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ABSTRACT

Habitat fragmentation, invasive species, and shifting climate regimes are major threats to
island ecosystems. Hawaiecosystems have been largely transformed since human
colonization, with fragmented uplandrésts remaining important refugia for natomganisms.
HawaiianDrosophilarepresent a large radiation of nearly 1@d@emic species, including a
number of endangered and declining species. These endemardlimsportant indicator species
for ecosysem change, tending to be sensitive niche specialists. | examined a network of 28 lava
fragmented forestsKipuka”) on Mauna Loa to determine the effect of fragment size, presence
of invasive rats, and seasonal changes in microclimate on the abundamatged@rosophila
tanythrix, D. silvestris, D. sproatiandD. murphyi,and the exoti®. suzukii All flies responded
positively to increasing kipuka area. Rat exclusion had a significant and mostly positive impact
on both native and exot@rosophilaabundances, but the effect varied with individual species,
suggesting that rats may amplify the impact of predatoi@3rosophilaor predate them directly,
but also affect other nodes in the community. Increddimgkaisolation from surrounding
forest tenled to benefiDrosophila,perhaps due to release from competitors. Exotic flies
represent the vast majority of Drosophilids observed in skiyallka and significantly
outnumbered natives in dipukabefore crashing in the winter. In contrast, natiesfwere
more abundant in winter, and rare pictwieg species were found almost exclusivelkipuka
larger than 2.5 hectares. Overall, it appears that habitat fragmentation and invasive species
disrupt HawaiiarDrosophilacommunities the rarest sgcies require largeipukaand the
absence ofats.D. suzukiimay be replacing nativerosophilain smallerkipuka but appear
maladapted télawaii's cold winterst higker elevatiors. This dynamic could tip in favor d.
suzukiias temperature isoclineBmb upslope with global climate change.



INTRODUCTION
The synergistic effects of athropogenic disturbances:

A suite of anthropogenic forces threatens the world's biodiversity. Habitat degradation,
such as landise change and other landscafierations, is the most commortited cause of
species extinction and endangermédurgevitch & Padilla 2004Clavero & GarciaBerthou
2005 Didham et al. 2007 However theintroductionof exotic organismsito naive ecosystems
has also received cadsrable attention in the literature, and many argue"thaasive speciés
present an equal if ngreaterthreatto biodiversity(Clavero & GarciaBerthou 2005Didham et
al. 2007. Over half of all species globally are believed to be in decline, edupith a
homogenization ofhovelizedecological communitiewith cosmopolitan humamediated
species (Stone 1985, Vitousek et al. 1997, McKinney & Lockwood 1999, Debinski & Holt 2000,
Mooney & Cleland 2001)More recent attention has been given to theeeted impacts of
global climate changen species' rangéBeutsch et al. 2008enning et al. 2002 But while
many studies have investigated #fects of thesendividual factors on biodiversity, thehas
beena paucityof research on theaombinedor interactiveeffects (Gurevitch & Padilla 2004,
Clavero & GarciaBerthou 2005, Snyder & Evans 2006, Didham et al. 2007, Crowder & Snyder
2010). A growing body of literature suggestsat habitat transformation (particulahgbitat
fragmentation), invsive species, and changing climate regimes behave synergistically to have a
major but poorlyunderstoodind asyet unpredictablampact on native communities and
constituen@t-risk taxa(Debinski & Holt 2000, Reaser et al. 2007, Vitousek e18@7, Didham
et al. 2007Devictor et al. 2008Crowder & Snyder 2010, Ruffino et al. 2011).

Althoughlandscapeonversion for human use such as agriculture and silviculture has
destroyed enormous swathes of habitat and has undoubtedly caused many extinctmns due t
complete resource elimination, a landscape does not need to be fully convésgetitto
extinction Habitatfragmentationthat is, the breakingp of previously continuous habitat into a
patchy network, can lead to population declines, localizedpatibns, and functional
extinctions of various taxayhichin turncan precipitate communitywide collapse in
ecological function through trophic cascadgeylé et al. 1988Filman 1994 Tilman et al.1997;
Crooks & Soulé 199%ooper et al. 2005Crowder & Snyder 2010Ringler et al. 2016
Principles of Island Biogeography Thedi8T) andspeciesarea relationships (SAR) predict
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that smaller and lessonnected habitat fragments will support fewer species and fewer
individuals(MacArthur & Wilson 196, Leibold 2004) This is because the fragmentation of a
single larggpopulation or community createsreetgopulation ometacommunity of multiple

units of varyingout smallersize, which depend on dispersal dynamics between sources and sinks
to sustairthemselves.The smallest fragments, particularly those that are distant or otherwise
isolated from the otheraye predictedupport fewer individuals in a smaller space, and as a

result of low immigration, willbseseveral nodes in the trophic weeadng to further

degradation Only the largest habitat fragments within this new mosaic landssapeontain

sufficient habitat, larger populations, and support ncoraplex foodwehs

Habitat fagmentatiomot onlydegrades habitat by shrinking its ticd@eaand increasing
migration distancesut alsaoy reducinghe qualityof what little habitat remains. The
boundaries between original habitat and converted habitat are rarely discrete. More often,
fragmentggrade from converted habitat iridouffer of marginal disturbechabitatsurrounding
an indigenousore. This "edge effect” is more pronounced in smaller fragments, tieeratio
of fragment perimeteto-area is greatgDebinski & Holt 2000. As a result, gry small

fragments are essentiallnothing but edgé containing no origpal habitat

Generally, habitat fragmentation tends to impact n&ecialists more adversely than
generalists; this is often related to tradeoffs in dispersigelected) vs. competitivé&K{selected)
traits, where specialists tend to be "superior competitorsSingle resources whigeneralists
tend to be "superior disperserfufuyma & Moreno 1988liiman et al. 1997, McKinney &
Lockwood 1999, Debinski & Holt 2000, Leibold et al. 20@&victor et al. 2008Chen & Hui
2009 Williams et al. 200gFigure ). Unsurprisingly, many humamediated species thrive in
marginal habitat. Because thesgeecies typically have an eagyccessional or generalist habit,
their range and dispersaileless restricted by lalscape conversion and fragmentation, and in
many cases is actually expand@&itowder & Snyder 2010)As these exotic species foray into
threatened communities, they disrupt food webs through direct competition or indirect trophic
cascadefCrowder & Snyde2010;)

Additionaly, global climate change threatens to tip the scales of competitive regimes
between native and invasive species by causing further marginalization of habitat and reducing

specialized species' tolerable geographic ramgkdistributbn (Benning et al. 2002). In



particular, rising global temperatures will cause climate isoclines to shvéindpn both

elevation and latitudevhich is particularly menacing to specirssolated geographiegions

such as alpine zones and islandserelthey cannot simphdjusttheir ranggBenning et al.
2002,Mimura et al. 2007Hoffmann & Sgro 2011) Rather than force the movement of these
isolated species' geographic distributions, their ranges will simply shrink until they disappear.
Becausemall-bodied ectotherms such as arthropods are extremely sensitive to even subtle
changes in temperature, climate change is expected to have an especially pronounced impact on
their ecology and will drive genetic adaptations (Umina et al. 2005, Balank&6086, Deutsch

et al. 2008).

The eological disturbancesf habitat fragmentatigrbiological invasion, and climate
changeare especially menacing to Earth's most sensitive ecological commuretiéisose with
high rates of endemism and low speciebness particularly on oceanic islanddarrison 1999,
McKinney & Lockwood 1999, Debinski & Holt 200Qgibold et al. 2004Mimura et al. 2007,
Chen & Hui 2009, Ruffino et al. 2011Because of theextremegeological istation, insular
ecosystems ¢én evolved withoumajortaxafound intheir mainland counterpartStone 1985,
Wilson 1996). Suchtaxonomicallydisharmoniaccommunities haveeducediche overlap and
ecologicalredundancyand contain a greater proportiohnichespecialists, which arpoorly-
suited for shifting selection regimé#/ilson 1996, Tilman 1997, Vitousek 1997, Reaser et al.
2007, Crowder & Snyder 201Magnacca & Price 20)5 Stochastic forces can drive localized
extinctions in speciegpoor metacommunities, whilenemy rel@ase in such depauperate
communitiesallowsinvasive species to achieve densities normally impossible in their native
rangeswhich in turn allows them to "crowd out" natives that should otherwise be-betepted
to local resourcefebinski & Holt 2000 Williams et al. 2009, Crowder & Snyder 2010)
Additionally, because of the high climatic diversity but limited spaceanyisland landscapes,
shifting climate regimes threaten to shrink the ranges of many endemic niche specialists
(Benning et al. 200Z2zhu & Chen 2005, Deutsch et al. 2008)

Hawai'i: an invaluable scientific resource

Rarecolonization eventen isolated tropical islandsave generated a remarkable
diversityof endemic organismtirough adaptive radiatiorOf particular interest are the

Hawaiian Islands, often described as the most remote archipelago in the @awie &



Holland 200§. The Pacific EctonicPlatés northwestward drifbver the Hawai'i hotspot has
resulted in a "conveyor belt" of volcanic islapddich may reach elevati@in excess 08500
metersat peak activity beforsubsiding an@érodng into low atolls, reefs, anfinally re-
submerged seamour{tdotchkiss et al. 2000, Cowie & Holland 2008)/hile theoldest atoll in
thearchipelago(Midway) is approximatel\29 milli on years oldHawai'i'ssoutheastermost
"high islands" range in age froamly 5.1 million years for Kaua'i to approximately 500,000
years for theeponymousBig Island’ (Cowie & Holland 2008 Therefore thalivergence ages
for many endemic lineagésom their mainland relativeare much older than the islands on
whichtheir extant membersurrently resideand may even be older than the current taxa on

which they have specialized ecological dependencies (Magnacca & Price 2015)

While plate tectonics havallowed fo a quantifiable getemporal progression along the
island chain, theubstantial elevationsf the high islands have also allowed distinct climate
regimeg(Figure 2). Most notably, there ian obviousvindward/leeward divide caused by the
volcanoes trappingrographicmoisture from prevailingradewinds out of the northeast
(Giambelluca et al. 2013)Theseelevation andorientationdependent climate regimes, coupled
with variable substrate ages produced by the active volcanoes, hdvequia variety of eco

zones within a relatively compact geographical area

With its cleargeological gradients and unique biota, Hawai'i has proven to be an
incrediblyimportantscientific resource, offering many model systems for studye Hawaiian
Lobelioids Givnish et al. 199 silverswordsBaldwin & Sanderson 1998Drepanidine
honeycreeperd_erner et al. 201)1 Achatinelline tree snaildHplland & Hadfield 200%,
Theridion"happy face'spidersandotherTetragnatids (Gillespie & Roderick 200X5illespie
2004,Arnedo et al. 2007 Laupalacrickets Wiley & Shaw 2010, and may morelineageshave
all contributed much to our understanding of evolutionary processisodiversity patterns
(Gillespie & Roderick 2002Cowie & Holland 2008 A particularly remarkable radiation and a
well-studiedsystemis the Hawaiian Drosophilidg€raddock & Kambysellis 1997, Remsen &
O'Grady 2011Magnacca & Price 20}5

Hawaiian Drosophila indicators of change



With some 5 to >30 million estimated species,itisectsmay be considered the most
successful group of organismsdate, in terms of sheer species richn&swin 1991, Gaston
1991, Odegaard 20D0Insects have tended to evolve highly specialized relationships with their
trophic and breeding resousdg-utuyma & Moreno 1988Joshi & Thompson 199%ry 1996,
andtend to tolerate onlyery precise abiotic condition®éutsch et al. 2008 It is not too
surprising, then, that Hawaiiddrosophilahave evolved a large radiation of hggecific species
and are endemic to specific ecozones within individual islatagarticular, individual species
are known to depend on particular substrates in which they lay their eggs, mostly in decaying
parts of specific endemic plants (Montgomery 1975; CraddocikKantbysellis 1997; Magnacca
et al. 2008 Magnacca & Price 20)5

The Drosophilidae are a cosmopolitan family of true flies (Diptera). The largest genus,
Drosophilg contains some 2000 specwesrldwide and is weHlestablished as a model system for
studiesof evolutionary ecology and geneti¢dged et al. 1976, Starmer 19&8pwell 1997,

Gibert et al. 2001, Remson & O'Grady 2002, Starmer et al. 2003, Bonacum et aU20@& et
al. 2005,Vega & Dowd 2005Balanya et al. 2006urlburt et al. 2006, Magnaacet al. 2008,
Ort et al. 2012Magnacca & Price 20}5Roughly half of allDrosophilaspeciegylobally are
endemic tahe Hawaiian archipelago (Edwards et al. 2007, O'Grady et al. 2U0h#)narrow
climatic tolerances and hedependence dhe HawaiiarDrosophilarender them highly
sensitive to ecologicalisturbancéDohm et al. 2001; Uy et al. 2015pubtle shifts in climate
regimes or breedingost density can have profound imachindividual species' abundances
in the field. For this reaspthe HawaiianDrosophilaare valuable "indicator species," whose
fate portends greater ecosystaude changes (Foote and Carson 1995; Bonacum et al; 2005
Price and Muir 2008

Particularly interesting and useful are the species withisdoalled "pictue-wing"
clade. The picturgving Drosophilaarequite large when compared tteeir mainland
counterpartgFigure 3) areresponsive teimplebaitmethod, have conspicuous patterning on
their wings,andarethuseasilyidentifiable in the field (Montgomry 1975; Carson and
Kaneshiro 1976Kaneshiro et al. 1977; Edwards et al. 200Corollary to these characteristics
the picturewing Drosophilaarealso the besstudied group within the entire Hawaiian

Drosophilid radiation. Considerable work has bdene on various pictur@ing species'



divergence history and metapogtibn genetics (Montgomery 1975¢gwards et al. 200Eldon
201Q Wright 2012 Magnacca & Price 20)%s well as theiclimate tolerances (Dohm et al.
2001; Price and Muir 2008; Uy et 2015. Unfortunately, theHawaiianDrosophilds value as
indicator species necessarily renders them vulneralsieviere decline and extinction.

A system under siege

Since they first began being studied in earnest as part of the "HaRadaophik
Project” in the 180's (Carson 1986, Montgomery 19//%5everalpicturewing species have been
noted anecdotally as becoming suddenly and exceptionallyGareon 1986, Foote & Carson
1995). Foote and Carson (199%kre the firsto attempt to quantjfthese declinesin 2006,
several picturaving species were assessed and ultimately listed under the U.S. Endangered
Species Act (USFWS 200@jhat number currently stands at 12 species listed as "endangered,”
one as "threatened" (USFWS 2008).

Hawai'i'sremoteness and low rate of colonization by ancestral lineages have led to
largely discordant communities when compared to those of the mainland tropics (Wilson 1996).
For instance, the archipelago is devoid of native social insects, reptiles, andiaémeshmals,
which are ubiquitous in mainland tropical communiti8tofe 1985, Wilson 1996 As a result,
Hawai'i's ecosystems evolved in the absence of large grazing ungulates, voracious omnivores
like Murid rodents, and powerful nickenstructing hyranopterans like Formicids and Vespids,
and this hasendered the endemic communities naive to their img&ttsie 1985, Wilson 1996,
Eckles et al. 2008, Shiels et al. 2D1€ompounding this problem are the "cascading effects" of
ecological invasion, wirte novel community interactions ripple through food webs to indirectly
impact distant trophic level(€rooks & Soulé 1999Gruner 2004,b; Crowder & Snyder 2010;
Ringler et al. 201p

Study merit and hypotheses

As human impacts on the biosphere peesist intensify, the continued conservation of
Earth's biodiversity will require an improved understanding of species' relationships and
sensitivities. Study of these threats and of species' responses in the field is made difficult by
logistical obstaclesas a result studies of community changes after fragmentation are often

limited in scale, particularly temporally (Debinski & Holt 2000). In nearly all habitat



fragmentation studies, habitat islands were creatétkiprocess of human land usestly for
agricultural or silvicultural pyroses, occasionally resident{@rooks & Soulé 199Debinski &

Holt 2000, Nichols et al. 2007). Such disturbed sites require considerable time to approach the
"new normal” population and food web stability that is regghifor controlled comparisons, and
likely contain a high proportion of naturalized exotic species. These shortcomings may limit the

applicability of results to a more general ecological understanding.

A more ideal study system for understanding haligegmentation and other ecological
disturbances is one where such fragments were formed naturalkaiittmmopogenic), and
remain as refugia against excessive invasive encroachment. Additionally, such a study system
would contain sensitive but discretelbservable and measureable organisms as response
variables to disturbance factors. Therefore if we wish to study the combined effects of habitat
fragmentation, invasive species, and climate change on rare and specialized endemic species,
then we must fid a naturally fragmented landscape of variously sized and dispersed habitat
patches, which have been invaded by an experimem@aifitrollable population of exotic

competitors, and in which exists a clear climatic gradient.

This present study utilizedreetwork of naturallyfragmented forest patches created by
160-yearold lava flows on the island of Hawai'i, to investigate how fragment size and isolation
affect the abundance of several isl@rtlemic specialist flies (Drosophilidd@:osophilg).

While these forest fragments (called "kipuka" in Hawaiian, meaningfigfion or change of
form... as a calm place in a high sea, deep place in a shoal, opening in a forest, openings in cloud
formations, and especially a clear place or oasis within a lava ek there may be
vegetation...;" Pukui & Elbert 198@ct as important refugia for native vegetatithrey have still
been subjected to anthropogenic disturbance in the form of introduced species, namely feral
ungulates (pigs and goats), murid rodeR&tus, muy and many arthropod taxa. In order to
investigate how introduced competitors directly or indirectly impact native species, intensive
rodent trapping was conducted in half of the kipuka to allow for controlled comparisons.
Measures obrosophib abundance were conducted over a two year period in 28 kipuka
spanning an approximately 6 kilometgide area on the slope of Mauna Loa volganmrder to
capture seasonal variatioasd climatic gradients tiet elevation. Geeralized linear modelm

was used to investigate the effects of all combined fadtorslying fragmentizeandisolation,



rodent population control, seas@mdelevation Table 3 and their interactions on rare native fly

abundances.

Based on the predictions of IBT and SfiRacArthur & Wilson 1967, Leibold 2004), as
well asevidence from dody of literature omgeneralist and specialisbphic interactiongSoulé
et al. 1988; Tilman 1994, Tilman et al. 1997; Crooks & Soulé 1999; Hooper et al. 2005; Crowder
& Snyder 2010; Rigler et al. 2015and invertebrate responses to climate chgBganing et al.
2002, Mimura et al. 2007, Deutsch et al. 2008, Hoffmann & Sgro 2011), it is predicted that

1.) Drosophilid abundance and diversityill increasewith kipuka area and connecitity;

2.) Drosophilid abundancewill respond significantlyto rat excluson treatmentsbut direction

will dependon community structurand may differ between native and exotic taxa

3.) Native (specialist) and exotic (generaliBijosophilawill havediffering toleances of
marginal habitat;namelyexotic species wilbbe more abundant in small kipuka and edge

habitatthan natives and

4.) Native and exoti®rosophilashould have differingesponses to climatic variabléssed on
their niche breadth iad specific adaptations; namelyative flies will be more tolerant of colder
and wetter montane conditions while exotic flies will be more tolerant of warmer and drier

conditions.



MATERIALS AND METHODS
Study site description

All study sites wes located within the State of Hawai'i's Upper Waiakea Forest Reserve
on the northeastern slope of Mauna Loa volddigure 4, Figure 5)14 kipuka were sampled
six times eaclover a two year period between August 2013 and July 2015. The bulk of these
stes are located along the Kaumana Trail and so are referred to as "Kaum&gd™ kipuka in
subsequent analyses. Kaumana kipuka ranged in elevation from 1495 meters to 1650 meters
(Table 3. In the winter of 2014/15, an additional 14 kipuka were adaet)ing in elevation
from 1680 meters to 1785 metéig@ble ). These higheelevation sites are located along
Powerline Road, and are referred to as "Powerline" kipuka in subsequent an@lysgsned
analyses of concurrentsampled Kaumana Trail aftbwerline Road kipuka are abbreviated as
"KTPR". The study kipuka vary greatly in size, fr@09 hectares in the smallest to 12.04
hectaresn the largest, as well as in the distance betweeraanéher and from the neighboring

continuous foresfTablel).

The study area is situated directly between two rainfall gauges utilized by the Hawali'i
Rainfall Atlas to extrapolate islarglide climate data (Giambelluca et al. 2013). Both Kaumana
and Powerline kipuka systems receive over 2000 mm imrapaual ranfall through trade
wind-driven orographic lifting. However, due to the study area's proximity to the Trade Wind
Inversion (TWI, 190€2200 meters), there is a marked decrease in rainfall with elevation because
the TWI resists the lifting of orographicotids (Hotchkiss et al. 2000, Giambelluca et al. 2013).
The lower Kaumana kipuka receive between 2420 and 2810 mm rainfall annually, while

Powerline kipuka receive between 218@ 2300 mm rainfall annuallyigure §.

All kipuka within the study area stea similar soil age (3068000 years) and
presumably at one point existed as a single continuous forested landscape (Flaspohler et al.
2010). The most recent lava flow to fragment this forest occurred in 1855, creating a mosaic
landscape of pioneer vagéion referred to as the "lava matrix". The boundaries between kipuka
and the lava matrix amiscrete Most kipuka lie in depressions below the surrounding lava flow,
and the matrix ends in an abrupt drop into the forest, marked by an obvious chesagetation

community and tree stature. OhMgtrosideros polymorphalominates both kipuka and lava



matrix vegetation communities, but there is a major difference in tree age and density. Younger
M. polymorphan the lava matrix are loosely dispersegktricted to where their roots are able to
take hold in cracks in the rock. There may also be differences in the varityofymorpha
between lava matrix and kipuka, as the species has numerous forms adapted to particular habitats
and successional gfas (DeBoer & Stacy 2013)Ohelo 'ai, Yaccinium reticulaturmand
Kukaenene@oprosma ernodeoidggswo berryforming shrubs or vines, are also common over

the exposed lava. Ama'u fei@adleria cyatheoid@ss found occasionally colonizing the lava
matrix, but ismuch morecommon in the kipuka understoiithin the kipuka, other less

common canopy trees accompaypolymorphaincluding OlapaCheirodendron triginury

Pilo (Coprosma rhynchocarpaKawau (lex anomald, Manono (Hedyotis), Koleadyrsine
lessertiang, and Naio lyoporum sandwichenseKoa Acacia kod, another dominant

Hawaiian canopy tree, can also be found alonggidpolymorphan some Powerline kipuka.

The largest kipuka also possess an obviousstad/ canopy comprised of Haputree fern

(Cibotium menziesii Prominent understory shrubs include Uluhe bramble f@sanopteris
linearis), 'Ohelo Kau La'au\(accinium calycinumand, seasonally, the deciduous Akd&aljus

hawaiensik

As part of a longerm study on fragmeation and invasive species in this area, the
United States Forest Service has conducted an intensitrapping treatrant in half of the
study kipuka using snagiraps baited with peanut butter, spaged 25x25 grid (Fukami et al.
2010 NSF proposal The rattrappingtreatment and control (no trapping) were also utilized as

experimental factors in this study.
Sampling methodology
Baiting method

Drosophilids were observed in the field by attracting them to 3 x 5 inch colored cellulose
sponges utilimg a bait protocol adapted from Kanestetal.(1977). The top half of each
sponge was sprayed with a fermented mushroom tea, while the bottom half was spread with a
mixture of mashed banana and yeast. Because thebstoght sponges cametimeecolors
(purple, orange, and blue), sponges were always placed in a random repeating color sequence in
the field
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The mushroom tea was prepared using commercial whitecap mushrbgans(s
bispori). The mushrooms were placed in a plastic sealable sanbaggtbruised, and left at
room temperature for 3 days in a fume hood as the tea develops a very unpleasant odor. The
mushrooms were then placed in large glass jars and distileer added at a ratio of 200g:3L
A square of fabric was secured over theuth of each jar to ensure breathability, and then left
for an additional 3 days. Each jar was then sealed with a metal top and allowed to sit for another
7 days. After this period, the tea was ready for use in the field. Once ready, a large jar of the
mushroom mixture was kept-irse for 14 days, after which it was discarded. Several stages of
tea preparation were kept active at once to keep up with demand during a sampling period. On
sampling days, the tea was strained of large organic materiabanedpnto a commercial squirt
bottle. The organic material was discarded both to prevent clogging in the bottle and to maintain

a proper ratio of liquid and solid in the preparation jar.

The banangeast mixture was prepared the evening before a sagrgdiyyand allowed
to ferment overnight, after which the mixture became light and frothy, approximately doubling in
volume. All bananas used were of the "standard" or Cavendish variety available in local
supermarkets. Slightly green (never ovipe) bamnas were mashed into a paste and then mixed
with active dry baker's yeast at a ratio of 1 teaspoon per banana. The mixture was kept in a hard
plastic container; the container was reopened periodically during transit to the study sites in order

to prevenexploding, indicating that the yeasts were still active at the time of sampling.
Transects and fly abundance measurements

The bait sponges were placed 10 m apart along transects in each study kipuka. A
maximum of 10 baits were placed per transechénlarger kipukabut thenumber of baits was
less than 10 in some of teenallestkipuka due to the limitedpace All transectgollowed the
kipuka'slengthwise axis in order to maximize the number of baits placed in the smaller kipuka;
the lowest numbeof baits plaed was 4. In all kipuka larger than 2.5 hectaiws transects
were established for a total of 20 bait spor(@egure 7) One of these transects was placed near
the edge within 10 meters of the kipuka's border and followed along tkaucof the treeline.
The secondransect waglacedin thekipuka'sinterior, 40-50 metersrom the edgerunning
straight and approximately parallel to ther. This arrangement allowed for an examination of

the influence of edgeffects on fly abundaes
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Bait sponges were hung between 1 and 2 meters from the ground on the nearest tree or
treefern to the transect point. The top half of each sponge was sprayed with 15 full squirts of
the mushroom tea bottle, which measured to approximately 15 mé bdttom half of the
sponge was spread with an approximatehi®2y dab of the banary@ast mixture using a

baking spatuldFigure 7)

Drosophilaspeciesabundances were recordedkr a two year period, beginning in
August 2013 and ending in July 201All baiting and sampling was conducted in the morning
hours between 8:00 and 12:00. Baiting time (the period between placing a bait and sampling)
ranged from 30 to 60 minutes; baits that sat longer than 1 hour risked desiccating, especially on
dry, sunnydays. Baits attracted an abundance of flies within 15 to 20 minutes of being placed,
and flies remained on the baits to feed until satiated, unless disturbed (per. obs.). No more than 3
transectcould bebaited and sampled in a given morning duth&time neededo travelwithin
and between kipuka. The two transects in large kipuka were always sampled together, and were
accompanied with sampling a single transect in a smaller kipuka. On other days single transects
from three small kipuka could also bampled together. Special attention was given to the times
that each transect had been previously sampled, and care was taken to ensure sampling orders

were rotated. Baits were always sampled in the order that they were placed in the field that day.

Native Drosophilaare docile and do not frighten easily, and baits could almost always be
approached to within a few feet without disturbing the flies. However, as a precautionary
measure, one to several digital photographs were taken of each baittderapgproach for
observations. This allowed for data to still be collected in the event that the flies were disturbed
and fled. Photographs also aided in species identification and verification in the lab, as well as

saved considerabkffort in the mosstrenuoustime-consuming kipuka.

Data was collected by observing and recording the fly species or morphotypes on the bait
sponges. The focal specigstanythrix, D. sproati, D. murphyandD. silvestrisare all large,
conspicuous species which coelasily be distinguished from other flies with the naked eye
(Figure 3) D. sproatiandD. murphyiare primarily distinguished from oranother based on
their difference in sizel]. sproatibeing substantially larger); observations of one or the other
wereverified by comparing photographs. In addition to these 4 conspicuous endemic species,

several exoti©rosophilaare also easto distinguish from the redveing either much smaller or
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much lighter cabration than any native specieshough it is not g&axonomic character,

Magnacca et al. (2008) refer to these-native species as "yellow flies" due to their ranging

from light yellow to orange in color. The%gellow flies" includeD. simulans, D. immigrans,
andD. suzukiithe latter being furtheristinguished by the black spot on the end of the male's
wing (Figure 3) Because of their potential eogical significance as invasive competitdise
number of "yellow flies" was also recorded, as well as the proportion with spots on their wings.
In addition to the focaDrosophilaspecies, many other arthropods were observed on baits.
Those possessing of a Drosophiligéstalthad their general morphology described, and

photographs takefAppendix J).
Temperature and humidity dataloggers

Temperaure and relative humiditsnicroclimatewithin forest fragments are expected
vary with kipuka sizeas well as between their edges and interiors. A total of 20 Maxim
Integrated (TM) DS1923 iButton Hygrochron dataloggers were dispersed among several bai
transects and rotated periodically between kipuka in an attempt to demonstrate differences in
microclimate between various bait transects. Dataloggers were programmed to measure
temperature and relative humidity every 30 minutes until their memoryuNaghfs usually
amounted to about 3 weeks of measurements. Dataloggers were glued to the end of flagging
tape and hung from a branch in the center of a transect, between one and two meters from the
ground, during a baiting period. They were then ctdiéthe next time that transect was visited
for sampling. Unfortunately, this method likely failed to protect the dataloggers from

precipitation, and the majority of loggers malfunctioned.
Statistical analyses

Because fly abundance values were measasenbunts, and because species were often
very rare or absent in many transects, all analyses were conducted assuming a Poisson
distribution. Differences in sampling efforti{e number of baits per transea®re standardized
by adjustingall abundancealuesto a er-bait average, then multiplyingy 10 (the maximum
number of baits in a transect) and romgdo the narestinteger to accommodate Poisson's

assumption of discrete counts.

Generalized linear modeling and model selection
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Because there vgaan asymmetrical sampling effort between Kaumana Trail kipuka
(lower elevation) and Powerline Road kipuka (higher elevation), the full dataset was analyzed in
four subsets, intended to look more closely at particular factors while maximizing statistical
power and model reliability. The first dataset covered samples collected solely along the
Kaumana Trail (beginningug. 6, 2013, with the greatest sampling effort, n58tereafter
abbreviated aKT -All "), utilizing transects from the interior of all kipak Thisdatasetvas
meant to focus on kipuka area, rat control, and seasonal effeébtesophilaabundances. The
second dataset used only those Kaumana Trail and Powerline Road samples that were collected
over a shorter but concurrent time period (hagigDec 5, 2014 n=28; hereafter abbreviated as
"KTPR-AIl"), utilizing transects from only the interior of all kipuka. While the sample size is
lower, this datasehcludesan elevation component, which serves as a proxy for mean annual
rainfall and man annual temperature in this region (both decreasing with elevation). The third
dataset used only samples from the Kaumana Trail, comparing edge and interior transects from
only the largest kipuka (area >2.5 ha, beginng. 6, 2013,n=48; hereafter dveviated as
"KT -Large"). The fourth dataset incorporated a similar eshgerior comparison within large
kipuka, using both Kaumana Trail and Powerline Road samples collected over a shorter but
concurrent time period (beginning Dec 5 2014, n=18; hereafiereviated aKTPR-Large").

Model parameters for all four datasets are describ&dlite 2. The global modalwere
applied to each Drosophilid species group (for a total of 40 models)hamdeduced into all
possiblemodelsubsets using thieincton "dredge " from the package "MuMIn" in Rersion
3.2.2 Thefunction"get.models " (also in package MuMIn) was used to compare all dredged

models and ordeahem based on their AICc scor@gppendix 3.

Bestfit models were selected based on recommeodsatirom Symonds and Moussalli
(2011) and Burnham et al. (201tpnsideringhe degrees of freedom (model complexidMCc
score(the lowest being the nearest approximation of the "true” maa&li;c (the "nearness" of
subsequent models to this approation), andAkaike weight (the confidence that the model is
better than any alternative subsets). Models withise&-c of thetop model were considered
equivalent, and the most parsimonious (i.e. the model with the felegstes of freedopwas
selectd if there were no other strong candidates to compete with.
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Once a beslfit model was chosemmodel averaging using thenbdel.avg " function in
R 3.2.2(package MuMIn) was conducted to assign relative parameter importance, estimates, and
confidence intevals to the selected parameters. In strongly supported models with no
alternatives within 26AlICc and a comparatively high Akaike weighhatural averaging” was
used per Symonds amtbussalli (2011), which averages parameters utigebestfit model,
accounting only for model subsets where those parameters are in@gladeédgnores subsets
where the parameter is abseB#irton 2015). For weaker modedbhere a besfit could not be
chosensuch as thoseith many model subsets withins2ICc andhaving low and broadly
distributed weights, "fulimodel averaging" fronthe global model was usealfactor in the
relative importancef each paramet€Burnham et al. 2011, Symonds and Moussalli 2011).
Full-model averaging causes "shrinkage" of parameter estimates by accounéihgriodel
subsetsassigninga value of zero where the parameteabsent Barton 201%. It is therefore a

more conservative estimam of model effects

After calculating parameter estimates and associated confidence intervals, models were
standardized using the functiostdndardize "in R package "arm", which adjugtarameters
to the same unitless scale by centering and dividing by two standard deviations (Gelman et al.
2015). This allows for comparisonslmfth continuous and categorigarameters' relative
strength within a modelModel selection passes for eapecies group and dataset are provided

in detail inAppendix4.
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RESULTS
Total Drosophilidae

A total of 6974 Drosophilids were detected in the course of this study, including both
native and nomative species, and a considerable number offocal taxa Figure §. Analysis
of these group therefore pools species with a diverse array of ecological habits and tolerances.
Inconsistencies between datasets (and therefore spatial and temporal scale) should be expected
where community composition maiffer. Consistent responses to parameters across datasets

may then be interpreted as being applicable to the Drosophilidae as a whole.
Model selection and averagirf@able 3A)

KT -All: The global model was selected as the-fiestodel. Parameters inailed
kipuka area, rat treatment, distance to nearest continuous forest, distance to nearest large kipuka,
temperature seasonality, and rainfall seasonality. All parameter estingatestatistically
significant KTPR-AIl: The global model was selecteslthe besfit model. Parameters
included kipuka area, rat treatment, elevation, distance to nearest continuous forest, distance to
nearest large kipuka, and temperature seasonality. All parameter estimates were statistically
significant. KT -Large: The bestfit model included rat treatment, habitat type (edge vs.
interior), distance to nearest continuous forest, and temperature seasonality. -iirbedel
parameters were statistically significant. Kipuka area, distance to nearest neighboring large
kipuka, and rainfall seasonality were not included in the-tiiestodel. KTPR-Large: The best
fit model included rat treatment, habitat type (edge.vs. interior), elevation, distance to nearest
continuous forest, and distance to nearest large kipukabesdfit parameter estimates were
statistically significant Kipuka area and temperature seasonality were not included in the best

fit model.
Model parametersTable 4 AFigure 10 A

Kipuka area: Total Drosophilid abundance responded positively puka area, except
in the largekipuka datasets, where area was not selected as a parameteffilnbedels. Rat
treatment (trapped vs. no trapping). Total Drosophilids responded negatively to kipuka that

were not trapped for rats, with the exceptiothaf KT-All dataset, where they responded
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positively. Habitat type (edge vs. interior) In the largekipuka datasets, Drosophilid
abundance responded negatively to kipuka edge hakitawation: In both KTPR datasets,
Drosophilid abundance responded aiigely to an increase in elevatio@istance to nearest
continuous forest Drosophilid abundance responded negatively to the distance between a
sampled kipuka and the nearest continuous forest, with the exception of-ler @ dataset,
where the resp@e was positiveDistance to nearest neighboring large kipuka (> 2.5 ha)
Drosophilid abundance responded positively to the distance between a sampled kipuka and the
nearest neighboring kipuka above 2.5 hectares, except in the-KaigR dataset, wheredh
parameter was not selected in the #gshodel. Temperature seasonality Cold vs. Warm):
Drosophilid abundance responded negatively to colder seasons, among Kaumamalyf rail
datasets. It responded positively in the KTRIRdataset, but was not ihn@ed in the besdft

model of the KTPR_arge datasetRainfall seasonality Vet vs. Dry): Drosophilid abundance
responded negatively to wetter seasons in theAKTataset. It was not selected as a parameter
in the besfit model for the KFLarge datast.

Native Drosophilidae (excludes "yellow flies")

A total of 3528 native Drosophilids were detected in this study. This includes the focal
specied. tanythrix, D. silvestris, D. sproatandD. murphyj in addition to 10 noifiocal
morphotypes.

Model ®lection and averaginflable 3B)

KT -All: The global model was selected as the-fiestodel. Parameters included
kipuka area, rat treatment, distance to nearest continuous forest, distance to nearest large kipuka,
temperature seasonality, and rainfghsonality. All parameter estimates were statistically
significant. KTPR-AIll: The besfit model included kipuka area, rat treatment, and elevation.
All bestfit parameter estimates were statistically significant. Distance to nearest continuous
forest,distance to nearest large kipuka, and temperature seasonality were not included in the
bestfit model. KT -Large: The top three competing models had relatively high weights and
equal degrees of freedom; they could not be resolved. All three models wexgeahvtogether.
After full-averaging the three top models, habitat type, temperature seasonality, and rainfall

seasonality parameter estimates were statistically significant. The parameter estimate for kipuka
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area was only marginally significant (p = 0)9 Parameter estimates for rat treatment and

distance to nearest large kipuka were not significant. Distance to nearest continuous forest was
not included as a parameter in any of the three top moK&IBR -Large: The besfit model

included rat treatent, habitat type (edge.vs. interior), elevation, and distance to nearest
continuous forest. All bedit parameter estimates were statistically significant. Kipuka area,
distance to nearest large kipuka, and temperature seasonality were not inctheduokisfit

model.
Model parametersTable 4 BFigure 10 B

Kipuka area: Native Drosophilids responded positively to kipuka area in botkialika
datasets. They also responded positively in the_Kje dataset, but the effect was only
marginally satistically significant (p = 0.09). Area was not included as a factor in thdibest
model for the KTPRLarge datasetRat treatment (trapped vs. no trapping). Native
Drosophilid abundance responded positively to untrapped kipuka in thdl ataset but
negatively in both KTPR datasets. The parameter estimate was not statistically significant in the
KT-Large datasetHabitat type (edge vs. interior) Native Drosophilid abundance responded
negatively to edge habitat in both lafkjpuka datasetsElevation: Native Drosophilid
abundance responded negatively to elevation in both KTPR dat@sstance to nearest
continuous forest The distance between a sampled kipuka and the nearest continuous forest
had a negative impact on native Drosophilidrdance in the KJAIl and the KTPRLarge
datasets, but was not included in béstnodels for the KTPRAIl and KT-Large datasets.

Distance to nearest neighboring large kipuka (> 2.5 ha)The distance between a sampled
kipuka and the nearest neighborkiguka above 2.5 hectares had a positive impact on native
Drosophilid abundance in the KAl dataset, but was not statistically significant in the-KT

Large dataset and the parameter was not included isfitesidels for the KTPR datasets.
Temperature asonality Cold vs.Warm): Native Drosophilid abundance responded
negatively to colder seasons in both KT datasets. The parameter was not included infthe best
models of the KTPR datasetRainfall seasonality Vet vs. Dry): Native Drosophilid

aburdance responded negatively to wetter seasons in both KT datasets.
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Exotic "y ellow flies" (D. suzukii, D. simulans, D. immigrgns

Of theDrosophilaspecies groupsentral to this study, the narative "yellow flies" D.
simulans, D. immigrangndD. suzikii) were the most abundamMi£ 3449. 15060f yellow
flies observed had wing spots that are uniquaates ofDrosophila suzukii The proportion of
maleD. suzukiirelative to all yellow flies detected was recorded for each transect sampled; the
meanproportion of maleé. suzukiiover the entire sampling period was 0.38 male:female
sex ratiodor the species are assumed to be etham approximately7 %of all yellow flies
detected would bB. suzukii

Model selection and averagififable 3C)

KT -All: The besffit model included kipuka area, rat treatment, distance to nearest large
kipuka, temperature seasonality, and rainfall seasonality. AHfib@strameter estimates were
statistically significant. Distance to nearest continuous forestnwaincluded as a parameter in
the besffit model. KTPR-AIll: The besffit model included rat treatment, elevation, distance to
the nearest large kipuka, and temperature seasonality. Alfityestameter estimates were
statistically significant. Kipka area and distance to nearest continuous forest were not included
in the besfit model. KT -Large: The top five competing models had relatively high Akaike
weights and equal degrees of freedom; they could not be resolved. All five models were
averagedogether. After fullaveraging of the five top models, the parameter estimates for
habitat type (edge vs. interior), distance to nearest continuous forest, temperature seasonality,
and rainfall seasonality were found to be statistically significant. Raearastimates for kipuka
area, rat treatment, and distance to nearest large kipuka were not signficBR-Large:

Model subset Akaike weights were relatively low and broadly distributed, and rfitlmestlel
could be justified. After fulaveragingof the global modelno parameter estimates were found

to be significant.
Model parametersTable 4 CFigure 10 C

Kipuka area: Yellow flies responded positively to kipuka area in the- KT dataset, but
the parameter was not selected in the-bestodel of the KTPRAIl dataset. Parameter
estimates were not significant in either lakgpuka datasetRat treatment (trapped vs. no

trapping): Yellow flies responded negatively to untrapped kipuka in theATataset, and
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positively in the KTPRAIl dataset. Parameter estimates were not statistically significant in
either largekipuka datasetsHabitat type (edge vs. interior) Yellow flies responded

negatively to kipuka edge habitat in the K&rge dataset, but the parameter estimate was not
significant in the KTPRLarge datasetElevation: Yellow flies responded negatively to

increased elevation in the KTPARI dataset, but the parameter estimate was not significant in

the KTPRLarge datasetDistance to nearest continuous forestyellow flies respaded

positively to increased distance between a sampled kipuka and the nearest continuous forest in
the KT-Large dataset, but the estimate was not significant in the KJdPée dataset. Distance

to nearest continuous forest was not selected as a paramie¢stfit models in the atkipuka
datasetsDistance to nearest neighboring large kipuka (> 2.5 ha)ellow flies responded
positively to increased distance between a sampled kipuka and the nearest neighboring kipuka
larger than 2.5 hectares, in bathkipuka datasets. Parameter estimates in the-kapgika

datasets were not significantemperature seasonality Cold vs.Warm): Yellow flies

responded negatively to colder seasons in both KT datasets. The response was positive in the
KTPR-All dataset, and nossignificant in the KTPRLarge datasetRainfall seasonality {Vet

vs. Dry): Yellow flies responded positively to wetter seasons in both KT datasets.
D. tanythrix

Drosophila tanythrixwas the most abundant native Drosophsiciesdetected N=
1579. While it is specialized to breed in decayi@beirodendoreaves, this resource is
abundant in most kipuka larger than 0.5 hectares, allowing it to become quite common despite
being a resource specialist like the pichmiags. Because it isscommon, it provided enough

statistical power to generate robust Héshodels with strongly supported parameter estimates.
Model selection and averagir{gable 3D)

KT -All: The besfit model included kipuka area, distance to nearest continuoust,fore
distance to nearest large kipuka, temperature seasonality, and rainfall seasonality.-filAll best
parameter estimates were statistically significant. Rat treatment was not included as a parameter
in the besfit model. KTPR-AIll: The besfit model included kipuka area, rat treatment,
distance to nearest continuous forest, and temperature seasonality. -tl festmeter

estimates were statistically significant. Elevation and distance to the nearest large kipuka were
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not included in the bedit model. KT -Large: The besfit model included rat treatment, habitat
type (edge vs. interior), distance to nearest large kipuka, temperature seasonality, and rainfall
seasonality. All bedit parameter estimataesgere statistically significantKipuka aea and

distance to nearest continuous forest were not included as parameters in-thenoets.
KTPR-Large: The besffit model included kipuka area, rat treatment, habitat type (edge vs.
interior), distance to nearest continuous forest, and distanueatest large kipuka. All befst
parameter estimategere statistically significantElevation and temperature seasonality were

not included as parameters in the Heasnhodel.
Model parametersTable 4 DFigure 10 D

Kipuka area: D. tanythrixabundance responded positively to kipuka area, with the
exception of the KILarge dataset, where it was not selected as a parameter in tfié foestel.
Rat treatment (trapped vs. no trapping). Rats (untrapped) had a negative impacbon
tanythrixabundaoe in most datasets, with the exception of theA{lTdataset, where rat
treatment was not selected as a parameter in thditbestdel. Habitat type (edge vs.
interior) : D. tanythrixresponded negatively to edge habitat in both rgaeka datasets.
Elevation: Elevation was not selected as a parameter in anyfibesbdels forD. tanythrix
abundanceDistance to nearest continuous foresD. tanythrixresponded negatively to
increasing distance betweasampled kipuka and the nearest continuousstameall datasets
except KFLarge, where it was not selected as a parameter in thétbesidel. Distance to
nearest neighboring large kipuka (> 2.5 ha)D. tanythrixresponded negatively to increasing
distance between a sampled kipuka and the na@&giboring kipuka larger than 2.5 hectares
in both largekipuka datasets. It responded positively to increasing distance in tiAdl KT
dataset. The parameter was not selected for thdibesidel in the KTPRAIl dataset.
Temperature seasonality Cold vs.Warm): D. tanythrixresponded positively to colder
seasons in both KT datasets, but responded negatively in the-KITBRaset. Temperature
seasonality was not selected as a parameter in théitbesdel for the KTPRLarge dataset.
Rainfall sea®nality (Wet vs. Dry): D. tanythrixresponded negatively to wetter months in both
KT datasets.
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Picture-wings (D. silvestris, D. sproati, D. murphyi

A total of 135 pictureving Drosophilawere observed. Because they were so rare,
individual picturewing species possessed very low statistical power and did not generate robust
models. Despite having different preferred breeding hosts and likely different climate tolerances
between species, pictuvings were analyzed collectively to boost power and laok f
disparities between these rare specialists and more common or more generalist specid3.such as

tanythrixandD. suzukii
Model selection and averagir{@able 3E)

KT -All: Model subset Akaike weights were relatively low and broadly distributed, and
no bestfit model could be justified. After fulveraging of the global modeharameter
estimates for kipuka area, distance to nearest continuous forest, temperature seasonality and
rainfall seasonality were found to be statistically significant. Paeamestimates for rat
treatment and distance to nearest large kipuka were not signifi€aRR -All: The besffit
model included kipuka area, rat treatment, and elevation. Alfivgsirameter estimates were
statistically significant. Distance to neat continuous forest, distance to nearest large kipuka,
and temperature seasonality were not included as parameters in thierbedel. KT -Large:
Model subset Akaike weights were relatively low and broadly distributed, and rfitlmestlel
could be pstified. After fullaveraging of the global modethe parameter estimate for rainfall
seasonality was found to be statistically significant, and the parameter estimate for habitat type
(edge vs. interior) was marglly significant (p = 0.077) Paramter estimates for kipuka area,
rat treatment, distance to nearest continuous forest, distance to nearest large kipuka, and
temperature seasonality were not significaT.PR -Large: Model subset Akaike weights were
relatively low and broadly distributednad no bestit model could be justified. After full
averaging of the global model, parameter estimates for elevation and distance to nearest large
kipuka were foundd be statistically significantParameter estimates for kipuka area, rat
treatment, halat type (edge vs. interior), distance to nearest continuous forest, and temperature

seasonality were not significant.

Model parametersTable 4 EFigure 10 E
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Kipuka area: Picturewings responded positively to kipuka area in botkgluka
datasets. &ameter estimates were nsignificant in largekipuka datasetfkat treatment
(trapped vs. no trapping). Picturewings responded negatively to rats (untrapped) in the KTPR
All dataset, but estimates were not statistically significant in any other dafabéiat type
(edge vs. interior) Picturewings responded to edge habitat in the-kdrge dataset. The
parameter estimate was not significant in the KJlRRye dataseE&levation: Picturewings
responded negatively to increasing elevation in both KT&RseitsDistance to nearest
continuous forest Picturewings responded negatively to increasing distance to the nearest
continuous forest in the KAIl dataset. Distance to nearest continuous forest was not selected
as a parameter in the bdistmodel in the KTPRAII dataset. Parameter estimates were not
statistically significant in either largdpuka dataseDistance to nearest neighboring large
kipuka (> 2.5 ha} Picturewings responded positively to increasing distance to the nearest
neighboring lage kipuka in the KTPR.arge dataset. The parameter was not selected in the
bestfit model for the KTPRAIl dataset. Parameter estimates were not significant in either KT
datasetTemperature seasonality Cold vs. Warm): Picturewings responded positiseto
colder seasons in the KAIl dataset. Temperature seasonality was not selected as a parameter in
the besffit model in the KTPRAIl dataset. Parameter estimates were not statistically significant
in either largekipuka dataseRainfall seasonality(Wet vs. Dry): Picturewings responded

negatively to wetter months in both KT datasets.
D. silvestris

Drosophila silvestrisvas very rareN= 51) and was only observed in a select few large
kipuka It did not yield robust bedit models and displayedatistically significant responses to

only a few parameters.
Model selection and averagir{@able 3F)

KT -All: Model subset Akaike weights were relatively low and broadly distributed, and
no bestfit model could be justified. After fulveraging of thglobal model, parameter
estimates for kipuka area and distance to the nearest continuous forest were found to be
statistically significant. Parameter estimates for rat treatment, distance to nearest large kipuka,

temperature seasonality, and rainfallseelity were not significanKTPR-All: Model subset
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Akaike weights were relatively low and broadly distributed, and noflieabdel could be
justified. After fulFaveraging of the global modeharameter estimates for kipuka area and
elevation weredund to be statistically significant. Parameter estimates for rat treatment,
distance to nearest continuous forest, distance to nearest large kipuka, and temperature
seasonality were not significai{T -Large: Model subset Akaike weights were relativedyu

and broadly distributed, and no bé&isimodel could be justified. After fulveraging of the

global model,only the parameter estimate for habitat type (edge vs. interior) was found to be
statistically significant. Parameter estimates for kipulka arat treatment, distance to nearest
continuous forest, distance to nearest large kipuka, temperature seasonality, and rainfall
seasonality were not significat{TPR -Large: Model subset Akaike weights were relatively
low and broadly distributed, and bestfit model could be justified. After fulveraging of the
global model,only the parameter estimate for distance to nearest large kipuka was found to be
significant. Parameter estimates for kipuka area, rat treatment, habitat type (edge vs, interio

elevation, distance to nearest continuous forest, and temperature seasonality were not significant.
Model parametersTable 4 FFigure 10 F

Kipuka area: D. silvestrisabundance responded positively to kipuka area in both all
kipuka datasets. Parataeestimates were not significant in either lakgauka datasetRat
treatment (trapped vs. no trapping). D. silvestrisdid not have a statistically significant
response to rat treatment in any datastgbitat type (edge vs. interior) D. silvestris
responded negatively to edge habitat in thelléfge dataset, but the estimate was not
statistically significant in the KTPHRRarge datasetElevation: D. silvestrisresponded negatively
to increasing elevation in the KTPAI dataset, but the estimate wagn-significant in the
KTPR-Large datasetDistance to nearest continuous foresD. silvestrisresponded negatively
to increasing distance to the nearest continuous forest in thlKihtaset, but estimates were
not significant in any other datasddistance to nearest neighboring large kipuka (> 2.5 ha)
D. silvestrisresponded positively to increasing distance to the nearest neighboring large kipuka
in the KTPRLarge dataset, but the estimate was only marginally significant (p = 0.071).
Estimates wee nonsignificant in all other dataset3.emperature seasonality Cold vs.

Warm) D. silvestrisdid not have a statistically significant response to temperature seasonality
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in any datasetRainfall seasonality Vet vs. Dry): D. silvestrisdid not have atatistically

significant response to rainfall seasonality in either KT dataset.
D. sproati

Drosophila sproatwasalso rarg N= 55), but could be found in a broader number of
kipuka tharD. silvestris Like D. silvestris it did not yield robust begit models and displayed
statistically significant responses to very few parameters. It did not show a significant response

to any parameter in either KTPR dataset.
Model selection and averagir{@able 3G)

KT -All: Model subset Akaike weights were ré@laty low and broadly distributed, and
no bestfit model could be justified. After fulhveraging of the global model, parameter
estimates for kipuka size and distance to nearest continuous forest were found to be statistically
significant. Parameter é@states for rat treatment, distance to nearest large kipuka, temperature
seasonality, and rainfall seasonality were not significKitPR -All: The besffit model
included kipuka area, rat treatment, and elevation. None of théitqesmtameter estimataesgere
statistically significant. Distance to nearest continuous forest, distance to nearest large kipuka,
and temperature seasonality were not included as parameters in therbedel. KT -Large:
Model subset Akaike weights were relatively low and Hipdistributed, and no befit model
could be justified. After fulaveraging of the global model, the parameter estimate for distance
to the nearest continuous forest was found to be statistically significant, and rainfall seasonality
was only margindy significant (p = 0.079). Parameter estimates for kipuka size, rat treatment,
habitat type (edge vs. interior), distance to nearest large kipuka, and temperature seasonality
were not significant KTPR -Large: The top two competing models had relativieigh Akaike
weights and equal degrees of freedom; they could not be resolved. Both models were averaged
together. Habitat type, distance to nearest continuous forest, and temperature seasonality were
not included as parameters in either model. Aftdrdueraging of the two top models, none of

the remaining parameter estimates were found to betis@tissignificant

Model parametersTable 4 GFigure 10 G

25



Kipuka area: D. sproatiresponded positively to kipuka area in the-KIT dataset, but
estimates were not significant in any other datagdt treatment (trapped vs. no trapping):
D. sproatidid not have a statistically significant response to rat treatment in any dataset.
Habitat type (edge vs. interior) D. sproatidid not have a statistittg significant response to
edge or interior habitat in the KIarge dataset. Habitat type was not selected as a parameter in
bestfit models in the KTPR.arge datasetElevation: D. sproatidid not have a statistically
significant response to elevatianeither KTPR dataseDistance to nearest continuous
forest: D. sproatiabundance responded negatively to increasing distance to the nearest
continuous forest in both KT datasets. The parameter was not selected in-fitevbm$t| in
either KTPR datat. Distance to nearest neighboring large kipuka (> 2.5 hapPistance to
nearest neighboring large kipuka was not selected as a parameter in-fitenimd| for the
KTPR-All dataset. Parameter estimates were not statistically significant in anydathset.
Temperature seasonality Cold vs.Warm): Temperature seasonality was not selected as a
parameter in the befit models in either KTPR dataset. Parameter estimates were not
statistically significant in either KT datasdRainfall seasonality Vet vs. Dry): D. sproati
responded negatively to wetter months in thellifge dataset, but the effect was only
marginally significant (p = 0.079). The parameter estimate was not significant in {A# KT
dataset.

D. murphyi

Drosophila murphywas the ragst species detected< 29) and was the only picture
wing detected in any small kipuka (<0.5 ha). It's rarity coupled with a possible tolerance for a
wider range of habitat parameters resulted in very poor models with little to no statistical

significane@ in any parameter estimates.
Model selection and averagir{@able 3H)

KT -All: Model subset Akaike weights were relatively low and broadly distributed, and
no bestfit model could be justified. After fulveraging of the global model, only the paramete
estimate for temperature seasonality was found to be statistically significant. Parameter
estimates for kipuka area, rat treatment, distance to nearest continuous forest, distance to nearest

large kipuka, and rainfall seasonality were not signific&itPR -All: The nullmodel was the
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highest ranking model after global averaging. Model subset Akaike weights were relatively low
and broadly distributed, and no bé&isimodel could be justified. After fuliveraging of the

global model, no parameter estites were found to be significariT -Large: Model subset

Akaike weights were relatively low and broadly distributed, and noflieabdel could be

justified. After fullaveraging of the global model, no parameter estimates were found to be
significant. KTPR-Large: Model subset Akaike weights were relatively low and broadly
distributed, and no befit model could be justified. After fulveraging of the global model, no

parameter estimates were found to be significant.
Model parametersTable 4 HFigure 10 H

Kipuka area: D. murphyidid not have a statistically significant response to kipuka area
in any datasetRat treatment (trapped vs. no trapping) D. murphyidid not have a
statistically significant response to rat treatment in any datékadiitat type (edge vs.
interior) : D. murphyidid not have a statistically significant response to edge vs. interior habitat
in either largekipuka datasetElevation: D. murphyidid not have a statistically significant
response to elevation in either KTPRtaset.Distance to nearest continuous foresD.
murphyidid not have a statistically significant response the distance between a sampled kipuka
and the nearest continuous forest in any datd3istance to nearest neighboring large kipuka
(> 2.5 ha) D. murphyidid not have a statistically significant response to the distance between a
sampled kipuka and the nearest neighboring large kipuka in any dafasgberature
seasonality Cold vs.Warm): D. murphyiabundance responded positively to colder zeamn
the KT-All dataset. It did not have a statistically significant response to kipuka area in any other
dataset.Rainfall seasonality (Wet vs. Dry): D. murphyidid not have a statistically significant

response to rainfall seasonality in either KTasat.
Other Drosophilidae

In addition toDrosophila tanythrix, D. silvestris, D. sproati, D. murphgnd exotic
"yellow flies," 10 additional Drosophilid morphotypes were observed in the course of this study,
resulting in 1818 flies categorized as "OthBrosophilidae. Potential species for this region of
Hawai'i Island include (but are not limited t©josophila medialisD. neutralis D. percnosoma

D. longiperda, D. tendomenturmndD. cilifemorata(Karl Magnacca, pers. comm.). Some of
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the recordednorphotypes likely include multiple species, particularly among the smaller
nondescripScaptomyzand Haleakalae clade Brosophila and a microscope would be needed
to identify them. Though they were not the focus of this study, they were analyzextivadly

to see if observed trends held true for other-fomal taxa and if there were any clear
differences. "Other" Drosophilidae were abunedambugh to drive the direction of some

parameter estimates in the "Total Drosophilidae” and "Native Drosdgdilmodels.
Model selection and averagirf@able 3I)

KT -All: The besfit model included kipuka area, rat treatment, distance to nearest
continuous forest, temperature seasonality, and rainfall seasonality. Aliitlpesameters were
statisticallysignificant. Distance to nearest large kipuka was not included as a parameter in the
bestfit model. KTPR-All: The besfit model included kipuka area, rat treatment, elevation, and
temperature seasonality. All bddgtparameters were statistically sifjcant. Distance to
nearest continuous forest and distance to nearest large kipuka were not included as parameters in
the besffit model. KT -Large: The top five competing models had relatively high Akaike
weights and equal degrees of freedom; they coatde resolved. All five models were
averaged together. After fedlveraging of the five top modelparameter estimates for habitat
type (edge vs. interior), temperature seasonality, and rainfall seasonality were found to be
statistically significantyhile the parameter estimate for distance to nearest continuous forest
was marginally significant (p = 0.088). Parameter estimates for kipuka area, rat treatment, and
distance to nearest large kipuka were not signifid€hBR -Large: The besfit model included
kipuka area, rat treatment, habitat type (edge vs. interior), elevation, and distance to nearest large
kipuka. All bestfit parameter estimates were statistically significant. Distance to nearest

continuous forest and temperature seasonality nmetréencluded in the besit model.
Model parametersTable 4 |, Figure 10 |

Kipuka area: Non-focal Drosophilid abundance responded positively to kipuka area in
both altkipuka datasets. They responded negatively to kipuka area in the-KaigR datade
The parameter estimate was not significant in theLKige datasetRat treatment (trapped
vs. no trapping). Non-focal Drosophilids responded negatively to rats (untrapped) in both

KTPR datasets, but positively in the KNIl dataset. The parametertiesate was not significant
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in the KT-Large datasetHabitat type (edge vs. interior) Non-focal Drosophilids responded
negatively to kipuka edge habitat in both lakjjeuka datasetsElevation: Non-focal
Drosophilids responded negatively to increasilegaion in both KTPR dataset®istance to
nearest continuous forestincreasing distance between a sampled kipuka and the nearest
continuous forest had a negative impact on "Other" Drosophilid abundance in-thi KT
dataset, but a positive impact iretKT-Large dataset. The parameter was not selected for the
bestfit models in either KTPR dataseRistance to nearest neighboring large kipuka (> 2.5
ha): Increasing distance between a sampled kipuka and the nearest neighboring large kipuka had
a positve impact on "Other" Drosophilids in the KTRRrge dataset. The parameter estimate
was not significant in the K'Large dataset. The parameter was not selected for thétbest
models in either akipuka datasetTemperature seasonality Cold vs.Warm): Non-focal
Drosophilid abundance was positively impacted by colder seasons in bhkijpu&ih datasets and
the KT-All dataset. The parameter was not selected for thefibesvdel in the KTPRLarge
dataset.Rainfall seasonality {Vet vs. Dry): Non-focal Drosophilid abundance was negatively

impacted by wetter months in both KT datasets.
Drosophilid species and morphotype richness

The presence or absence of each Drosophilid species or morphotype was recorded at each
transect, allowing for a count of totgpecies and morphotype richness. This included
presence/absence data Byosophila tanythrix, D. silvestris, D. sproati, D. murphyellow
flies (counted as a single unit), and the 10 "Other" Drosophilid morphotypes, for a total of 15

potential taxa.
Model selection and averagir{@able 3J)

KT -All: Model subset Akaike weights were relatively low and broadly distributed, and
no bestfit model could be justified. After fulveraging of the global model, parameter
estimates for kipuka area, distancenéarest large kipuka, and temperature seasonality were
found to be statistically significant. Parameter estimates for rat treatment, distance to nearest
continuous forest, rainfall seasonality were not significdmMPR -All: Model subset Akaike
weights vere relatively low and broadly distributed, and no #iéshodel could be justified.

After full-averaging of the global model, only the parameter estimate for kipuka area was found
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to be statistically significant. Parameter estimates for rat treatelemstion, distance to nearest
continuous forest, distance to nearest large kipuka, and temperature seasonality were not
significant.KT -Large: Model subset Akaike weights were relatively low and broadly

distributed, and no befit model could be justifid. After full-averaging of the global model,
parameter estimates for habitat type (edge vs. interior) and temperature seasonality were found to
be marginally statistically significant (p = 0.054 and 0.064, respectively). Parameter estimates

for kipuka aea, rat treatment, distance to nearest continuous forest, distance to nearest large
kipuka, and rainfall seasonality were not significdtPR -Large: The nulklmodel was the
seconehighest ranking model after global averaging. Model subset Akaike weights

relatively low and broadly distributed, and no bigsinodel could be justified. After full

averaging of the global model, no parameter estimates were found to be statistically significant.
Model parametersTable 4 JFigure 10 J

Kipuka area: Drosophilid richness responded positively to kipuka area in both all
kipuka datasets. The parameter estimates were not significant in eithekiparkge dataseRat
treatment (trapped vs. no trapping) Drosophilid richnesslid not have a statistically
significant response to rat treatment in any databkbitat type (edge vs. interior)

Drosophilid richness responded negatively to edge habitat in tHealkje dataset. The
parameter estimate was not statistically significant in the KL&ige datasetElevation:
Drosophilid richnesslid not have a statistically significant response to elevation in either KTPR
dataset.Distance to nearest continuous foresDrosophilid richnesslid not have a statistically
significant response to the distance betweem®kal kipuka and the nearest continuous forest
in any datasetDistance to nearest neighboring large kipuka (> 2.5 haProsophilid richness
responded positively to increasing distance between a sampled kipuka and the nearest large
kipuka in the KTFAIl dataset. The parameter estimates were not statistically significant in any
other datasetTemperature seasonality Cold vs. Warm): Drosophilid richness responded
positively to colder seasons in both KT datasets. The parameter estimates were notlistatistica
significant in either KTPR dataseRainfall seasonality Vet vs. Dry): Drosophilid richness

did not have a statistically significant response to rainfall seasonality in either KT dataset.
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iButton temperature and humidity measurements

Of the 28 tenperature and humidity dataloggers utilized in this study, only 10 remained
functional by the end of the sampling periadhether due to moisture damage or depleted
batteries As a result, there were many gaps in temperature and humidity readings over the
course of the study. However, differences between habitat types weobstitVed For periods
when all habitat types were concurrently sampled, large kipuka were cooler and more humid on
average than small kipuk&igures 11A, 11B Daily high anddw readings were also less
extreme in larger kipuka than in small onEgy(ires 11C, 11P
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CONCLUSIONS AND DISCUSSION
General conclusions, pertaining to study hypotheses

This study has demonstrated that, with respect to IBT and BARpphilid
abundances and richness increase with kipuka areap to a threshold limit. However,
Drosophilarespond positively to increasing kipuka remotenessuggesting the possibility of
competitor releaseDrosophila show significant responses to rat trappig treatment, but the
direction of this effect varies meriting further research on rat diet and trophic interactions.
Exotic Drosophila were more tolerant of marginal habitat than native speciesut still
responded positively to kipuka area and intehniabitat.Native Drosophila are more abundant
in winter months while exotics are more abundant in the summer. All Drosophila respond

negatively to increasing elevation.
Effects of datasets and scale

Fly responses to the ecological factors in this studyglidfieult to summarize concisely,
due to many discrepancies and inconsistencies among models and parameter estimates. This is
not only due to the differing ecological preferences of various taxa, but also to the large
differences in sample size and sph#ind temporal scale between the four datasets.

KT vs. KTPR: differences in scale

The KTPR datasets captured a wider range in elevation among study kipuka than the KT
datasets (149%785 or 290 m vs. 1495650 or 155 m, respectively), which correspotml
greater differences in mean rainfall and mean ambient temper&iarat{elluca et al. 2013,
2014. As can be seen in Figuretfe relative proportion of species, particularly "yellow flies"
and "Other" norfocal Drosophilids, shifted with the inclias of higher elevation sites from
Powerline Road. Because both taxa are relatively abundant, this drove differing responses to
certain parameters between KT and KTPR datasets amongst the larger, collective species groups
like Total Drosophilidae and Nat Drosophilidae- particularly for the climateelated
seasonality factorsT@ble 4A Figure 10A Table 4B Figure 10B.

Additionally, because the KTPR data was collected over a much shorter time period (215

days vs. 701 days), and because there waga tifference in the number of "cold" season and
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"warm" season samples, rapcturewing species groups lacked the statistical power to detect
significant responses to temperature seasondliilés 4EH, Figures 10EH). The sample size
in the KTPRLarge dataset was low enough (n=18) that only the most abundant taxa showed

detectable responses to model parameteislé 50D.

In their review of fragmentation studies, Debinski and Holt (2000) note that differences
in spatial scale often cause resporaseables to behave uncharacteristically of the normal Island
Biogeography and Speci#sea Relationship paradigms (MacArthur & Wilson 1967, Leibold
2004). Although arthropods are assumed to be bafitzd to fragmentation studies because
they interact Wwh the environment at finer scales (Debinski & Holt 2000, Thies et al. 2003), it
has been found that the total area of a sampled fragmentation landscape can greatly influence the
magnitude of response to fragmentation variables, even among parasitoscenve gmllen
beetles (Thies et al. 2003). Additionally, the scale effect appears to be nonlinear, making it
difficult to predict its impact on model outcomes. Saddpendent effects may help explain why
certain parameter estimates were significant i dataset but not another. For example,
Drosophila tanythrixshowed a significant negative response to rats in all da&ssptKT-All,
despite the fact that KAl has the largest sample size of the four data3etblé 4D. If the
effects of rats argreater at higher elevations or in larger kipuka, then the comparatively low
elevation of the KT datasets and the greater number of small kipuka in tkipuih datasets
could diminish the importance of rats to the-RIl model. In short, the benefitsr burdens
imposed bycommunityfactors may become augmented or dampened by the influence of

landscapdactors; that is to say, they are interactive.
All kipuka vs. Large kipuka: diminishing returns

Within All-kipuka datasets, nearly all species groumsised a strong positive response
to increasing kipuka area, and consistent responses to landscape ciipfectirs (DForest
and DLargeTables 5AD). However, in the Largkipuka datasets, these relationships became
less consistent and kipuka areadree an insignificant variable to most species. Itis likely that
as kipuka increase in size, the ecological benefit provided by the additional area becomes less
impactful. Somewhere above 2.5 hectares (the cutoff for defining kipuka as "large" in this
study), there may be a threshold limit beyond which there is no further effect; that is to say, the

function is logarithmic rather than linear. A logistic response in spduoiessityis already
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predicted by the Speciggea curve (Leibold 2004), and thsapparent in the difference
between Allkipuka and Larg&kipuka datasets for Drosophilid species and morphotype richness
(Table 4).

Overarching parameter effects
Habitat structure

At least up to 2.5 hectares, increasing kipuka size had a verytanponpact on
Drosophilid abundancér@blesbA, 5B). Although this are@ffect breaks down in the largest
kipuka, it also becomes clear thathin-kipuka variables continue to influence those
abundances. Kipuka edge transects consistently yielded fiezgethan interior transects
(Tables 5C, 5[0 Vegetation composition and structure is known to vary not only between
kipuka of different sizes, but also between kipuka edges and interiors, and native canopy tree
species have differing edge toleranceay&2011). This may affect not only the availability of

Drosophilaresources, but also light environment and microclimate.

In addition to fragment size and binary edge/interior comparisons, fragment complexity
has also been shown to have an effectpaties abundance and distribution (Debinski & Holt
2000). For instance, the shape of a habitat fragment may influence fragmentation effects by
changing the area:edge ratio and affecting fragment permeability to dispersing organisms or the
ability to attemate weather events (Saunders et al. 1991, Murcia 1995). Fragment irregularity
also has an effect on canopy structure within kipuka, with narrower sections possessing lower

tree height and variability, further augmenting edge effects. (Vaughn et al. 2014)
Community connectivity

Most Drosophilids showed a negative response to increasing isolation from the
continuous forest, but a positive response to increasing isolation from other Kijtda$t,
DLarge; Tables 5A). These trends could simply béated to source/sink metapopulation
dynamics, or they could be driven by more complicated community trophic interactions related

to predator or resource dispersabr a combination of the two

A positive response to fragment isolation metrics may semmterintuitive in light of

Island Biogeography Theory (MacArthur & Wilson 1967), but this kind of response is not
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uncommon in fragmentation studies, particularly for organisms in lower trophic orders (Debinski
& Holt 2000). Nichols et al. (2007) saw cistent positive responses to fragment isolation in a
metaanalysis of dung beetle studies worldwide. This trend is postulated to be driven by a release
from predation pressures, as the beetles tend to be more widely dispersed than higher order
arthropod casumers. Similarly, Kruess & Tscharntke (1994) found that parasitoid wasps were
far less dispersed than their hosts, which benefited herbivorous insects in more remote
fragments. Kipuka isolation is somehow affecting Drosophilid habitat quality in tiveosay,

and it may be related to the dispersal of predators, parasites, or pathogens, rather than the

physical habitat itself.
Invasive species

Responses to rat treatment were variable but often significant among collective species
groups Tables4A, 4B, 4C, 4l), which could implicate rats as important but highly interactive
members of the kipuka trophic network (hence the stochastic responses). "Yellow flies"
themselves may also be important competitors of more specialized Deds@philg but they
were unsuitable for analysis as factors within this study due to strong dependence on the same

habitat parameters.
Climate

Native taxa displayed varying degrees of preference for the colder winter and spring
seasons, and an aversion to rainier monthsohtrast, nomative yellow flies responded
inconsistently to temperature seasonality but very positively to the rainy maiathle @,

Figure 10G. While rainfall typically restricts insect flight and foraging, these periods (early
spring and late dumn) may correspond to, or lag immediately behind, a surge in an ephemeral
breeding resource. For examdle,suzukiiwas successfully reared from 'Ohelo @a¢cinium
reticulatunm berries collected along Kaumana Trail during this study, which devalap@ndant

crop of fruit on the lava matrix in misummer through early autumn.

Nearly all taxa responded negatively to increasing elevation. In this region of the Mauna
Loa/Mauna Kea saddle, precipitation is primarily delivered by orographic lifGngnibellucaet
al. 2013). As a result, both mean annual temperature and mean annual rainfall steadily decrease
with elevation, leaving higher kipuka colder and dri&g(re 2, Figure 6 Although native flies
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respond negatively to the wet season, theaese in precipitation at the top of Powerline Road

may be so severe that extended dry spells can knock down fly populations.

As already mentioned above, differences in the scale of observations in this study may
help explain some discrepancies in spgaiesponses to certain parameters. Because the KTPR
datasets are comprised of samples from later and shorter time frames, they may unable to capture
longerterm weather trends. As a tropical region, seasonal trends are far less pronounced than
they areon the temperate mainland, and they are much more prone tbyygaar variation. It
is important to note that the seasonal definitions used in these models are based on-the multi
decadal averages provided by the Hawai'i Rainfall and Climate Atlasesl{€iaca et al. 2013,
2014), and are not a perfect reflection of the true seasonal effects expenmesiteduring this
study. For example, when this study began in the summer of 2013, Hawai'i Island was
experiencing a severe drought. The followinghawer, the island experienced a record number
of storm events, including one hurricane. Over time, this variability in seasonal trends may even

out, but samples collected over a short period will misinterpret their effects.
Speciesspecific responses
Totd Drosophilidae

Analyzed collectively, Total Drosophilids showed largely variable responses to
parameters between datasets. This is most likely due to variations in Drosophilid community
composition across different datasets, particularly between Kauomypand
Kaumana+Powerline datasets. For instance, Total Drosophilids responded positively to
untrapped rats in the KAIl dataset but negatively in all other datasets, largely driven by the
response of "Other" Drosophilidae in the same datasdti€ 47, |; Table 5A). Similarly, Total
Drosophilids showed an unusual positive response to DForest in thang€ dataset, driven by
the positive response of abundant yellow flies in that dat@iabtgs4A, 4C; Table 50. Yellow
flies also drove the abnormglhegative response to cold season in theMTand KT-Large
datasets, but not in the KTPARI dataset where "Other" native Drosophilidae outnumbered the

exotic speciesHigure B).

Native Drosophilidae

36



As with Total Drosophilidae, the responses of arosophilidae were largely
determined by the relative inputs of component taxa, in this case the comparatively aBundant
tanythrixand "Other" Drosophilids. For example, the abnormally positive response of Other
Drosophilidae to untrapped rats in ti€-All dataset and the simultaneously negligible response

of D. tanythrixdetermined the positive response from the Native species grabje ().

Despite the relatively high abundance of the Native species group, a large number of
parameters wereiktexcluded from Native Drosophilid beft models Table 8), probably due

to the unpredictability of having several competing taxa factored into the same model.
"Yellow flies"

While nonnative Drosophilaresponded typically to kipuka area, habitgtetyDLarge,
and elevation, their response to rat treatment, DForest, and temperature seasonality were
inconsistentTable 4C) and their response to rainfall seasonality was the opposite of all other
species groupsTables 5A5C). As mentioned previouslthese responses could be related to
irruptions of some ephemeral resource. Alternatively, the generalist habit of these exotic species
could afford them an increased degree of flexibility in response to the variables in their

community.

Despite being th most abundant species in the largest sample set, exotic yellow flies
were theonly species group that showed no response to distance from the continuous forest in
the KT-All dataset Table %A). As discussed above, it is possible that increasing isolatio
provides some form of ecological release from a predator or other competitor; this may be true
for Drosophilids generally in relation to their distance from other large habitat fragments
(DLarge). However, native species groups still showed negatipemses to distance from the
continuous forest (DForestable B), and this could be related to more classical Island
Biogeography Theory and metapopulation sotsio& dynamics. If this is true, then it would
seem that nomnative "yellow flies" are notlependent on the continuous forest as a population
source. Additionally, becaug® suzukiiwas reared from lava matrix 'Ohelo ‘ai, they are
apparently breeding in the open habitat and may be more tolerant of direct exposure to the
interstitial spaces tmanative flies. The kipukéava matrix then presents a substantiallyless

patchy and more contiguous landscapB tguzukii. Yellow flies' unusual responses to model
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parameters may then be interpreted as their outstripping the limitations of theititorsipe

Where those factors hurt an opponent, yellow flies benefit.
Drosophila tanythrix

D. tanythrixhad a more consistenthegative response to untrapped rats than any other
species groupliable D). Becaus®. tanythrixbreeds in the decayingleave of ' &l ap a
(Cheirodendroi, which is common in the kipuka leaf litter, it is possible that rats either
deliberately or incidentally predaiz tanythrixlarvae while rummaging. Indeed, Diptera are a
commonlyoccurring component of the diet Battusin Saddle Road kipukaHukami et al2010
NSF proposalFigure 12)

D. tanythrixalso had an atypicaHgegative response to colder season in the KAPR
datasetTable D, Figure10DB). It is possible that the higher elevation of Powerline Road

kipukas pushs the severity of winter temperatures beybntanythrixXs tolerance.
Picture-wings

Because of their rarity, individual picturang specieslid not havahe statistical power
to show detectable responsesrtanyfactors(Tables &, 4G, and4H; Figures10~10H);
likewise, low delectability of individual species can caos®lelsto overestimat@arameter
effects Even when analyzed collectively, pictuséngs yielded few significant responses to
model parameters. In those cases where parameter estiveagesignificant, they responded as

has come to be expected of native flies in this stlidple 45.

These responses were heavily driven by the relativelyalowedanD. silvestrisandD.
sproati(N=51 and 55, respectively); the exceptionally @arenurphyi(N=29) only yielded a
single significant response to temperature seasonality in thallkdataset. However, despite a
general lack of statistical significance in any mo@elmurphyiwas the only picturgving ever
detected outside of a larggkka (>2.5 ha), on 6 separate occasions, over one fifth of all
detections. Becaud$2 murphyishares a host substrate with its sister spéziaproati it would
make sense if the two showed differing dispersibility and climate tolerences. It maat De th

sproatiis the superior competitor in decayi@feirodendrorbark, andD. murphyipersists due
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to increased vagility afforded by a higher tolerance to marginal habitat (making it a superior

disperser, Williams et al. 2009).
Other Drosophilidae

Non-focal, presumably native Drosophilid species consisted of 10 morphotypes ranging
in abundance from only @etected individuals (Morph 1) 1028 total observations (Morph
1)(see Appendix 1 for morphotype listbome of these morphotypes have very likegntities
(such a®. percnosomaylorph 8, andD. tendomenturiiorph 9), while others likely depict
clades consisting of several species flaéeakalaegroup, Morph 4). Thus, "Other"
Drosophilidae present a much more ecologically diverse species g@uhe picturavings or
yellow flies. As might be expected, their responses to model parameters are somewhat sporadic,
but they still show typical native responses to seasonality, elevation, and edge vs. interior habitat
(Table 4, Figure 10). Nonfocd Drosophilids are also the only species group to show a
statistically significant negative response to kipuka area, in the KIP§e dataset. This could
be due to other community factors one might expect to be correlated with kipuka size,

particularly pedator abundance.
Drosophilid richness

Species and morphotype richness responded in much the same way that individual
species abundances might. Richness increased with kipuka area, isolation from neighboring
kipuka, and colder seasons, and decreasedge habitatTable 4, Figure 10). The response to
DLarge is unusual when considering predictions of Island Biogeography Ti¢acA(thur &
Wilson 1967, namely that isolated islands should expect fewer immigrants and lower diversity.
It is possiblethat if kipuka isolation promotes fly abundance, such as through predator release,
then the increase in abundance of rare species would boost their detectability, increasing the

probability of being included in the richness estimate.
Ecological implications and future directions
InvasiveDrosophila

There are clearly distinct climatic preferences between natiosophilaand their exotic

counterparts, including opposite seasonal responses. Despite a diversity of well over one dozen
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native species in tise Saddle Road kipuka, all seem to have comparable preferences for the
interiors of large, cool forest fragments. Meanwhile invaBlveuzukiiappear capable of

breeding in the marginal habitat between kipuka, though they still show a preferencerifar inte
habitat. While native species have an advantage under cooler conditions, This dynamic stands to
be shifted in favor of hedblerant species in the face of global climate change. Yellow flies are
detected in greater quantity than native flies mmd¢mallest kipuka (<0.5 h&jgure B), and

given that temperature and humidity dataloggers show that small kipuka and kipuka edges are
warmer and drier than the interiors of large kipukigire 1), it seems to be a sign of things to

come.

As of yet, lttle is understood of the potential threat posed by "yellow flies" to native
Drosophila Because yellow flies are resource generalists, experimentally attempting to rear
them on a variety of known natil@osophilabreeding substrates and other potentgetation
substrates from the kipuka would teach us much about their ecological potential and degree of
competitive nicheoverlap with native species. Exofixosophilalike D. suzukiiseem
particularly menacing when considering the relative importanceasfdK-selected traits in
interspecific competition (Debinski & Holt 2000, Williams et al. 2009, Crowder & Snyder
2010). While native flies, including rare pictunéngs, may be superior competitors on their
specialized breeding substrates and in t@,dumid interiors of their home kipuka, the could

be overwhelmed by the sheer volume and vagility of exotic flies in the kipuka mosaic landscape.

In their review of invasive generalist arthropods, Crowder and Snyder (2010) note:
"Competitive advantag.. in resource exploitation can be magnified when exotics have broad
diets that completely overlap... those of natives”. While sampling vegetation in the hopes of
discovering new nativBrosophilahost plants, Magnacca et al. (2008) reared exotic ydlles
(mostlyD. immigrang from most plant species investigated, numbering over 3000 individuals,

or between one and three orders of magnitude more than any other native species.
Rats

Although invasiveRattusdid not have a consistent, clear impacttirbrosophilid
species in this studjgrosophila tanythrixin particular benefitted from the intensive trapping

treatment employed in the Kipuka Project experiment. It is presently unclear how rats may be
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affecting the flies, but there is some evider@wsuggest they are at least capable of predating
them directly (Fukami et aR010 NSF proposgFigure 12j. Rats may also affect flies
indirectly by influencing the abundance or behavior of other consumers. It has already been
shown that the exclusiarf birds from Mauna Loa kipuka canopiess a significant impact on
arboreal arthropod food webs (Gruner 2804Although Diptera factor into the arthropod diets
of native birds, most species prefer to eat other taxa, including spitiiguse( 12ae). If rats

affect local bird populations or restrict their foraging behafikakami et al2010 NSF

proposa), it may release other predatory arthropods.

Rat trapping ended in May 2015 after #hggears of continuous treatmefodent
population assessmentsing tracking tunnelsaycontinue, providing an additional opportunity
to investigate both the rates of rodentodonization, as well as that colonization's impact on
native biota.

Vegetation

The rarity of picturewings and their breedinlgost subsates makes it unlikely that
predation of larvae by rats is a frequent occurrenceg\mri rare predation events of an already
rare species can be impactful. The most important habitat factor affecting putgre
abundance, however, is likely their bkqéant density. Habitat factor measurements like kipuka
area and habitat edge vs. interior are in fact proxies for more complex ecological variables, such
as the temperatur@umidity, and light microclimate, as they are affected by vegetation canopy
structure. Vegetation community composition, including the presence of rare host plants, and
how this composition may change with elevation or isolation, would provide additional insights
into Drosophilaecological preferences. A poioéntered quarter meitl adapted from Mitchell
(2007) could be used along the very same transects used to sample fly abundances, allowing
relatively loweffort estimates of tree density and cover localized at baiting $teasurements

of &heaquendrdi leaf litter vs coarse woody debris could also explain the large

differences betweel. tanythrixandD. sproatiabundances observed in the course of this study.
Climate change

In addition to directly shifting the ranges of endemrosophilato track shifting

temperaure and rainfall isoclines (Benning et al. 2002), future climate change may also
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exacerbate existing fragmentation effects. A naetalysis by Mantykdringle et al. (2011)

found that fragmentation modeling parameters had greater magnitude in regfohgyher

maximum temperature, as well as in regions with historically decreasing precipitation.
Drosophilaspecies elsewhere in the world have already shown genetic adaptations to changing
climate regimes (Umina et al. 2005, Balanyé et al. 2006), bu¢ gpesiesy. melanogaster, D.
subobscuraare cosmopolitan with enormous populations and ranges, and generalist habits. It

seems very unlikely that specialized Hawaiznosophilapossess the same plasticity.

Meanwhile, exotic yellow flies may only hefit from shifting climate regimes in
Hawai'i. It seems likely that yellow flies develop resident populations in the kipuka mosaic
landscape during the summer but are knocked back in the winter, necessitating recolonization
(population genetic techniquesay help demonstrate this). In the face of anthropogenic climate
change, the restrictively cold winters at these elevations are expected to become less severe, and
this may be the only current ecological limitation preventing these species from digplatire

taxa.
Closing remarks

Hawaiian endemi®rosophilaare uniquely evolved and specialized organisms that are
found nowhere else in the world. In many ways they represent the singularity and vulnerability
of the Hawaiian biota in general. It istiiftig, then, that th®rosophilaare considered as both an
endangered taxa and an important indicator species for the health of native ecological

communitiegFoote and Carson 1995; Bonacum et al. 2005; Price and Muir.2008)

Despite decades of intensiveidy beginning under the Hawaii@rosophilaProject
(Carson 1986, Montgomery 19/7Surprisingly little is known about their ecology, beyond
perhaps their range and preferred breeding host, and the physiological tolerances of a select few
species. If thesflies are meant to provide insight into the structure, function, anebeseity of
native habitat, then there is still much that needs to be learned. This present study has hopefully
contributed new understanding@fosophilahabitat preferences, andopided new glimpses of

how they interact with the rest of their montane wet forest community.
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TABLES AND FIGURES

Table 1: Study kipuka and their pertinent variables, arranged from smallest to largest by rat
treatment and location. Note that kipuka larger than 2.5 hectares were also analyzed for edge vs.
interior effects.

Rat DForest DLarge | Elevation
Location Kipuka | Treatment | Area (ha) (m) (m) (m)

K28 0.09 196 176 1501

K02 0.18 415 539 1616

K20 0.48 160 26 1540

k22 Untrapped 0.79 105 183 1519

K03 2.28 363 409 1625

K19 2.84 220 33 1550

Kaumana Trail K18 3.34 324 33 1549
K13 0.10 311 140 1566

K24 0.10 261 27 1599

K12 0.18 340 328 1625

K29 Trapped 0.64 203 113 1645

K06 1.22 185 242 1675

K15 3.41 238 295 1592

K05 10.54 350 226 1666

K39 0.09 283 213 1765

K40 0.19 309 273 1755

K38 0.19 454 132 1761

K25 Untrapped 0.34 646 118 1756

K09 0.57 329 918 1728

K10 1.88 480 267 1671

Powerline Road K31 3.68 568 114 1802
K35 12.04 1389 207 1781

K34 0.19 821 19 1758

K36 0.19 48 77 1791

K21 Trapped 0.56 654 50 1758

K30 0.74 1413 280 1750

K26 2.10 866 130 1765

K32 2.85 571 130 1762
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Table 2: The final 8 parameters chosen for model analys@fter testingor autocorrelation

among the original 12 (refer to Appendix 2 for correlation matrices). Model abbreviation codes,

pertinent datasets, and method of measurement are listed.

Parameter | Parameter Model | Datasets Description
Category Metric Code Included
Habitat Kipuka Area; | Area | KT-All, Kipuka area in hectares, calculated in
Structure (hectares) KTPR-AIl, ArcMap. Ranged from 0.692.04 ha.
KT-Large,
KTPR-Large
Habitat Type; Hab | KT-Large, Habitat quality at the sampling trsect, in
(edge vs. KTPR-Large | 2 levels: "Edge” and "Interior".  Only
interior) measured in large kipuka (>2.5 ha).
"Edge" transects are within 10 m of kipul
boundary; "Interior” transects are at leas’
50 m from kipuka boundary.
Community Distance to | DForest| KT-All, Distance between a kipuka's edge and tt
Connectivity Nearest KTPR-AIl, edge of the nearest continuous forest (ef
Continuous KT-Large, of the kipukamatrix landscape), measure
Forest, KTPR-Large in Google Earth, in meters
(meters)
Distance to | DLarge | KT-All, Distance between a kipuka's edge and tk
Nearest Large KTPR-AIl, edge of its nearest "Large" neighbor (are
Kipuka, KT-Large, > 2.5 ha), measured using Google Earth|
(meers) KTPR-Large meters
Invasive Rat Rat | KT-All, Whether a kipuka has been left as a con
Competitors Treatment; KTPR-AIl, or has been trapped for rats, organized il
(untrapped vs. KT-Large, 2 levels: "Untrapped" and "Trapped"
trapped) KTPR-Large
Climate Elevation; Elev | KTPR-AIl, Elevation at kipuka centroid, measured
(meters) KTPR-Large | usng ArcMap, in meters
Temperature | STemp | KT-All, Time of year broken into 2 levels, based
Seasonality KTPR-AIl, mean monthly temperature: "Cold" winte
(colder vs. KT-Large, and spring (<12.5 C°) and "Warm"
warmer) KTPR-Large | Summer and fall (>12.5 ¢°predicted
using the Climate of Hawai'i interactive
map (Giambelluca et al. 2014)
Rainfall SRain | KT-All, Time of year broken into 2 levels, based
Seasonality KT-Large mean monthly rainfall: "Wet" (>250 mm)
(wetter vs. and Dry" (<250 mm), gedicted using
drier) Giambelluca et al. 2014
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Tables 3AJ: Bestfit models, arranged by species groupModel parameters, degrees of
freedom (df), corrected Akaike Information Criterion score (Al@&ICc, and Akaike weights
for each of the four datasets are provided. Refer to Table 2 for parameter codes. Rafksto
4A-Jfor standardized parameter estimates arrangethtaset Refer to Appendix 4 for a more
detailed list of candidate modelschparameter estimates.

A.) All Drosophilidae

Dataset BestFit Model df | AICc Delta | Weight
KT -All Area+Rat+DForest+DLarge+STemp+SRain| 7 | 3570.53 | 0.00 | 0.82
KTPR-AIl Area+Rat+Elev+DForest+DLarge+STemp |7 | 1028.88 | 0.00 | 0.98
KT -Large Hab+Rat+DForest+STemp 5 [19.73 [ 0.00 |0.30
KTPR-Large | Rat+Hab+Elev+DForest+DLarge 6 |346.80 |0.00 |0.59
B.) Native Drosophilidae
Dataset BestFit Model df | AlICc Delta | Weight
KT -All Area+Rat+DForest+DLarge+STemp+SRain| 7 | 2513.34 | 0.00 | 1.00
KTPR-AIl Area+Rat+Elev 4 |1276.00 | 0.00 |0.34
KT -Large Full-averaging of top 3 models: 6 |1213.96 | 0.00 | 0.25
Area+Hab+DLarge+STemp+SRain
Area+Rat+Hab+STemp+SRain 6 |1214.05|0.09 |0.24
Rat+Hab+DLarge+STemp+SRain 6 | 1214.85|0.89 |0.16
KTPR-Large | Rat+Hab+Elev+DForest 5 |335.76 |0.00 |0.41
C.) "Yellow flies"
Dataset BestFit Model df | AlICc Delta | Weight
KT -All Area+Rat+DLarge+STemp+SRain 6 |2648.20 | 0.00 |0.76
KTPR-AIl Rat+Elev+DLarge+STemp 5 1362.17 |1.35 |0.26
KT -Large Full-averaging of top 5 models: 7 |11505.81 | 0.00 |0.19
Area+Rat+Hab+DLarge+STemp+SRain
Area+Hab-DForest+DLarge+STemp+SRain| 7 | 1505.81 | 0.00 | 0.19
Area+Rat+Hab+DForest+STemp+SRain 7 |1505.81|0.00 |0.19
Rat+Hab+DForest+DLarge+STemp+SRain | 7 | 1505.81 | 0.00 | 0.19
Area+Rat+Hab+DForest+DLarge+STemp+ | 7 | 1505.81 | 0.00 | 0.19
SRain
KTPR-Large | None selected; Fulihodel averaging n/a
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D.) D. tanythrix

Dataset BestFit Model df | AlCc Delta | Weight
KT -All Area+DForest+DLarge+STemp+SRain 6 |1068.12 | 0.00 | 0.62
KTPR-AII Area+Rat+DForest+STemp 5 [212.29 |0.00 |0.58
KT -Large Rat+Hab+DLarge+STemp+SRain 6 83091 |0.98 |0.11
KTPR-Large | Area+Rat+Hab+DForest+DLarge 6 |131.58 |0.00 |0.83
E.) Picturewings
Dataset BestFit Model df | AICc | Delta | Weight
KT -All None selected; Fulhodel averaging n/a
KTPR-All Area+Rat+Elev 4 189.35 |0.53 [0.25
KT -Large None selected; Fulihodel averaging n/a
KTPR-Large | None selected; Fulihodel averaging n/a
F.) D. silvestris
Dataset BestFit Model df | AICc | Delta | Weight
KT -All None selected; Fulihodel averaging n/a
KTPR-AIl None selected; Fulinodel averaging n/a
KT -Large None selected; Fulinodel averging n/a
KTPR-Large | None selected; Fulihodel averaging n/a
G.) D. sproati
Dataset BestFit Model df | AICc | Delta | Weight
KT -All None selected; Fulinodel averaging n/a
KTPR-AIl Area+Rat+Elev 4 11629 |0.00 [0.39
KT -Large None selected; Fulihodel averagig n/a
KTPR-Large | Full-averaging of top 2 models: 4 13741 0.00 |0.22

Area+Elev+DLarge

Area+Rat+Elev 4 |37.41 0.00 |0.22
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H.) D. murphyi

Dataset BestFit Model df | AIiCc | Delta | Weight

KT -All None selected; Fulinodel averaging n/a

KTPR-AIl None selectedrull-model averaging n/a

KT -Large None selected; Fulinodel averaging n/a

KTPR-Large | None selected; Fulihodel averaging n/a

l.) Other native Drosophilidae

Dataset BestFit Model df | AICc Delta | Weight

KT -All Area+Rat+DForest+STemp+SRain 6 |2265.85|1.77 |0.29

KTPR-AII Areat+Rat+Elev+STemp 5 [1228.33 | 0.00 |0.44

KT -Large Full-averaging of top 5 models: 7 |878.04 |[0.00 |0.20
Area+Rat+Hab+DLarge+STemp+SRain
Rat+Hab+DForest+DLarge+STemp+SRain | 7 | 878.04 | 0.00 | 0.20
Area+Hab+DForest+DLarge+STemp+SRain 7 | 878.04 | 0.00 |0.20
Area+Rat+Hab+DForest+STemp+SRain 7 |878.04 |0.00 |0.20
Area+Rat+Hab+DForest+DLarge+STemp+ | 7 | 878.04 | 0.00 | 0.20
SRain

KTPR-Large | Areat+Rat+Hab+Elev+DLarge 6 |323.94 |0.70 |0.33

J.) Drosophilid species and morphotype diversity

Dataset BestFit Model df | AICc | Delta | Weight

KT -All None selected; Fulhodel averaging n/a

KTPR-AIl None selected; Fulhodel averaging n/a

KT -Large None selected; Fulinodel averaging n/a

KTPR-Large | None selected; Fulihodel averaging n/a

56




Tables 4A-J: Model parameter estmates by species groupParameter direction (+/left

cell), standardized estimate (top right cell), andajue (bottom right cell) are provided for each
parameter and dataset analyzed. All at least marginally significant (p < 0.10) values have their
cells left white. Statistically significant (p < 0.05) values are in bold. Parameters that were not
included in the bedit model after analysis of AICc scores are marked as "n/i". -iNoluded or
nonsignificant (p > 0.10) parameters have had thels@hladed. Parameters analyzed are:
Kipuka Area, Rat Treatment (untrapped vs. trapped), Distance to Nearest Continuous Forest,
Distance to Nearest Large Kipuka (> 2.5 ha), Seasonal Temperature (colder Cold vs. warmer
summer+fall), Seasonal Rainfall (wettdarch+April+November+December vs. drier remaining
months), Elevation, and Habitat Type (kipuka edge vs. interior). Datasets are all Kaumana Trail
kipuka (KT-ALL), all kipuka along Kaumana Trail and Powerline Road (K¥RR sampled
simultaneously), onlyhe largest Kaumana Trail kipuka (KJarge, >2.5 ha), and only the

largest Kaumana Trail and Powerline Road kipuka (KTTRRye, sampled simultaneously).
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A.) All Drosophilidae

Area Rat: DForest DlLarge S5Temp: Cold | SRain: Wet
Untrapped

KT-all | + 1.0556 | + 0.0739 | - 0.2901 + 0.4869 | - 0.1224 |- 0.2946

=0.001 0.021 =0.001 =0.001 =0.001 =0.001
KTPR- | + 0.8762 | - 0.3423 - 0.2892 + 0.4315 |+ 0.4236 0.8598
All =0.001 =0.001 0.001 =0.001 =0.001 =0.001
KT- ni | ni - 0.7136 | + 0.4282 ni | ni - 0.1526
Large ni =0.001 =0.001 ni =0.001
KTPR- | ni |ni - 0.5247 | - 0.5348 | + 02595 (ni [ni
Large nfi <0.001 <0.001 0.001 nfi
B.)Native Drosophilidae

Area Rat: DForest DLarge STemp: Cold Hab: Edge
Untrapped

KT-all | + 1.5773 | + 0.5844 | - 0.7583 + 0.3836 |+ 1.0742

=0.001 =0.001 =0.001 =0.001 =0.001
KTPR- | + 1.1383 | - 09424 |ni |ni ni | ni ni | ni
All =0.001 =0.001 ni ni ni
KT- + 03336 | - 06699 |ni |ni - 02696 |+ 0.9781
Large 0.090 0.445 ni 0.729 =0.001
KTPR- | nfi |nf - 1.1342 - 0.5091 ni | ni ni | ni
Large n/i =0.001 0.018 nfi n/i
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C.)"Yellow flies"

Area Rart: DForest DLarge STemp: Cold SRain: Wet Hab: Edge
Untrapped

KT-All |+ 0.6144 | - 0.4427 ni | ni + 0.6006 |- 1.5863 + 0.2404

=0.001 =0.001 n/i =0.001 =0.001 =0.001
KTPR- |nfi |mni + 04719 | ni |[ni + 0.7541 |+ 1.3959 0.3409
Al nfi =0.001 n/i =0.001 =0.001 0.001
KT- + 27146 |+ 140777 | + 1.1901 == 13 8156 | - 21677 - 0.1269
Large 0.694 0.609 0.050 0569 =0.001 0.004
KTPR- |+ 02422 |+ 0.0028 - 03095 - 0.0480 |+ 0.0119 - 0.0741
Large 0308 0.969 0348 0.733 0.902 0563
D.)D. tanythrix

Area Rat: DForest DLarge STemp: Cold Hab: Edge
Untrapped

KT-All |+ 19268 | ni | ni - 1.0708 + 0.8849 |+ 0.8322

=0.001 n/i =0.001 =0.001 =0.001
KTPR- |+ 1.7696 | - 1.2450 | - 0.9155 ni | ni - 1.2952
Al =0.001 =0.001 =0.001 n/i =0.001
KT- ni | ni - 6.0496 | ni | nfi - 4.7246 |+ 0.6077
Large nfi =0.001 n/i =0.001 =0.001
KTPR- |+ 1.5331 | - 2.1825 - 1.1212 - 0.9664 |(nfi |ni
Large =0.001 =0.001 =0.001 =0.001 ni
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E.) Picture-wings

Area Rat: DForest DLarge STemp: Cold Hab: Edge
Untrapped

KT-Al |+ 1.1560 | - 01979 | - 1.2895 + 01042 |+ 0.6274

=0.001 0461 =0.001 0.667 0.012
KTPR- | + 1.5013 | - 1.4395 ni | ni ni | ni ni | ni 2.9667
Al =0.001 0.004 nf ni nfi =0.001
KT- - 21958 | - 22803 - 03693 - 0.8665 |+ 04010
Large 0414 0843 0488 0938 0965
KTPR- | - 00160 |+ 02065 - 00178 + 1.1513 |+ 41862
Large 0.938 0.735 0.973 0.018 0.998
F.)D. silvestris

Area Rat: DForest DLarge STemp: Cold Hab- Edge
Untrapped

KT-All |+ 1.0525 | - 04365 - 1.4734 | + 07383 |+ 02939

0.003 0336 0.018 0.268 0.436
KTPR- |+ 1.4204 | - 03309 |+ 01513 + 04150 |+ 95218
Al 0.024 0589 0.829 0589 0996
KT- - 21189 |+ 27006 | - 00056 |+ 42345 |+ 01567
Large 0.415 0.788 0.982 0.642 0.365
KTPR- | - 0.0894 |+ 13304 |- 0.4631 + 24144 [+ 23264
Large 0.850 0.509 0.731 0.071 0.999
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G.)D. sproati

Area Rat: DForest DLarge STemp: Cold Hab: Edge
Untrapped

KT-All |+ 1.7206 | + 0.0163 - 1.7093 - 01617 |- 0.1846

=0.001 0.945 0.008 0.691 0.551
KTPR- | + 160.00 | - 150.10 | ni | ni ni | nfi ni | nfi
Al 0.997 0.998 nfi nfi nfi
KT- - 13819 | - 5.7285 - 1.4695 - 45332 |+ 0.1456
Large 0.797 0.789 0.024 0810 0.565
KTPR- | + 24832 | - 69910 |ni |ni + 39800 |ni |ni
Large 0.997 0.997 nfi 0.998 nf
H.) D. murphyi

Area Rat: DForest DLarge STemp: Cold Hab: Edge
Untrapped

KT-All | + 0.0630 | - 0.1643 - 0.1393 - 00081 |+ 1.5533

0815 0674 0.735 0979 0.033
KTPR- | + 06452 | + 0.1231 - 0.8240 | - 05133 | - 0.2296
Al 0.462 0.831 0.596 0.700 0.760
KT- - 07516 | + 5.1258 == 02312 |+ 56862 |+ 0.1261
Large 0.853 0.745 0.723 0686 0.696
KTPR- | + 12270 | - 43870 | - 34770 | - 19300 |+ 4 4950
Large 1.000 1.000 1.000 1.000 0.999
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1.) "Other" native Drosophilidae

Area Rat: DForest DLarge STemp: Cold
Untrapped

KT-All |+ 1.1602 | + 0.9206 |- 0.4229 | nfi | nfi + 1.3067

=0.001 =0.001 =0.001 n/i =0.001
KTPR- |+ 0.9558 | - 0.7936 | ni |ni ni | nd + 0.3886
Al =0.001 =0.001 n/i n/i 0.031
KT- - 0.0326 | + 42333 + 0.2799 == 40131 |+ 1.5641
Large 0.992 0542 0.088 0512 =0.001
KTPR- | - 12172 | - 0.4713 ni | ni + 05787 |ni |nfi
Large =0.001 0.020 ni =0.001 ni
J.) Drosophilid species and morphotype richness

Area Rat: DForest DLarge STemp: Cold Hab: Edge
TUntrapped

KT-All |+ 0.5032 | + 01122 | - 00377 | + 02743 |+ 0.2405

=0.001 0337 0.675 0.024 0.037
KTPR- |+ 0.4592 | - 01957 | - 0.0201 - 00030 |- 0.0905
Al 0.004 0349 0.865 0973 0.652
KT- - 0.0297 | - 0.8763 - 00939 | - 05824 |+ 02579
Large 0.974 0.807 0.600 0.855 0.064
KTPR- | - 0.0202 | - 0.0481 - 01470 |+ 0.0368 |- 0.0223
Large 0.857 0.723 0.528 0.760 0.872

62



Tables5A-D: Model parameter estimates by datasetParameter direction (+/left cell),
standardized estimate (top right cell), andatue (bottom right cell) are provided for each
parameter and species group analyzed. Parameters that were not included irfitihe ekt

after analysis of AlCc scores are marked as "n/i". Meoituded @ nonsignificant (p > 0.10)
parameters have had their cells shaded. All at least marginally significant (p < 0.10) values have
their cells left white. Statistically significant (p < 0.05) values are in bold. Parameters analyzed
are: Kipuka Area, Rat Tegment (untrapped vs. trapped), Distance to Nearest Continuous Forest,
Distance to Nearest Large Kipuka (> 2.5 ha), Seasonal Temperature (colder Cold vs. warmer
summer+fall), Seasonal Rainfall (wetter March+April+November+December vs. drier remaining
months), Elevation, and Habitat Type (kipuka edge vs. interior). Datasets are all Kaumana Trail
kipuka, all kipuka along Kaumana Trail and Powerline Road (sampled simultaneously), only the
largest Kaumana Trail kipuka ( >2.5 ha), and only the largest Kaunrailiaiid Powerline

Road kipuka (> 2.5 ha, sampled simultaneously).
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A.)Kaumana Trail - All kipuka

Area Rat: Untrapped | DForest DLarge STemp: Cold | SRain: Wet

All Drosophilidae + 1.0556 + 0.0739 - 0.2901 + 0.4869 - 01224 - 0.2946

=0.001 0.021 =0.001 =0.001 =0.001 =0.001

Native Drosophilidae + 1.5773 + 0.5844 - 0.7583 + 0.3836 + 1.0742 - 0.6958

=0.001 =0.001 =0.001 =0.001 =0.001 =0.001

Yellow flies + 0.6144 - 0.4427 ni | ni + 0.6006 - 1.5863 + 0.2404

=0.001 =0.001 nfi =(.001 =0.001 =0.001

D. tanythrix + 1.9268 ni | ni - 1.0708 + 0.8849 + 0.8322 - 0.4979

=0.001 nfi =0.001 =0.001 =0.001 =0.001

Picture wings + 1.1560 - 0.1979 - 1.2895 == 0.1042 + 0.6274 - 1.0688
=0.001 0.461 =0.001 0.667 0.012 0.016

D. silvestris + 1.0525 - 0.4365 - 1.4734 == 0.7383 + 02939 - 0.0836
0.003 0.356 0.018 0.268 0.436 0.887

D. sproati + 1.7206 + 0.0163 - 1.7093 - 0.1617 - 01846 - 17.607
=0.001 0.945 0.008 0.691 0.551 0.990

D. murphyi = 0.0630 - 0.1643 - 0.1393 - 0.0081 + 1.5533 - 1.0020
0815 0.674 0.735 0.979 0.033 0.376

Other Drosophilidae + 1.1602 + 0.9206 - 0.4229 ni | ni + 1.3067 - 0.9539

=0.001 =0.001 =0.001 ni =0.001 =0.001

Drosophilid diversity + 0.5032 + 0.1122 - 0.0377 + 0.2743 + 0.2405 - 0.2039
=0.001 0.337 0.675 0.024 0.037 0214
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B.)Kaumana Trail and Powerline Road - All kipuka

Area Rat: Untrapped | DForest DLarge STemp: Cold | Elev
All Drosophilidae + 0.8762 - 0.3423 - 0.2892 + 0.4315 + 0.4236 - 0.8598
=0.001 =0.001 0.001 =0.001 =0.001 =0.001
Native Drogophﬂidaﬁ + 1.1383 - 0.9424 ni n/i ni n/i n/i ni - 1.4879
=0.001 =0.001 n/i ni ni =0.001
Yellow flies ni | ni + 0.4719 ni | ni + 0.7541 + 1.3959 - 0.2409
ni =0.001 ni =0.001 =0.001 0.001
D. tanythrix + 1.7696 - 1.2450 - 0.9155 ni | ni - 1.2952 ni | ni
=0.001 =0.001 =0.001 ni =0.001 ni
Picture wings + 1.5013 - 1.4395 ni | ni ni | ni ni | ni - 2.9667
=0.001 0.004 n/i ni nfi =0.001
D. silvestris + 1.4204 - 0.3309 + 0.1513 == 0.4150 == 05218 - 2.8463
0.024 0.589 0.829 0.589 0.99% 0.038
D. sproati + 160.00 - 150.10 ni | ni ni | ni ni | ni - 484.00
0.997 0.998 n/i ni ni 0.997
D. murphyi + 0.6452 + 0.1231 - 0.8240 - 0.5133 - 0.2296 - 0.2751
0.462 0.831 0.596 0.700 0.760 0.711
Other Drosophilidae + 0.9558 - 0.7936 ni | ni ni | nfi + 0.3886 - 1.6964
=0.001 =0.001 n/i ni 0.031 =0.001
Drosophilid diversity + 0.4592 - 0.1957 - 0.0201 - 0.0030 - 0.0905 - 0.1867
0.004 0.349 0.865 0.973 0.652 0.388
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C.)Kaumana Trail - Large kipuka

Area Rat: DForest DLarge STemp: Cold | SRain: Wet | Hab: Edge
Untrapped

All Drosophilidae ni | nfi - 0.7136 | + 0.4282 |nfi |ni - 0.1526 |ni |ni - 0.4975

nf =0.001 =0.001 nf =0.001 ni =0.001

Native Drosophilidae | + 0.3536 - 06699 |ni |ni - 02696 |+ 0.9781 - 0.4994 | - 0.7938

0.090 0.445 ni 0.729 =0.001 =0.001 =0.001

YVellow flies + 27146 | + 140777 | + 1.1901 | + 13 8156 | - 2.1677 + 0.8155 - 0.1269
0.694 0.609 0.050 0.569 =0.001 =0.001 0.004

D. tanythrix ni | ni - 6.0496 | ni | ni - 47246 | + 0.6077 - 0.3237 - 0.4669

ni =0.001 i =0.001 =0.001 =0.001 =0.001

Picture wings = 2.1958 - 2.2803 - 0.3693 - 0.8663 + 04010 | - 0.9095 - 0.4096
0414 0.843 0488 0.938 0.965 0.032 0.077

D. silvestris - 21189 |+ 2.7006 - 00056 |+ 4.2345 + 0.1567 - 0.0366 | - 1.0058
0.415 0.788 0.982 0.642 0.565 0.872 0.004

D. sproati - 1.3819 - 3.7285 - 1.4695 - 4.5332 + 0.1456 - 1.9810 - 0.3840
0.797 0.789 0.024 0.810 0.365 0.079 0.277

D. murphyi - 0.7516 | + 5.1258 + 02312 |+ 5.6862 + 0.1261 - 0.6617 + 0.3345
0.853 0.745 0.723 0.686 0.696 0.512 0.485

OtherDrosophilidae | - 0.0326 |+ 4.2333 + 02799 |+ 4.0131 + 1.5641 - 0.8815 - 1.2437

0.892 0.542 0.088 0.512 =0.001 =0.001 =0.001

Drosophilid diversity | - 0.0297 - 0.8765 - 0.0939 |- 05824 | + 0.2579 - 0.0628 - 0.2624
0.974 0.807 0.600 0.855 0.064 0.623 0.054
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D.)Kaumana Trail and Powerline Road - Large kipuka

Area Rat: DForest DLarge STemp: Cold | Elev Hab: Edge
Untrapped
All Drosophilidae ni | ni - 0.5247 - 0.5348 + 0.2595 ni | ni - 0.5898 - 0.7732
ni =0.001 =0.001 0.001 ni =0.001 =0.001
Native Drosophilidae | ni | ni - 1.1342 - 0.5091 ni | nfi ni | nfi - 1.1769 - 0.9249
nfi =0.001 0.018 nfi nfi =0.001 =0.001
Yellow flies == 02422 = 0.0028 - 0.30095 - 0.0480 + 0.0119 = 0.3599 - 0.0741
0308 0.969 0.348 0.733 0.902 0.247 0.563
D. tanythrix + 1.5331 - 2.1825 - 1.1212 - 0.9664 ni | ni ni | nfi - 0.4400
=0.001 =0.001 =0.001 =0.001 nfi nfi =0.001
Picture wings = 0.0160 == 0.2065 - 0.0178 + 1.1513 + 41862 - 2.4536 - 0.2203
0938 0.755 0973 0.018 0.998 =0.001 0.531
D. silvestris - 0.0894 = 1.3304 - 04631 + 24144 == 2.3264 - 1.8573 - 0.7525
0.850 0.509 0.731 0.071 0.99% 0.189 0.320
D. sproati == 24832 - 69.910 ni | ni + 39.800 ni | ni - 63191 ni | ni
0.997 0.997 nfi 0.998 ni 0.997 nfi
D. murphyi == 12270 - 43870 - 34770 - 19.300 + 4.4950 = 7.1100 = 0.0998
1.000 1.000 1.000 1.000 0.999 1.000 0.806
OtherDrosophilidae | - 1.2172 - 0.4713 ni | ni + 0.5787 ni | ni - 1.3312 - 1.1611
=0.001 0.020 nfi =0.001 ni =0.001 =0.001
Drosophilid diversity | - 0.0202 - 0.0481 - 01470 |+ 0.0368 - 0.0223 - 0.0572 - 0.0994
0_857 0.723 0.528 0.760 0.872 0.722 0.367

67



Resource “ Resource
Generalist Specialist

e 0 o
Original S .. o I eo®
Resource .% %°%| o %.C’ @ @9
Landscape 2 00 @ Qo o O
00 0 O
° ° o
h 4 4 4
® ® @
.o“..o. o"..o % o
Disturbance [l ..%go.. .. ogc’. .. H
... 0o @ o9 e @ % o ©
® 4 O @ ® QO @ ®
h 4 4 4
o
Patchy o
Resource % o. o) C’ ®
Landscape ° "o o o
000000000833383 ©00000000 OO0O Q@

Figure 1. Effects of Disturbance on resource availability.Circle colors correspond to

different hypothetical resources in the landscape. Circle size represents the consumer's
competitive advantage in exploiting that resource. After a disturbance, generalist species may
fare better than specialists (in terms of the final available resources), despite being "inferior
competitors" on remaining resources (Williams et al. 2009).
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Figure 2: Climate regimes of the Big Island of Hawai'i In east Hawai'i Island, mean annual
rainfall and temperature decrease with eleva#tohMean annual rainfallvith mean monthly
rainfall chart extrapolated for the study location (markethieyred X) using the Hawai'i Rainfall
Atlas (Giambelluca et al. 2013). The threshold used to define the model's rainfall seasonality
parameter as "wet" or "dry" is 250 mnB.) Mean annual temperatuvath mean monthly
temperature chart extrapolated tbe study location using the Hawai'i Climate Atlas
(Giambelluca et al. 2014). The threshold used to define the model's temperature seasonality
parameter as "cold" or "warm" is 12.5° C .
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Host:
Cheirodendron leaves
(abundant resource)

Focal species

Drosophila tan ythrlx

D. silvestris

Chodendron bark

Picture wings

9 D. ap roati (uncommon, ephemeral)
D. murp hy ! Cheirodendron bark
— (uncommon, ephemeral)
“Yellow flies”

Fleshy fruits; generalist

Figure 3: Focal study speciesRelative body sizes areft intact, and breeding resources are
shown. Exotic "yellow flies" includ®. suzukii, D. immigrangndD. simulans Note the black
spots on the wings of mal2 suzukii
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Study area

Upper Waiakea Forest
Reserve off Saddle Road
(Route 200)

North slope of Mauna Loa

1500-1800m elevation

160 years post-fragmentation §=
= ~500 fly generations!

Figure 4: Map depicting the Big Island of Hawai'i and the location of the studsites near
Saddle Road.
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¥

PIHONUA

WAIAKEA

HUMUULA

Figure 5: LIDAR imaging of the study kipuka. Numbers next to forest fragments denote the
kipuka's name (e.g. K18, K19, etc.). White numbers correspond to kipuka without rat treatment
(control group). Colored numbers corresptmdattrapped kipuka. The sites were further
organized into Kaumana Trail kipuka (upper right) and Powerline Road kipuka (bottom left).
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Figure 6: Climate gradients along study areaA.) Mean annual rainfall gradier.) Mean
annual émperature gradienBoth metrics are strongly correlated with elevation (increasing
from top right to bottom left)(Appendix 2).
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* ha > >0.5ha >

Large Medium Small
10x2 10 4-9

Kaumana kipuka sampled Aug 2013-Jul 2015

18 transects sampled 6 times each
=108 samples

Powerline Road + Kaumana
sampled Dec 2014-Jul 2015

37 transects sampled once each
=37 samples

Figure 7: Transect and baiting scheme
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W D. murghyi

Figure 8: Total and relative species and morphotype detecti@across the entire sampling

effort, at all transects. A total of 7647 invertebrates were observed. "Yellow flies"
(Drosophilasuzukii, D. simulangndD. immigrand were the most abundant species group
(N=3446). Nonrfocal Drosophilid species ("OtheDrosophilidae) were the second most

abundant species group (N=1818), divided among 10 distinct morphotypes. -Ricigse
(Drosophila silvestrisD. sproati,andD. murphy) comprised the rarest species group (N=135).
Drosophila tanythrixwas the mostlaundant individual species (N=1575). NDnosophilids

include all other invertebrates from a wide variety of taxa observed on bait sponges (N=673). Of
potential interest areispocephalgDiptera:Muscidae, a known predator of Drosophilids), and
small Hymaoptera (potential parasitoids); both are very rare (N=18 and 57, respectively).
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Figure 9: Total and relative species and morphotype detections, restricted to each of the 4
modeling datasets A.) "KT -All" dataset includes all samples from tfaana Trail kipuka
interior transects; n=84B.) "KTPR-All" dataset includes concurrent samples from both
Kaumana Trail and Powerline road kipuka interior transects; n€28'KT -Large" dataset
includes samples from both edge and interior transectsKaamana Trail kipuka larger than
2.5 hectares; n=48D.) "KTPR-Large" dataset includes samples from both edge and interior
transects in concurrent Kaumana Trail and Powerline Road kipuka larger than 2.5 hectares;
n=18.
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Figure 10 A: All Drosophilidae

B.) All Drosophilidae, KTPR-AIl
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C.) All Drosophilidae; KT-Large

D.) All Drosophilidae; KTPR-Large
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Figure 10 B: Native Drosophilidae

A.) Native Drosophilidae; KT-All B.) Native Drosophilidae; KTPR-AIl
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C.) Native Drosophilidae; KT-Large

D.) Native Drosophilidae; KTPR-Large
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Figure 10 C:"Yellow flies"

A.) "Yellow flies™; KT-All B.) "Yellow flies”; KTPR-All
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C.) "Yellow flies”; KT-Large D.) "Yellow flies"; KTPR-Large
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Figure 10 D. Drosophila tanythrix

A.) Drosophila tanythrix; KT-All

B.) D. tanythrix; KTPR-AIl
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C.) D. tanythrix; KT-Large

D.) D. tanythrix; KTPR-Large
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Figure 10 E Picture-wings

A.) Picture-wings; KT-All B.) Picture-wings; KTPR-All
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C.) Picture-wings; KT-Large

D) P

icture-wings; KTPR-Large
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Figure 10 F: Drosophila silvestris

A.) Drosophila silvestris; KT-All B.) D. silvestris; KTPR-All
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C.) D. silvestris; KT-Large D.) D. silvestris; KTPR-Large
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Figure 10 G: Drosophila sproati

B.) D. sproati; KTPR-AIl

A.) Drosophila sproati; KT-All
f(Area) x Area f(Rat) x Rat
24 10 -
N p<0.001"™ p=0945
15
o4
14 20
24
25 -
B T . . " ;
0 2 4 6 8 10 Trapped Untrapped
f(DForest) x DForest f(DLarge) x DLarge
05 p=0.691
°7 p=0.008*
10
24 15
20 \
4
25 4
re| 30
35 -
s
‘\ I\I\II [N 1 . . 40 ) ‘\\ \I 1 II 1 . L
100 200 300 400 500 600 100 200 300 400 500
f(STemp) x STemp f(SRain) x SRain
a5 ] 3000
2000
o4 p=0.551
1000 p=0.990
154 04
-1000
20 4
2000
-25 1
T 3000 ! I
Warm Cold Dry Wet

f(Area) x Area f(Rat) x Rat
2e+05
p=0.997 20005 4 P=0.831
1405
T1e+05 4
01 01
1e+05 1
16405
-2e+05 1
2005 Lt L 1w i i R ! )
o 2 4 & & o1z Trapped Untrapped
f(DForest) x DForest f(DLarge) x DLarge
1041
o Not included in best-fit model
Not included in best-fit model
11 *1
\ 44
2
24
3 04
24
4
‘I\H}IHHMH‘H I‘II ‘\I . 1L 4_‘III A \IHIIIIII L L . .
0 200 400 600 800 1000 1200 1400 o 200 am 500 a00
f(STemp) x STemp
0
2
44 Not included in
best-fit model
s
o
-10
12 4
Warm Cold
f(Elev) x Elev
Je+05
2605 p=0.997
1e+05
04
1e+05
-2e+05
3e+05 |

1550 1800 1850 1700 1750 180D

93



C.) D. sproati; KT-Large D.) D. sproati; KTPR-Large
f(Area) x Area f(Rat) x Rat f(Area) x Area f(Rat) x Rat
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Figure 10 H: Drosophila murphyi

A.) Drosophila murphyi, KT-All B.) D. murphyi; KTPR-AIll
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C.) D. murphyl; KT-Large

D)D.

murphyi; KTPR-Large
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Figure 10 I: Other Drosophilidae

A.) Other Drosophilidae; KT-All B.) Other Drosophilidae; KTPR-All
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C.) Other Drosophilidae; KT-Large

D.) Other Drosophilidae; KTPR-Large

f(Area) x Area f(Rat) x Rat f(Area) x Area f(Rat) x Rat
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Figure 10 J: Drosophilid species and morphotype richness

A.) Species and morphotype richness; KT-All B.) Species and morphotype richness; KTPR-All
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C.) Species and morphotype richness; KT-Large D.) Species and morphotype richness; KTPR-Large

f(Area) x Area f(Rat) x Rat f(Area) x Area f(Rat) x Rat
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Figures 10A-J: Conditional linear regression plots of model parameters Y-axis depicts
predictedchangein fly abundance (“f(parameter)”) in response to parameter valueaosXif

all other parameters are kept constant (continuous variables at their median value, categorical
variables atheir most common factor). Regression lines and 95% confidence bands are shown.
P-values provided are for parameter estimates in thefibestfull -averaged models. Parameters
that were excluded from befst model averaging are noted; for the purpoegisualization,

their plots are derived from the global model. RefeFdbles 3AJ for bestfit or full models

used. Refer tGables 4AJor Appendix 4for standardized and unstandardized parameter
estimates, respectively. Plots are created usmdutiction"visreg " in R software version

3.2.2 (package visreg, Breheny and Burchett 2015).
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