than in the undisturbed Pahoa tube.

An assessment of the abundance of taxa and individuals in the lava tubes showed that the
undisturbed Pahoa tube supported more taxa and individuals (Table 10). The disturbed
Keokea tube supported 1.3 endemic taxa and 0.7 alien taxa per 100 m?* of rooted substrate.
This is compared to 1.7 endemic taxa and 1.3 alien taxa in the Pahoa tube. Abundance was
8.5 endemic and 15.1 alien individuals per 100 m* in the Keokea tube. In the Pahoa tube,
56.2 endemic and 4.0 alien individuals were seen per 100 m?. Thus, in the Pahoa tube, the
densities of endemic and alien taxa were 31% and 46% higher, respectively, that in the
Keokea tube. The density of endemic individuals in the Pahoa tube was 6.6 times (561 %)
higher than in the Keokea tube. However, the density of alien individuals in the Pahoa tube
was 74% lower than the density of alien individuals in the Keokea tube.

DISCUSSION

The data accumulated during these surveys can be used to assess arthropod and gastropod
diversity and abundance in forested areas and lava tubes associated with the geothermal
subzones. These data also allow for an assessment of the effects of loss of forest cover on
lava-tube fauna. However, a full assessment of the impacts of roads on invertebrate diversity
and abundance could not be completed for this report. To achieve this goal, data on
invertebrate diversity and abundance was collected at paired locations at similar elevations;
one location was adjacent to a road and one location was removed from the influence of
roadways. Funding restrictions have prevented the analysis of the two locations (Northeast
Kahauale'a and Upper Kau'eleau) that represented the road-forest samples. Consequently, a
more definitive statement on the effects of roads on invertebrate diversity will have to await
later analysis of this data. Nevertheless, an understanding of patterns of faunal (and floral)
diversity and abundance presented in this report can help direct conservation actions and
development activities in a manner that will optimize the preservation of natural resources.
The following discussion further characterizes the distribution of terrestrial arthropod and
gastropod diversity and abundance in the geothermal resource subzones of the Puna District,
Hawai'i, and concludes with recommendations for the conservation of this d1ver51ty in the face
of future growth and development.

33




Table 10. Diversity and abundance of invertebrates in the Pahoa (undisturbed) and Keokea
(disturbed) lava tubes; Puna District, Hawai'i, 1994.

Lava-tube fauna?

(number of taxa; number of individuals)
Site Keokea tube® Pahoa tube
Unbaited visit Baited visit Unbaited visit Baited visit
Native Alien Native Alien Native Alien Native Alien
1 2; 18 0; - 4; 30 ;1 7; 33 1;1 5;28 3;4
2 1;1 1;1 2;2 1;1 4;79 1;1 7; 57 2;4
3 2;5 0; -- 0; - 1; 4 2; 14 0; - 4;9 3;5
4 1;1 1;1 2;2 2;12 3,27 3;4 4;24 1;1
5 0; - 1;1 2: 4 2; 16 2; 14 0; -- 4; 22 1;1
6 2;6 0; - 2; 3 2;20 3; 15 3;3 6;24 0; -
7 0; — 0; - 2;4 1;20 5; 37 0; — 4; 24 2;:4
8 0; -- 0; -- 1;1 3;8 4; 73 1;1 5;45 1;1
Totals® 5; 31 3;3 7; 46 4; 82 8;292 5;10 9; 233 7; 20

per 100 m?* 0.9;5.7 0.6;0.6 1.3;85 0.7;15.1 1.5;56.2 1.0;1.9 1.7,;44.6 1.3;4.0

a. Excludes rhagidiid mites (6 seen in the Keokea tube) and unidentified Collembola (63 seen during the unbaited
visit and 163 seen during the baited visit in the Keokea tube; 12 seen during the unbaited visit and 9 seen
during the baited visit in the Pahoa Tube) that are of uncertain native/alien status. These two groups have a
minimal effect on overall animal biomass in the lava tube.

b. Includes crane flies, which found in dryer areas of lava tubes. Keokea tube: 18 crane flies seen during the
unbaited visit and 13 seen during the baited visit, all at site 1. Pahoa tube: one crane fly was seen at site 8.
The surveyed section of Pahoa tube lacks the drier conditions preferred by these crane {flies.

c. The visit with the highest number of individuals at each site was used to determine the maximum number of
individuals seen in each tube. For the Keokea tube, 58 endemic individuals, 82 alien individuals, and 169
individuals of uncertain status were seen. For the Pahoa tube, 327 endemic individuals, 27 alien individuals,
and 12 individuals of uncertain status were seen.

Diversity and abundance of arthropod taxa

The data collected during this study indicate that the diversity of alien arthropod taxa increased
with decreasing elevation (Table 11A). The greatest difference was between the lowest
(Southeast Kula, 16 m elevation) and highest (Pu'u 'O'o, 723 m elevation) locations; alien taxa
were almost twice as common at the lower elevation location (an increase of 83% over that of
the higher elevation location). The decrease in alien diversity with elevation was paralleled by
an increase in endemic diversity with elevation. Again, the greatest difference was between
the lowest and highest locations; endemic taxa were more than twice as common at the upper
elevation location (an increase of 129% over that of the lower elevation location). Total
arthropod diversity (alien plus endemic taxa) was greatest at Pu'u 'O’'o, the highest elevation
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Table 11. Comparisons of arthropod diversity (number of taxa) and abundance (number of
individuals) between pairs of surveyed locations; Puna District, Hawai'i, 1994. The 0-m and
100-m sites are summed. Values for columns are to the left of the slash; values for rows are
to the right of the slash. Values above and below the blank diagonal (dashes) are for different
subsets of arthropods, as indicated.

Location (elevation) S.E. Kula? U. Oneloa® Keauohana Pu'u 'O'o?
(16 m) (108 m) F.R.° (227 m) (723 m)

A. Location diversity endemic taxa

Southeast Kula (16 m) e 251717 26/17 39717

Upper Oneloa (108 m) 42739 — 26/25 39/25

Keauohana F. R. (227 m) 42 /25 39/25 —— 39726

Pu'u 'O'o (723 m) 42 /23 39/23 25723 —

alien taxa

B. Total location diversity (all taxa®)

Upper Oneloa 81/77 —

Keauohana F. R. 81/66 77166 —

Pu'u'O'o 81787 77187 66 / 87 ——

C. Location abundance endemic taxa

Southeast Kula — 1,713 /1 1,437 951 / 1,437 868 / 1,437

Upper Oneloa 8,160/ 5,672 — 951/1,713 868 /1,713

Keauohana F. R. 8,160/ 1,752 5,672/1,752 —— 868 / 951

Pu'u 'O'o 8,160/1,429 5,672/ 1,429 1,752 7 1,429 ——

alien taxa

D. Location abundance: alien taxa without ants and alien Drosophila flies
alien taxa without ants and Drosophila flies

Southeast Kula — 582 /531 435 /531 2417531
Upper Oneloa 1,539 / 4,001 — 435/ 582 241/ 582
Keauohana F. R. 1,539 / 965 4,001 / 965 — 241/ 435

Pu'u 'O'o ‘ 1,539/1,429 4,001/ 1,427 965 / 1,427 —

alien taxa without ants

E. Total location abundance (all individuals', all sites)

Upper Oneloa 10,980/ 8,051 ——

Keauohana F. R. 10,980 /3,000 8,051/ 3,000 —

Pu'u 'O'o 10,980 /2,877 8,051/2,877 3,000 /2,877 —
a. Southeast Kula: lava-forest location, lowland mesic 'ohi'a forest; residential area nearby.

b. Upper Oneloa: road-forest location, lowland wet 'ohi'a/ulube forest; adjacent agriculture.

c. Keauohana Forest Reserve: lava-forest location, lowland wet 'ohi'a forest.

d. Pu'u '0's: lava-forest location, lowland wet 'ohi'a forest.

e. Includes all endemic taxa, alien taxa, and taxa of uncertain status.

f. Includes all individuals from endemic taxa, alien taxa, and taxa of uncertain status.
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location (Table 11B). Intermediate elevation locations (Keauohana Forest Reserve and Upper
Oneloa) had the lowest diversity of taxa, and Southeast Kula, the lowest location surveyed,
had a taxon diversity almost as high as that observed at Pu'u 'O'o.

Diversity of arthropods along an altitudinal gradient have been studied on the Island of
Hawai'i by Gagné (1979, 1980), Mueller-Dombois ef al. (1981), and Gon (1978). The report
presented in Mueller-Dombois ef al. (1981) is the same as Gagné (1979); the latter only will
be referenced below. Most of the data in these studies are not directly comparable to the data
presented in this report; the Gagné and Gon surveys were conducted at higher elevations than
the current surveys, were in distinctly different forest types, and focused on more limited or
distinct assemblages of arthropods. Nevertheless, general trends in these studies are useful in
gaining a broader view of overall trends in species diversity and abundance in the Puna
District, Island of Hawai'i.

Gon (1978) reported an overall decrease in the numbers of endemic families of night-flying
insects with increasing elevation (585 m up to 1690 m) in a south Kona forest; there was a
small but consistent increase in diversity at the 1440-m site where the mesophytic forest
abruptly changes to a xerophytic scrub forest. By contrast, Gagné (1979, 1980) reported an
increase in the number of endemic canopy-associated arthropod species with increasing
elevation (15 m up to 2440 m). This was accompanied by a decrease in the diversity of alien
canopy-associated species. Two peaks in total species diversity were observed at mid-
elevation sites (1195 m and 1280 m) and were associated with the only closed canopy 'ohi'a
forest in the survey. Gagné attributed these peak abundances to canopy closure, which
ameliorated the effects of persistent rain-bearing trade winds and offered more sheltered
microhabitats. Gagné's study was in the vicinity of the geothermal surveys but focused at a
much higher elevation fauna.

The trends that Gagné observed for endemic and alien species diversity are similar to those
observed in our geothermal surveys of the geothermal subzones. In our surveys, total
abundance (i.e., the total number of individuals sampled) of arthropods decreased with an
increase in elevation (Table 11E). As with arthropod diversity, the greatest difference in total
abundance was between the lowest (Southeast Kula, 16 m elevation) and the highest (Pu'u
'0'0, 723 m elevation)i"Southeast Kula had an abundance that was more than 3.5 times higher
(282% higher) than the abundance at the Pu'u 'O'o location. The most similar locations were
the two most isolated lava-forest locations; abundance at the Keauohana Forest Reserve was
4% higher than the Pu'u 'O’o..

These general trends in abundance also held for endemic arthropods and for alien arthropods
(Table 11C). For the latter group, Southeast Kula (the lowest location) had the highest alien
abundance and exceeded the least abundant location (Pu'u 'O'0) by more than 5.5 times
(471%). The highest endemic abundance was seen at Upper Oneloa (108 m elevation), which
is a road-forest location adjacent to an agricultural area. Endemic arthropods were 49% more
abundant at Oneloa than at Pu'u 'O'o, which had the lowest abundance of endemic taxa. As
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with total abundance, the locations most similar in abundance of alien or endemic arthropods
were the two most isolated lava-forest locations (Keauohana Forest Reserve and Pu'u 'O'0).

Based on these observations, geothermal development would have lesser impacts on native
species diversity and abundance in low elevation areas where endemic diversity is lowest.
Lower elevation forested areas, such as Upper Oneloa, Kau'eleau, Keauohana Forest Reserve,
and, to a lesser extent, Southeast Kula, should be excluded from development since these
relatively small tracts of forest can still support significant native arthropod communities. For
instance, Nishida and Gagné (1987) surveyed terrestrial arthropods in the vicinity of Pahoa
and Kea'au in the lower Puna District. During these brief surveys, they reported 44 native
species, three of which were new endemic species, and 73 alien species, eight of which were
new to Hawai'i. These lower elevation forests derive additional value from two other facts:
they represent an increasingly rare Hawaiian ecosystem, and they are the only remaining
habitat for invertebrates that are restricted to low elevation locations.

Impacts of ants on arthropod diversity and abundance

The high abundance of a few taxa of ants (all of which are alien in Hawai'i) and alien
Drosophila flies at lower elevations in the Puna District added a significant bias to the
interpretation of the data on alien abundance. These two groups accounted for approximately
90% (51% ants and 39% Drosophila flies) of the alien arthropod individuals seen during the
surveys. Table 11D shows how alien abundance is affected when these two groups are
excluded from the data. Exclusion of individuals in these taxa leads to nearly even alien
abundances at the lower (Southeast Kula and Upper Oneloa) and mid-elevation (Keauohana
Forest Reserve) locations. Exclusion of alien Drosophila flies greatly reduced the estimate of
alien abundance at the high elevation Pu'u 'O'o location (83 % reduction). This reduction
resulted in an estimate of alien abundance that was approximately two times (45-69 %) lower
than that observed at the lower and mid-elevation locations (Table 11D).

While the impact of alien Drosophila flies on native Hawaiian biota appears to be minimal,
ants, all of which are alien to Hawai'i, have been implicated as a major cause for decreased
native abundance and diversity (Howarth, 1985; Howarth and Medeiros, 1989). Cole et al.
(1992) showed that the presence of the Argentine ant (Iridomyrmex humilis) was associated
with a loss of endemic arthropod diversity in a high-elevation (2000 m) shrubland. This
negative impact was demonstrated for a wide range native arthropod taxa, including key
predator species and native species that are major pollinators of native shrubs and herbaceous
plants. A significant aspect of the Cole et al. (1992) study was the distribution of the
Argentine ant. Ant populations were adjacent to the only road leading into the study area
(Haleakala National Park).

Gillespie and Reimer (1993) showed that the presence of three ant species was associated with
a reduction or complete absence of endemic Hawaiian Tetragnatha spiders. They also
demonstrated that two of these ants, Pheidole megacephala and Anoplolepis longipes, are
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highly effective at attacking, dismembering, and killing native spiders. Alien spiders tolerate
the presence of ants by using a variety of behaviors that are not used by native spiders to fend
off ant attacks (Gillespie and Reimer, 1993). Anoplolepis longipes is the major ant species in
the geothermal resource subzones.

Observations that establish a significant relationship between roadways and the occurrence or
dispersal of ants or other alien organisms are particularly relevant to geothermal development
or other development projects. Roadways, whether temporary or permanent, can provide
routes of access for alien taxa that would otherwise be far less likely to disperse into these
areas. Trails into native forest can also be avenues of dispersal. An example of this near the
Middle East Rift (upper elevation) geothermal subzone can be seen along the Captain's Trail
into the Kahauale'a Natural Area Reserve. Alien plants occur along the beginning of this trail,
decreasing in numbers as the trail penetrates further into the Reserve. Deep in the Reserve,
these alien plants occur in numbers at pig wallows where seeds dispersed by the pigs can get
established along the disturbed edges of the wallows.

In some cases, preventing dispersal or controlling population sizes of particularly devastating
alien species, such as ants and wasps, may protect the native arthropod fauna in a given area.
These actions would have to be long term because it is unlikely that the alien species of
concern would ever be permanently extirpated from an area; remaining populations will
continue to disperse along roads and trails and attempt to repopulate protected areas. Where
roadways are an unavoidable component of development, actions that control dispersal and
population sizes of destructive alien species could represent a significant mitigation effort.
This may be especially effective for development projects in which the roads would carry
limited traffic, as would be anticipated for a geothermal development project.

Diversity and abundance of lava-tube fauna

Lava tubes are one of the unique subterranean habitats in the Hawaiian Islands (Howarth,
1987). An assessment of the trophic niches occupied by the lava-tube taxa indicates that a
breakdown in ecosystem structure can result from a loss of root nutrients to support the food
web. The major nutrient source for Hawaiian lava-tube ecosystems is derived mostly from the
roots of 'ohi'a trees (Metrosideros polymorpha) that penetrate into the lava tubes (Howarth,
1973). Phytophagous cave arthropods extract nutrients from the living roots. Scavenger
arthropods utilize the dead tree roots or feed on other dead organisms. These phytophagous
and scavenger arthropods in turn support a small assemblage of arthropod predators (Howarth,
1981).

In the disturbed Keokea lava tube, the death of approximately 77% of the living roots (Table
8) has greatly shifted the trophic structure away from that observed in the undisturbed Pahoa
tube. At Pahoa, phytophagous insects are represented by two endemic species (no alien
phytophagous species occur the either lava tube). This is less than 11% of the total diversity
of this lava tube (Table 9). However, these same two species represent more than 71% of the
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observed individuals in the tube. In the Keokea tube, only six phytophagous individuals were
seen, representing 4% of the observed fauna. Scavengers in the Keokea tube were more
abundant than at the Pahoa tube, and were mostly (64 %) alien troglophile species; endemic
scavengers were more abundant and more diverse in the undisturbed Pahoa tube. Predator
abundance and diversity were almost identical in both tubes.

It is apparent that the trophic structure of the disturbed Keokea lava tube no long utilizes live
roots and phytophagous arthropods, but instead relies on the next trophic level, the
scavengers, as the base of energy into the ecosystem. The immediate consequences of this
shift in the base trophic web are apparent in the loss of total abundance (down by 60%) and

_ diversity (down by 31%), and especially in the loss of endemic abundance (down by 82%) and
diversity (down by 18%).

Recovery of the Keokea tube fauna may occur if new growth can re-establish roots into the
lava tube. Not all of the Keokea overstory of 'ohi'a was killed by the March 1992 fire; 35%
of the burned trees had new shoots growing from their bases. However, the presence of alien
plants will greatly slow the recovery of this area of burned forest. This, in turn, will curtail
the recovery of the lava-tube fauna. A lava tube under an adjacent area of unburned forest
would be expected to have 3 times more roots than the Keokea lava tube is expected to have
after all of the live “ohi"a trees remaining over it have re-grown deep roots (see Table 7).
The fauna of the Pahoa tube is currently supported by S times more live roots than are
presently found in the Keokea lava tube.

Pulmonate gastropods and the native flora

The surveys for native spails in the Puna District were limited to arboreal species. These
surveys showed that the remaining native snail fauna are confined to upper elevation locations
(Northeast Kahauale'a and Pu'u 'O'0). Lower elevation locations were complete devoid of
arboreal snails, but did support the alien predatory snail Euglandina rosea, and other alien
snails and slugs. Euglandina has been shown to be a major causative agent in the continuing
loss of native snail populations and species (Hadfield et al., 1993), and has undoubtedly played
a major role in the decline of native snails in the lower Puna District. Loss of native plant
species used by arboreal snails has also significantly contributed to the loss of native snails at
the low and mid-elevation locations. Changes in microclimatic conditions associated with the
dissection and removal of large tracts of native forest may also contribute to the long term
degradation of native snail habitat. Comparatively large, intact tracts of predominantly native
forest, along with the absence of alien snail predators, appear to be required in order to sustain
native snail populations. Appropriate tracts of forest are found in the wet 'ohi'a forest of the
upper elevation locations (Upper Kahauele'a and Pu'u 'O'0). These areas are still composed
of older, species-rich vegetation with a closed canopy and diverse native subcanopy. The flora
composition of the upper elevation locations was approximately 70% native taxa and thus
forms better habitat for native arboreal snails. Much of the area in the Kapoho (lower
elevation) and Kamaili (mid-elevation) geothermal subzones has been tranformed from forest
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to agricultural or residential uses (Table 1). Historically, these subzones were mesic to wet
‘ohi'a forests growing on relatively young lava flows. These forests were mostly open-
canopied, with widely spaced trees of fairly uniform size and an uluhe fern carpet between the
trees. Extensive development in the Puna District has converted these native woodlands into
mixed lowland forests composed of highly fragmented stands of exotic canopy and understory
plant species mixed with native 'chi'a, lama and hala trees. Alien plant species constitute
about 60% of the plants in the surveyed locations (Table 3).

RECOMMENDATIONS

The following recommendations for geothermal development are based on observations and
data collected during the invertebrate surveys; they may also apply to other industrial,
residential, or agricultural development in the area. Impacts that are unique to geothermal
development, such as emissions from wells and electromagnetic field effects associated with
transmission lines, were not addressed by these surveys. However, if the following
recommendations are followed, these impacts on invertebrate organisms will be minimized.

In general, it is recommended that any geothermal development in the Puna District be
directed away from areas of high endemic diversity and abundance, and toward areas where
unique Hawaiian natural resources have already been greatly disturbed. These disturbed areas
are mainly found in the lower half of the Kamaili (mid-elevation) geothermal subzone and
throughout most of the Kapoho (lower elevation) geothermal subzone.

1. The Middle East Rift (upper elevation) geothermal subzone should be excluded from
geothermal development until biological surveys can be completed within this area. Field data
from locations near the upper boundary of this subzone indicate that native invertebrate species
may still dominate the higher elevations of this subzone. Helicopter overflights and vegetation
mapping (see the geothermal botanical report) indicate that these high elevation areas are still
largely covered by intact native forest. Importantly, the upper elevation locations surveyed in
this study were the only locations that retained a native assemblage of snails. These snail
populations may also occur in the upper section of the Middle East Rift geothermal subzone.
If future surveys show that these native arthropod and gastropod species are present in the
upper geothernal subzone, then this area should be excluded from future development.

Previous botanical surveys have shown that lower elevation areas of this subzone have been
significantly affected by alien plants. Despite the disturbance to native flora, the invertebrate
surveys indicate that a substantial native arthropod fauna may remain in these less-than-pristine
areas. The lower elevation sections of this subzone should also be left intact to serve as an
important buffer zone to further invasion of the more native upper sections of forest. This will
help maintain the natural composition and integrity of the upper forest ecosystem.
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2. Remaining stands of 'ohi'a forest in the Kapoho (lower elevation) and Kamaili (mid-
elevation) geothermal subzones should be excluded from plans for geothermal development.
As discussed in this report and in the previous recommendation, these areas still support
substantial populations of endemic invertebrates.

3. Where geothermal development is near a stand of forest, mitigation for roadways, well
pads, and transmission corridors should be part of the development project. These associated
structures are avenues for dispersal of alien organisms including ants, which are especially
destructive to endemic invertebrates. The fact that there are no native ant species in Hawai'i
and the unique social behavior of ants may lead to effective local control of these aliens.
These actions should be ongoing for the life of the project, should include frequent assessment
and, when necessary, modification of mitigation actions, and should extend into post-project
rehabilitation of geothermal project sites.

4, Areas that are developed for geothermal resources and then abandoned as the resource is
depleted should be recovered to their natural condition. This applies to roadways, well pads,
transmission corridors and other areas disturbed by development activities. These restoration
efforts will help prevent further long-term loss of native biodiversity.
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Appendix 3. Invertebrates observed in the lava tubes of the Puna District, Hawai'i, 1994.
_— e

70

Scientific name Affinity for lava tubes® Status Family
Arthropoda
Agrotis spp. TX moth endemic Noctuidae
Anisolabis howarthi TB earwig endemic Carcinophoridae
Ageneta Meioneta sp. TB spider endemic Linyphiidae
Astigmata - unidentified TP mite endemic?
Caconemobius sp. A TB cricket endemic Gryllidae
Caconemobius sp. B TB cricket endemic Gryllidae
Caconemobius sp. C TX cricket endemic Gryllidae
Caconemobiu fori TX cricket endemic Gryllidae
Caconemobius varius TB cricket endemic Gryllidae
Cavaticovelia aaa TB water treader endemic Mesoveliidae
Cryptostigmata TB/TP mite endemic? Cryptostigmatidae
Drosophila sp. TB/TP fruit fly endemic Drosophilidae
Erigone stygius TB spider endemic Linyphiidae
Forcipomyia pholetor TB/TP midge endemic Ceratopogonidae
Foveacheles tenorioae TB? mite endemic? Rhagidiidae
Hawinella lava TB springtail endemic Entomobryidae
Hypocala velans TX moth endemic Noctuidae
Ischnothyreus sp. A TB spider endemic Oonopidae
Lepidoptera sp. TB/TP crambid? moth endemic Crambidae ?
Limonia sp. near jacobus TP crane fly endemic Tipulidae
Limonia sp. TX/ACC crane fly endemic Tipulidae
Linyphiidae, Genus ? sp. A TP spider endemic Linyphiidae
Linyphiidae, Genus ? sp. B TB spider endemic Linyphiidae
Lithobius ? sp. TB centipede endemic Lithobiidae
Lycosa howarthi TB spider endemic Lycosidae
Megascelia sp. TP coffin fly endemic? Phoridae
Nannolene sp. TB millipede endemic Camballidae
Neanura hawaiiensis TB springtail endemic Hypogastruridae
Nesidiolestes sp. TB thread-legged bug endemic Reduviidae
Nesioneta ? sp. A TB/TP spider endemic Linyphiidae
Nesioneta ? sp. B TP spider endemic Linyphiidae
Nesomedon sp. TB? rove beetle endemic Staphylinidae
Oliarus polyphemus TB planthopper endemic Cixiidae
Oliarus spp. ACC planthopper endemic Cixiidae
Oonopinus sp. A TB? spider endemic? Oonopidae
Oonopinus sp. A TB? spider endemic? Oonopidae
Oonops ? sp. TB spider endemic? Oonopidae
continued




Appendix 3. Continued.
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Scientific name Affinity for lava tubes® Status Family
Arthropoda - continued
Papuaphiloscia laevis TB isopod endemic Philosciidae
Peridroma spp. TX moth endemic Noctuidae
Phytosciara volcanata TP fly endemic Sciaridae
Psychodidae - unidentified TP moth fly endemic Psychodidae
Sinella yosiia TB springtail endemic Entomobryidae
Schrankia sp. A TB moth endemic Noctuidae
Schrankia sp. B TP moth endemic Noctuidae
Schrankia spp. TP moth endemic Noctuidae
Sciaridae - unidentified TP sciarid fly endemic Sciaridae
Tachys sp. near arcanicola TB/TP? beetle endemic Carabidae
Thaumatogryllus cavicola TB cricket endemic Gryllidae
Thaumatogryllus sp. TB cricket endemic Gryllidae
Theridion sp. TB spider endemic Theridiidae
Tylparua sp. TP keroplatid fly endemic Keroplatidae
Tyrannochthonius howarthi TB pseudoscorpion endemic Chthoniidae
Achaearanea tepidariorum TP spider alien Theridiidae
Anoplolepis longipes TX long legged ant alien Hymenoptera
Culex quinquefasciatus TX mosquito alien Culicidae
Diplonevra peregrina TP coffin fly alien Phoridae
Eidmanella pallida TP spider alien Nesticidae
Entomobrya multifasciata TP springtail alien Entomobryidae
Folsomia candida TP springtail alien Isotomidae
Geococcus coffeae TP coffee mealybug alien Pseudococcidae
Haematoloecha rubescens ACC red and black bug alien Reduviidae
Indjapyx sharpi ? TP Diplura alien Japygidae
Leptocera abdominiseta TP fly alien Sphaeroceridae
Limonia Perkinsi TX/ACC crane fly alien Tipulidae
Megascelia scalaris TP coffin fly alien Phoridae
Nesticella mogera TB spider alien Nesticidae
Nicoletia meinerti ? TP bristle tail alien Nicoletidae
Onychiurus folsomi TP springtail alien Onychiuridae
Oxidus gracilis TP millipede alien Paradoxosomatida
Periplaneta americana TP cockroach alien Blattidae
Pheidole megacephala TX big headed ant alien Hymenoptera
Philoscia sp. TP isopod alien Philosciidae
Phoridae sp. TP coffin fly alien Phoridae
Porcellio dilatatus TP isopod alien Porcellionidae
continued
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Appendix 3. Continued.

Scientific name Affinity for lava tubes*  Status Family
Arthropoda - continued
Porcellio laevis TP isopod alien Porcellionidae
Porcellionides pruinosus TP isopod alien Porcellionidae
Psocoptera - unidentified .TP barklice alien?
Rhopalosiphoninus TP green root aphid alien Aphididae
Rhytidoporus indentatus TP cydnid bug alien Cydnidae
Salina celebensis ACC springtail alien Entomobryidae
Sciaridae - unidentified TP sciarid fly alien Sciaridae
Scolopendra subspinipes TP/ACC centipede alien Scolopendridae
Scytodes longipes TP spider alien Scytodidae
Sinella caeca TP springtail alien Entomobryidae
Smeringopus elongatus TP spider alien Pholcidae
Smeringopus pallidus TP spider alien Pholcidae
Styloniscus mauritiensis TP isopod alien Styloniscidae
Symphyla - unidentified TP symphylans alien
Synthesiomyia nudiseta TX flesh fly alien Muscidae
Talitroides topitotum Tp amphipod alien Talitroides
Annelida - unidentified TX/ACC earthworms alien
Rhynchocoela (Nemertina)
Argonemertes dendyi TP/ACC ribbon worm alien Prosorhochmidae
Platyhelmenthes
Bipalium kewense TP flatworm alien
Geoplana septumlineata TP flatworm alien
Mollusca
Euglandina rosea ACC snail alien Spiraxidae
Oxychilus alliarius ACC snail alien Zonitidae
Subulina sp. ACC snail alien Subulinidae

a. ACC, accidental, animal that wanders into lava tubes but cannot survive there; TB, troglobite, species
that is obligate to hypogean lava-tube habitats; TP, troglophile, species that lives and reproduces in lava
tubes but is also found in epigean (surface) habitats; TX, trogloxene, species that uses lava tubes for
shelter but returns to the epigean environment for food.
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