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ABSTRACT 

 Habitat fragmentation, invasive species, and shifting climate regimes are major threats to 

island ecosystems. Hawaii's ecosystems have been largely transformed since human 

colonization, with fragmented upland forests remaining important refugia for native organisms. 

Hawaiian Drosophila represent a large radiation of nearly 1000 endemic species, including  a 

number of endangered and declining species. These endemic flies are important indicator species 

for ecosystem change, tending to be sensitive niche specialists. I examined a network of 28 lava-

fragmented forests ("kipuka") on Mauna Loa to determine the effect of fragment size, presence 

of invasive rats, and seasonal changes in microclimate on the abundances of native Drosophila 

tanythrix, D. silvestris, D. sproati, and D. murphyi, and the exotic D. suzukii. All flies responded 

positively to increasing kipuka area.  Rat exclusion had a significant and mostly positive impact 

on both native and exotic Drosophila abundances, but the effect varied with individual species, 

suggesting that rats may amplify the impact of predators on Drosophila or predate them directly, 

but also affect other nodes in the community.  Increasing kipuka isolation from surrounding 

forest tended to benefit Drosophila, perhaps due to release from competitors.  Exotic flies 

represent the vast majority of Drosophilids observed in small kipuka, and significantly 

outnumbered natives in all kipuka before crashing in the winter. In contrast, native flies were 

more abundant in winter, and rare picture-wing  species were found almost exclusively in kipuka  

larger than 2.5 hectares.  Overall, it appears that habitat fragmentation and invasive species 

disrupt Hawaiian Drosophila communities; the rarest species require large kipuka and the 

absence of rats. D. suzukii may be replacing native Drosophila in smaller kipuka, but appear 

maladapted to Hawaii's cold winters at higher elevations. This dynamic could tip in favor of D. 

suzukii as temperature isoclines climb upslope with global climate change. 
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INTRODUCTION 

The synergistic effects of anthropogenic disturbances:  

 A suite of anthropogenic forces threatens the world's biodiversity.  Habitat degradation, 

such as land-use change and other landscape alterations, is the most commonly-cited cause of 

species extinction and endangerment (Gurevitch & Padilla 2004, Clavero & Garcia-Berthou 

2005, Didham et al. 2007).  However, the introduction of exotic organisms into naive ecosystems 

has also received considerable attention in the literature, and many argue that "invasive species" 

present an equal if not greater threat to biodiversity (Clavero & Garcia-Berthou 2005, Didham et 

al. 2007).  Over half of all species globally are believed to be in decline, coupled with a 

homogenization of novelized ecological communities with cosmopolitan human-mediated 

species (Stone 1985, Vitousek et al. 1997, McKinney & Lockwood 1999, Debinski & Holt 2000, 

Mooney & Cleland 2001).  More recent attention has been given to the expected impacts of 

global climate change on species' ranges (Deutsch et al. 2008, Benning et al. 2002).  But while 

many studies have investigated the effects of these individual factors on biodiversity, there has 

been a paucity of research on their combined or interactive effects (Gurevitch & Padilla 2004, 

Clavero & Garcia-Berthou 2005, Snyder & Evans 2006, Didham et al. 2007, Crowder & Snyder 

2010).  A growing body of literature suggests that habitat transformation (particularly habitat 

fragmentation), invasive species, and changing climate regimes behave synergistically to have a 

major but poorly-understood and as-yet unpredictable impact on native communities and 

constituent at-risk taxa (Debinski & Holt 2000, Reaser et al. 2007, Vitousek et al. 1997, Didham 

et al. 2007, Devictor et al. 2008, Crowder & Snyder 2010, Ruffino et al. 2011). 

 Although landscape conversion for human use such as agriculture and silviculture has 

destroyed enormous swathes of habitat and has undoubtedly caused many extinctions due to 

complete resource elimination, a landscape does not need to be fully converted to lead to 

extinction.  Habitat fragmentation, that is, the breaking-up of previously continuous habitat into a 

patchy network, can lead to population declines, localized extirpations, and functional 

extinctions of various taxa, which in turn can precipitate a community-wide collapse in 

ecological function through trophic cascades (Soulé et al. 1988; Tilman 1994, Tilman et al. 1997; 

Crooks & Soulé 1999; Hooper et al. 2005; Crowder & Snyder 2010; Ringler et al. 2015).  

Principles of Island Biogeography Theory (IBT) and species-area relationships (SAR) predict 
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that smaller and less-connected habitat fragments will support fewer species and fewer 

individuals (MacArthur & Wilson 1967, Leibold 2004).  This is because the fragmentation of a 

single large population or community creates a metapopulation or metacommunity of multiple 

units of varying but smaller size, which depend on dispersal dynamics between sources and sinks 

to sustain themselves.  The smallest fragments, particularly those that are distant or otherwise 

isolated from the others, are predicted support fewer individuals in a smaller space, and as a 

result of low immigration, will lose several nodes in the trophic web, leading to further 

degradation.  Only the largest habitat fragments within this new mosaic landscape may contain 

sufficient habitat, larger populations, and support more complex foodwebs.   

 Habitat fragmentation not only degrades habitat by shrinking its total area and increasing 

migration distances, but also by reducing the quality of what little habitat remains.  The 

boundaries between original habitat and converted habitat are rarely discrete.  More often, 

fragments grade from converted habitat into a buffer of marginal, disturbed habitat surrounding 

an indigenous core.  This "edge effect" is more pronounced in smaller fragments, where the ratio 

of fragment perimeter-to-area is greater (Debinski & Holt 2000).  As a result, very small 

fragments are essentially "nothing but edge," containing no original habitat. 

 Generally, habitat fragmentation tends to impact niche-specialists more adversely than 

generalists; this is often related to tradeoffs in dispersive (r-selected) vs. competitive (K-selected) 

traits, where specialists tend to be "superior competitors" on single resources while generalists 

tend to be "superior dispersers" (Futuyma & Moreno 1988, Tilman et al. 1997, McKinney & 

Lockwood 1999, Debinski & Holt 2000, Leibold et al. 2004, Devictor et al. 2008, Chen & Hui 

2009, Williams et al. 2009)(Figure 1).  Unsurprisingly, many human-mediated species thrive in 

marginal habitat.  Because these species typically have an early-successional or generalist habit, 

their range and dispersal are less restricted by landscape conversion and fragmentation, and in 

many cases is actually expanded (Crowder & Snyder 2010).  As these exotic species foray into 

threatened communities, they disrupt food webs through direct competition or indirect trophic 

cascades (Crowder & Snyder 2010;).   

 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 range and distribution (Benning et al. 2002).  In 
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particular, rising global temperatures will cause climate isoclines to shift upward in both 

elevation and latitude, which is particularly menacing to species in isolated geographic regions, 

such as alpine zones and islands, where they cannot simply adjust their range (Benning et al. 

2002, Mimura et al. 2007, Hoffmann & Sgrò 2011).  Rather than force the movement of these 

isolated species' geographic distributions, their ranges will simply shrink until they disappear.  

Because small-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, Balanyá et al. 2006, Deutsch 

et al. 2008).   

 The ecological disturbances of habitat fragmentation, biological invasion, and climate 

change are especially menacing to Earth's most sensitive ecological communities, i.e. those with 

high rates of endemism and low species richness, particularly on oceanic islands (Harrison 1999, 

McKinney & Lockwood 1999, Debinski & Holt 2000, Leibold et al. 2004, Mimura et al. 2007, 

Chen & Hui 2009, Ruffino et al. 2011).  Because of their extreme geological isolation, insular 

ecosystems often evolved without major taxa found in their mainland counterparts (Stone 1985, 

Wilson 1996).  Such taxonomically disharmonic communities have reduced niche overlap and 

ecological redundancy, and contain a greater proportion of niche specialists, which are poorly-

suited for shifting selection regimes (Wilson 1996, Tilman 1997, Vitousek 1997, Reaser et al. 

2007, Crowder & Snyder 2010, Magnacca & Price 2015).  Stochastic forces can drive localized 

extinctions in species-poor metacommunities, while enemy release in such depauperate 

communities allows invasive species to achieve densities normally impossible in their native 

ranges, which in turn allows them to "crowd out" natives that should otherwise be better-adapted 

to local resources (Debinski & Holt 2000, Williams et al. 2009, Crowder & Snyder 2010).  

Additionally, because of the high climatic diversity but limited space on many island landscapes, 

shifting climate regimes threaten to shrink the ranges of many endemic niche specialists 

(Benning et al. 2002, Chu & Chen 2005, Deutsch et al. 2008) 

Hawai'i: an invaluable scientific resource 

 Rare colonization events on isolated tropical islands have generated a remarkable 

diversity of endemic organisms through adaptive radiation.  Of particular interest are the 

Hawaiian Islands, often described as the most remote archipelago in the world (Cowie & 
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Holland 2008).  The Pacific Tectonic Plate's northwestward drift over the Hawai'i hotspot has 

resulted in a "conveyor belt" of volcanic islands, which may reach elevations in excess of 3500 

meters at peak activity before subsiding and eroding into low atolls, reefs, and finally re-

submerged seamounts (Hotchkiss et al. 2000, Cowie & Holland 2008).  While the oldest atoll in 

the archipelago (Midway) is approximately 29 milli on years old, Hawai'i's southeastern-most 

"high islands" range in age from only 5.1 million years for Kaua'i to approximately 500,000 

years for the eponymous "Big Island" (Cowie & Holland 2008).  Therefore the divergence ages 

for many endemic lineages from their mainland relatives are much older than the islands on 

which their extant members currently reside, and may even be older than the current taxa on 

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

 While plate tectonics have allowed for a quantifiable geo-temporal progression along the 

island chain, the substantial elevations of the high islands have also allowed for distinct climate 

regimes (Figure 2).  Most notably, there is an obvious windward/leeward divide caused by the 

volcanoes trapping orographic moisture from prevailing trade winds out of the northeast 

(Giambelluca et al. 2013).  These elevation- and orientation-dependent climate regimes, coupled 

with variable substrate ages produced by the active volcanoes, have produced a variety of eco-

zones within a relatively compact geographical area. 

 With its clear geological gradients and unique biota, Hawai'i has proven to be an 

incredibly important scientific resource, offering many model systems for study.  The Hawaiian 

Lobelioids (Givnish et al. 1996), silverswords (Baldwin & Sanderson 1998), Drepanidine 

honeycreepers (Lerner et al. 2011), Achatinelline tree snails (Holland & Hadfield 2004), 

Theridion "happy face" spiders and other Tetragnathids (Gillespie & Roderick 2002, Gillespie 

2004, Arnedo et al. 2007), Laupala crickets (Wiley & Shaw 2010), and many more lineages have 

all contributed much to our understanding of evolutionary processes and biodiversity patterns 

(Gillespie & Roderick 2002, Cowie & Holland 2008).  A particularly remarkable radiation and a 

well-studied system is the Hawaiian Drosophilidae (Craddock & Kambysellis 1997, Remsen & 

O'Grady 2011, Magnacca & Price 2015).  

Hawaiian Drosophila: indicators of change 
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 With some 5 to >30 million estimated species, the insects may be considered the most 

successful group of organisms to-date, in terms of sheer species richness (Erwin 1991, Gaston 

1991, Odegaard 2000).  Insects have tended to evolve highly specialized relationships with their 

trophic and breeding resources (Futuyma & Moreno 1988, Joshi & Thompson 1995, Fry 1996), 

and tend to tolerate only very precise abiotic conditions (Deutsch et al. 2008).  It is not too 

surprising, then, that Hawaiian Drosophila have evolved a large radiation of host-specific species 

and are endemic to specific ecozones within individual islands.  In particular, 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; Craddock and Kambysellis 1997; Magnacca 

et al. 2008, Magnacca & Price 2015). 

 The Drosophilidae are a cosmopolitan family of true flies (Diptera).  The largest genus, 

Drosophila, contains some 2000 species worldwide and is well-established as a model system for 

studies of evolutionary ecology and genetics (Heed et al. 1976, Starmer 1981, Powell 1997, 

Gibert et al. 2001, Remson & O'Grady 2002, Starmer et al. 2003, Bonacum et al. 2005, Umina et 

al. 2005, Vega & Dowd 2005, Balanyá et al. 2006, Hurlburt et al. 2006, Magnacca et al. 2008, 

Ort et al. 2012, Magnacca & Price 2015).  Roughly half of all Drosophila species globally are 

endemic to the Hawaiian archipelago (Edwards et al. 2007, O'Grady et al. 2011).  The narrow 

climatic tolerances and host-dependence of the Hawaiian Drosophila render them highly 

sensitive to ecological disturbance (Dohm et al. 2001; Uy et al. 2015).  Subtle shifts in climate 

regimes or breeding-host density can have profound impacts on individual species' abundances 

in the field.  For this reason, the Hawaiian Drosophila are valuable "indicator species," whose 

fate portends greater ecosystem-wide changes (Foote and Carson 1995; Bonacum et al. 2005; 

Price and Muir 2008).   

 Particularly interesting and useful are the species within the so-called "picture-wing" 

clade.  The picture-wing Drosophila are quite large when compared to their mainland 

counterparts (Figure 3),  are responsive to simple bait methods, have conspicuous patterning on 

their wings, and are thus easily-identifiable in the field (Montgomery 1975; Carson and 

Kaneshiro 1976; Kaneshiro et al. 1977; Edwards et al. 2007).  Corollary to these characteristics, 

the picture-wing Drosophila are also the best-studied group within the entire Hawaiian 

Drosophilid radiation.  Considerable work has been done on various picture-wing species' 
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divergence history and metapopulation genetics (Montgomery 1975, Edwards et al. 2007, Eldon 

2010, Wright 2012, Magnacca & Price 2015) as well as their climate tolerances (Dohm et al. 

2001; Price and Muir 2008; Uy et al. 2015).  Unfortunately, the Hawaiian Drosophila's value as 

indicator species necessarily renders them vulnerable to severe decline and extinction.   

A system under siege  

 Since they first began being studied in earnest as part of the "Hawaiian Drosophila 

Project" in the 1960's (Carson 1986, Montgomery 1975), several picture-wing species have been 

noted anecdotally as becoming suddenly and exceptionally rare (Carson 1986, Foote & Carson 

1995) .  Foote and Carson (1995) were the first to attempt to quantify these declines.  In 2006, 

several picture-wing species were assessed and ultimately listed under the U.S. Endangered 

Species Act (USFWS 2006); that number currently stands at 12 species listed as "endangered," 

one as "threatened" (USFWS 2008). 

 Hawai'i's remoteness 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, and terrestrial mammals, 

which are ubiquitous in mainland tropical communities (Stone 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 niche-constructing hymenopterans like Formicids and Vespids, 

and this has rendered the endemic communities naive to their impacts (Stone 1985, Wilson 1996, 

Eckles et al. 2008, Shiels et al. 2014).  Compounding this problem are the "cascading effects" of 

ecological invasion, where novel community interactions ripple through food webs to indirectly 

impact distant trophic levels (Crooks & Soulé 1999; Gruner 2004a,b; Crowder & Snyder 2010; 

Ringler et al. 2015).   

Study merit  and hypotheses 

 As human impacts on the biosphere persist and 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 obstacles; as a result studies of community changes after fragmentation are often 

limited in scale, particularly temporally (Debinski & Holt 2000).  In nearly all habitat 
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fragmentation studies, habitat islands were created in the process of human land use, mostly for 

agricultural or silvicultural purposes, occasionally residential (Crooks & Soulé 1999, Debinski & 

Holt 2000, Nichols et al. 2007).  Such disturbed sites require considerable time to approach the 

"new normal" population and food web stability that is required for 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 habitat fragmentation and other ecological 

disturbances is one where such fragments were formed naturally (non-anthropogenic), and 

remain as refugia against excessive invasive encroachment.  Additionally, such a study system 

would contain sensitive but discretely observable 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 find a naturally fragmented landscape of variously sized and dispersed habitat 

patches, which have been invaded by an experimentally-controllable population of exotic 

competitors, and in which exists a clear climatic gradient. 

 This present study utilized a network of naturally-fragmented forest patches created by 

160-year-old lava flows on the island of Hawai'i, to investigate how fragment size and isolation 

affect the abundance of several island-endemic specialist flies (Drosophilidae: Drosophila).  

While these forest fragments (called "kipuka" in Hawaiian, meaning "[v]ariation 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 bed where there may be 

vegetation...;" Pukui & Elbert 1986) act as important refugia for native vegetation, they have still 

been subjected to anthropogenic disturbance in the form of introduced species, namely feral 

ungulates (pigs and goats), murid rodents (Rattus, mus), 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 of Drosophila abundance were conducted over a two year period in 28 kipuka  

spanning an approximately 6 kilometer-wide area on the slope of Mauna Loa volcano, in order to 

capture seasonal variations and climatic gradients tied to elevation.  Generalized linear modeling 

was used to investigate the effects of all combined factors (involving fragment size and isolation, 
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rodent population control, season, and elevation; Table 2) and their interactions on rare native fly 

abundances. 

 Based on the predictions of IBT and SAR (MacArthur & Wilson 1967, Leibold 2004), as 

well as evidence from a body of literature on generalist and specialist trophic interactions (Soulé 

et al. 1988; Tilman 1994, Tilman et al. 1997; Crooks & Soulé 1999; Hooper et al. 2005; Crowder 

& Snyder 2010; Ringler et al. 2015) and invertebrate responses to climate change (Benning et al. 

2002, Mimura et al. 2007, Deutsch et al. 2008, Hoffmann & Sgrò 2011), it is predicted that: 

 1.) Drosophilid abundance and diversity will  increase with kipuka area and connectivity;  

2.)  Drosophilid abundance will respond significantly to rat exclusion treatments, but direction 

will depend on community structure and may differ between native and exotic taxa;  

3.) Native (specialist) and exotic (generalist) Drosophila will have differing tolerances of 

marginal habitat; namely, exotic species will be more abundant in small kipuka and edge 

habitat than natives; and  

4.) Native and exotic Drosophila should have differing responses to climatic variables based on 

their niche breadth and specific adaptations; namely, native flies will be more tolerant of colder 

and wetter montane conditions while exotic flies will be more tolerant of warmer and drier 

conditions.   
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MATERIALS AND METHODS 

Study site description 

 All study sites were located within the State of Hawai'i's Upper Waiakea Forest Reserve 

on the northeastern slope of Mauna Loa volcano (Figure 4, Figure 5).  14 kipuka were sampled 

six times each over a two year period between August 2013 and July 2015.   The bulk of these 

sites are located along the Kaumana Trail and so are referred to as "Kaumana" or "KT" kipuka in 

subsequent analyses.  Kaumana kipuka ranged in elevation from 1495 meters to 1650 meters 

(Table 1).  In the winter of 2014/15, an additional 14 kipuka were added, ranging in elevation 

from 1680 meters to 1785 meters (Table 1).  These higher-elevation sites are located along 

Powerline Road, and are referred to as "Powerline" kipuka in subsequent analyses.  Combined 

analyses of concurrently-sampled Kaumana Trail and Powerline Road kipuka are abbreviated as 

"KTPR".  The study kipuka vary greatly in size, from 0.09 hectares in the smallest to 12.04 

hectares in the largest, as well as in the distance between one-another and from the neighboring 

continuous forest (Table 1). 

 The study area is situated directly between two rainfall gauges utilized by the Hawai'i 

Rainfall Atlas to extrapolate island-wide climate data (Giambelluca et al. 2013).  Both Kaumana 

and Powerline kipuka systems receive over 2000 mm in mean annual rainfall through trade-

wind-driven orographic lifting.  However, due to the study area's proximity to the Trade Wind 

Inversion (TWI, 1900-2200 meters), there is a marked decrease in rainfall with elevation because 

the TWI resists the lifting of orographic clouds (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 2180 and 2300 mm rainfall annually (Figure 6). 

 All kipuka within the study area share a similar soil age (3000-5000 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 vegetation referred to as the "lava matrix".  The boundaries between kipuka 

and the lava matrix are discrete. 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 change in vegetation 

community and tree stature.  Ohia (Metrosideros polymorpha) dominates both kipuka and lava 
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matrix vegetation communities, but there is a major difference in tree age and density.  Younger 

M. polymorpha in the lava matrix are loosely dispersed, restricted to where their roots are able to 

take hold in cracks in the rock.  There may also be differences in the variety of M. polymorpha 

between lava matrix and kipuka, as the species has numerous forms adapted to particular habitats 

and successional stages (DeBoer & Stacy 2013).  'Ohelo 'ai, (Vaccinium reticulatum) and 

Kukaenene (Coprosma ernodeoides), two berry-forming shrubs or vines, are also common over 

the exposed lava.   Ama'u fern (Sadleria cyatheoides) is found occasionally colonizing the lava 

matrix, but is much more common in the kipuka understory. Within the kipuka, other less-

common canopy trees accompany M. polymorpha, including Olapa (Cheirodendron triginum), 

Pilo (Coprosma rhynchocarpa), Kawau (Ilex anomala), Manono (Hedyotis), Kolea (Myrsine 

lessertiana), and Naio (Myoporum sandwichense).  Koa (Acacia koa), another dominant 

Hawaiian canopy tree, can also be found alongside M. polymorpha in some Powerline kipuka.  

The largest kipuka also possess an obvious mid-story canopy comprised of Hapu'u tree fern 

(Cibotium menziesii).  Prominent understory shrubs include Uluhe bramble ferns (Dicranopteris 

linearis), 'Ohelo Kau La'au (Vaccinium calycinum) and, seasonally, the deciduous Akala (Rubus 

hawaiensis).   

 As part of a long-term study on fragmentation and invasive species in this area, the 

United States Forest Service has conducted an intensive rat-trapping treatment in half of the 

study kipuka, using snap-traps baited with peanut butter, spaced in a 25x25 grid (Fukami et al. 

2010 NSF proposal).  The rat trapping treatment 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 utilizing a bait protocol adapted from Kaneshiro et al. (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 the store-bought sponges came in three colors 

(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 mushrooms (Agaricus 

bispori).  The mushrooms were placed in a plastic sealable sandwich bag, bruised, 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 distilled water added at a ratio of 200g:3L.  

A square of fabric was secured over the mouth 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 in-use 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 material and poured into 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 banana-yeast mixture was prepared the evening before a sampling day and 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 over-ripe) bananas 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 prevent exploding, 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 transect in the larger kipuka, but the number of baits was 

less than 10 in some of the smallest kipuka due to the limited space.  All  transects followed the 

kipuka's lengthwise axis in order to maximize the number of baits placed in the smaller kipuka; 

the lowest number of baits placed was 4.  In all kipuka larger than 2.5 hectares, two transects 

were established for a total of 20 bait sponges (Figure 7).  One of these transects was placed near 

the edge within 10 meters of the kipuka's border and followed along the contour of the treeline. 

The second transect was placed in the kipuka's interior, 40-50 meters from the edge, running 

straight and approximately parallel to the other.  This arrangement allowed for an examination of 

the influence of edge-effects on fly abundances. 
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 Bait sponges were hung between 1 and 2 meters from the ground on the nearest tree or 

tree-fern 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 mL.  The bottom half of the 

sponge was spread with an approximately 12-15 g dab of the banana-yeast mixture using a 

baking spatula (Figure 7). 

 Drosophila species abundances were recorded over a two year period, beginning in 

August 2013 and ending in July 2015.  All 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, sunny days.  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 

transects could be baited and sampled in a given morning due to the time needed to travel within 

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 be sampled 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 Drosophila are 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 bait during the approach 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 considerable effort in the most strenuous, time-consuming kipuka. 

 Data was collected by observing and recording the fly species or morphotypes on the bait 

sponges.  The focal species D. tanythrix, D. sproati, D. murphyi, and D. silvestris are all large, 

conspicuous species which could easily be distinguished from other flies with the naked eye 

(Figure 3).  D. sproati and D. murphyi are primarily distinguished from one-another based on 

their difference in size (D. sproati being substantially larger); observations of one or the other 

were verified by comparing photographs.  In addition to these 4 conspicuous endemic species, 

several exotic Drosophila are also easy to distinguish from the rest, being either much smaller or 
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much lighter coloration than any native species.  Though it is not a taxonomic character, 

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

from light yellow to orange in color.   These "yellow flies" include D. simulans, D. immigrans, 

and D. suzukii, the latter being further distinguished by the black spot on the end of the male's 

wing (Figure 3).  Because of their potential ecological significance as invasive competitors, the 

number of "yellow flies" was also recorded, as well as the proportion with spots on their wings.  

In addition to the focal Drosophila species, many other arthropods were observed on baits.  

Those possessing of a Drosophilid's gestalt had their general morphology described, and 

photographs taken (Appendix 1).   

 Temperature and humidity dataloggers 

 Temperature and relative humidity microclimate within forest fragments are expected to 

vary with kipuka size, as well as between their edges and interiors.  A total of 20 Maxim 

Integrated (TM) DS1923 iButton Hygrochron dataloggers were dispersed among several bait 

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 memory was full; this 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 collected the 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 measured as counts, and because species were often 

very rare or absent in many transects, all analyses were conducted assuming a Poisson 

distribution.  Differences in sampling effort (the number of baits per transect) were standardized 

by adjusting all abundance values to a per-bait average, then multiplying by 10 (the maximum 

number of baits in a transect) and rounding to the nearest integer to accommodate Poisson's 

assumption of discrete counts.   

 Generalized linear modeling and model selection 



14 
 

 Because there was an 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 (beginning Aug. 6, 2013, with the greatest sampling effort, n=85; hereafter 

abbreviated as "KT -All "), utilizing transects from the interior of all kipuka.  This dataset was 

meant to focus on kipuka area, rat control, and seasonal effects on Drosophila abundances.  The 

second dataset used only those Kaumana Trail and Powerline Road samples that were collected 

over a shorter but concurrent time period (beginning Dec. 5, 2014, n=28; hereafter abbreviated as 

"KTPR-All "), utilizing transects from only the interior of all kipuka.  While the sample size is 

lower, this dataset includes an elevation component, which serves as a proxy for mean annual 

rainfall and mean 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, beginning Aug. 6, 2013, n=48; hereafter abbreviated as 

"KT -Large").  The fourth dataset incorporated a similar edge-interior 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; hereafter abbreviated as "KTPR-Large"). 

 Model parameters for all four datasets are described in Table 2.  The global models were 

applied to each Drosophilid species group (for a total of 40 models), and then reduced into all 

possible model subsets using the function "dredge " from the package "MuMIn" in R version 

3.2.2.  The function "get.models " (also in package MuMIn) was used to compare all dredged 

models and order them based on their AICc scores (Appendix 3). 

 Best-fit models were selected based on recommendations from Symonds and Moussalli 

(2011) and Burnham et al. (2011), considering the degrees of freedom (model complexity), AICc 

score (the lowest being the nearest approximation of the "true" model), æAICc (the "nearness" of 

subsequent models to this approximation), and Akaike weight (the confidence that the model is 

better than any alternative subsets).  Models within <2 æAICc of the top model were considered 

equivalent, and the most parsimonious (i.e. the model with the fewest degrees of freedom) was 

selected if there were no other strong candidates to compete with.   
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 Once a best-fit model was chosen, model averaging using the "model.avg " function in 

R 3.2.2 (package MuMIn) was conducted to assign relative parameter importance, estimates, and 

confidence intervals to the selected parameters.  In strongly supported models with no 

alternatives within 2 æAICc and a comparatively high Akaike weight, "natural averaging" was 

used per Symonds and Moussalli (2011), which averages parameters under the best-fit model, 

accounting only for model subsets where those parameters are included (i.e. it ignores subsets 

where the parameter is absent; Bartón 2015).  For weaker models where a best-fit could not be 

chosen, such as those with many model subsets within 2 æAICc and having low and broadly 

distributed weights, "full-model averaging" from the global model was used to factor in the 

relative importance of each parameter (Burnham et al. 2011, Symonds and Moussalli 2011).  

Full-model averaging causes "shrinkage" of parameter estimates by accounting for all model 

subsets, assigning a value of zero where the parameter is absent (Bartón 2015).  It is therefore a 

more conservative estimation of model effects. 

 After calculating parameter estimates and associated confidence intervals, models were 

standardized using the function "standardize " in R package "arm", which adjusts parameters 

to the same unitless scale by centering and dividing by two standard deviations (Gelman et al. 

2015).  This allows for comparisons of both continuous and categorical parameters' relative 

strength within a model.  Model selection passes for each species group and dataset are provided 

in detail in Appendix 4. 
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RESULTS 

Total Drosophilidae 

 A total of 6974 Drosophilids were detected in the course of this study, including both 

native and non-native species, and a considerable number of non-focal taxa (Figure 8).  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 may differ.  Consistent responses to parameters across datasets 

may then be interpreted as being applicable to the Drosophilidae as a whole. 

 Model selection and averaging (Table 3A) 

 KT -All: The global model was selected as the best-fit model.  Parameters included 

kipuka area, rat treatment, distance to nearest continuous forest, distance to nearest large kipuka, 

temperature seasonality, and rainfall seasonality.  All parameter estimates were statistically 

significant.  KTPR-All: The global model was selected as the best-fit 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 best-fit model included rat treatment, habitat type (edge vs. 

interior), distance to nearest continuous forest, and temperature seasonality.  All best-fit model 

parameters were statistically significant.  Kipuka area, distance to nearest neighboring large 

kipuka, and rainfall seasonality were not included in the best-fit model.  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 kipuka.  All best-fit parameter estimates were 

statistically significant.  Kipuka area and temperature seasonality were not included in the best-

fit model.   

 Model parameters; Table 4 A, Figure 10 A 

 Kipuka area: Total Drosophilid abundance responded positively to kipuka area, except 

in the large-kipuka datasets, where area was not selected as a parameter in best-fit models.  Rat 

treatment (trapped vs. no trapping): Total Drosophilids responded negatively to kipuka that 

were not trapped for rats, with the exception of the KT-All dataset, where they responded 
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positively.  Habitat type (edge vs. interior): In the large-kipuka datasets, Drosophilid 

abundance responded negatively to kipuka edge habitat.  Elevation: In both KTPR datasets, 

Drosophilid abundance responded negatively to an increase in elevation.  Distance to nearest 

continuous forest: Drosophilid abundance responded negatively to the distance between a 

sampled kipuka and the nearest continuous forest, with the exception of the KT-Large dataset, 

where the response was positive.  Distance 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 KTPR-Large dataset, where the 

parameter was not selected in the best-fit model.  Temperature seasonality (Cold vs. Warm): 

Drosophilid abundance responded negatively to colder seasons, among Kaumana Trail-only 

datasets.  It responded positively in the KTPR-All dataset, but was not included in the best-fit 

model of the KTPR-Large dataset.  Rainfall seasonality (Wet vs. Dry): Drosophilid abundance 

responded negatively to wetter seasons in the KT-All dataset.  It was not selected as a parameter 

in the best-fit model for the KT-Large dataset. 

Native Drosophilidae (excludes "yellow flies") 

 A total of 3528 native Drosophilids were detected in this study.  This includes the focal 

species D. tanythrix, D. silvestris, D. sproati, and D. murphyi, in addition to 10 non-focal 

morphotypes. 

 Model selection and averaging (Table 3B) 

 KT -All:  The global model was selected as the best-fit model.  Parameters included 

kipuka area, rat treatment, distance to nearest continuous forest, distance to nearest large kipuka, 

temperature seasonality, and rainfall seasonality.  All parameter estimates were statistically 

significant.  KTPR-All:  The best-fit model included kipuka area, rat treatment, and elevation. 

All best-fit parameter estimates were statistically significant. Distance to nearest continuous 

forest, distance to nearest large kipuka, and temperature seasonality were not included in the 

best-fit 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 were averaged together.  

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 = 0.90).  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 models.  KTPR-Large: The best-fit model 

included rat treatment, habitat type (edge.vs. interior), elevation, and distance to nearest 

continuous forest.  All best-fit parameter estimates were statistically significant.  Kipuka area, 

distance to nearest large kipuka, and temperature seasonality were not included in the best-fit 

model.   

 Model parameters; Table 4 B, Figure 10 B 

 Kipuka area: Native Drosophilids responded positively to kipuka area in both all-kipuka 

datasets.  They also responded positively in the KT-Large dataset, but the effect was only 

marginally statistically significant (p = 0.09).  Area was not included as a factor in the best-fit 

model for the KTPR-Large dataset.  Rat treatment (trapped vs. no trapping):  Native 

Drosophilid abundance responded positively to untrapped kipuka in the KT-All dataset, but 

negatively in both KTPR datasets.  The parameter estimate was not statistically significant in the 

KT-Large dataset.  Habitat type (edge vs. interior): Native Drosophilid abundance responded 

negatively to edge habitat in both large-kipuka datasets.  Elevation: Native Drosophilid 

abundance responded negatively to elevation in both KTPR datasets.  Distance to nearest 

continuous forest:  The distance between a sampled kipuka and the nearest continuous forest 

had a negative impact on native Drosophilid abundance in the KT-All and the KTPR-Large 

datasets, but was not included in best-fit models for the KTPR-All and KT-Large datasets.  

Distance to nearest neighboring large kipuka (> 2.5 ha):  The distance between a sampled 

kipuka and the nearest neighboring kipuka above 2.5 hectares had a positive impact on native 

Drosophilid abundance in the KT-All dataset, but was not statistically significant in the KT-

Large dataset and the parameter was not included in best-fit models for the KTPR datasets.  

Temperature seasonality (Cold vs. Warm):  Native Drosophilid abundance responded 

negatively to colder seasons in both KT datasets.  The parameter was not included in the best-fit 

models of the KTPR datasets.  Rainfall seasonality (Wet vs. Dry):  Native Drosophilid 

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

 Of the Drosophila species groups central to this study, the non-native "yellow flies" (D. 

simulans, D. immigrans, and D. suzukii) were the most abundant (N= 3446).  1506 of yellow 

flies observed had wing spots that are unique to males of Drosophila suzukii.  The proportion of 

male D. suzukii relative to all yellow flies detected was recorded for each transect sampled; the 

mean proportion of male D. suzukii over the entire sampling period was 0.38.   If male:female 

sex ratios for the species are assumed to be even, then approximately 77 % of all yellow flies 

detected would be D. suzukii 

 Model selection and averaging (Table 3C) 

 KT -All:  The best-fit model included kipuka area, rat treatment, distance to nearest large 

kipuka, temperature seasonality, and rainfall seasonality.  All best-fit parameter estimates were 

statistically significant.  Distance to nearest continuous forest was not included as a parameter in 

the best-fit model.  KTPR-All:  The best-fit model included rat treatment, elevation, distance to 

the nearest large kipuka, and temperature seasonality.  All best-fit parameter estimates were 

statistically significant.  Kipuka area and distance to nearest continuous forest were not included 

in the best-fit 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 

averaged together. After full-averaging 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.  Parameter estimates for kipuka 

area, rat treatment, and distance to nearest large kipuka were not significant.  KTPR-Large: 

Model subset Akaike weights were relatively low and broadly distributed, and no best-fit model 

could be justified.  After full-averaging of the global model,  no parameter estimates were found 

to be significant. 

 Model parameters; Table 4 C, Figure 10 C 

 Kipuka area: Yellow flies responded positively to kipuka area in the KT-All dataset, but 

the parameter was not selected in the best-fit model of the KTPR-All dataset.  Parameter 

estimates were not significant in either large-kipuka dataset.  Rat treatment (trapped vs. no 

trapping) : Yellow flies responded negatively to untrapped kipuka in the KT-All dataset, and 
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positively in the KTPR-All dataset.  Parameter estimates were not statistically significant in 

either large-kipuka datasets.  Habitat type (edge vs. interior): Yellow flies responded 

negatively to kipuka edge habitat in the KT-Large dataset, but the parameter estimate was not 

significant in the KTPR-Large dataset.  Elevation: Yellow flies responded negatively to 

increased elevation in the KTPR-All dataset, but the parameter estimate was not significant in 

the KTPR-Large dataset.  Distance to nearest continuous forest: Yellow flies responded 

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 KTPR-Large dataset.  Distance 

to nearest continuous forest was not selected as a parameter in best-fit models in the all-kipuka 

datasets.  Distance to nearest neighboring large kipuka (> 2.5 ha): Yellow flies responded 

positively to increased distance between a sampled kipuka and the nearest neighboring kipuka 

larger than 2.5 hectares, in both all-kipuka datasets.  Parameter estimates in the large-kipuka 

datasets were not significant.  Temperature 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 non-significant in the KTPR-Large dataset.  Rainfall seasonality (Wet 

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

D. tanythrix 

 Drosophila tanythrix was the most abundant native Drosophilid species detected (N= 

1575).  While it is specialized to breed in decaying Cheirodendon leaves, 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 picture-wings.  Because it is so common, it provided enough 

statistical power to generate robust best-fit models with strongly supported parameter estimates.   

 Model selection and averaging (Table 3D) 

 KT -All:  The best-fit model included kipuka area, distance to nearest continuous forest, 

distance to nearest large kipuka, temperature seasonality, and rainfall seasonality.  All best-fit 

parameter estimates were statistically significant.  Rat treatment was not included as a parameter 

in the best-fit model.  KTPR-All:  The best-fit model included kipuka area, rat treatment, 

distance to nearest continuous forest, and temperature seasonality.  All best-fit parameter 

estimates were statistically significant.  Elevation and distance to the nearest large kipuka were 
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not included in the best-fit model.  KT -Large: The best-fit model included rat treatment, habitat 

type (edge vs. interior), distance to nearest large kipuka, temperature seasonality, and rainfall 

seasonality.  All best-fit parameter estimates were statistically significant.  Kipuka area and 

distance to nearest continuous forest were not included as parameters in the best-fit model.  

KTPR-Large: The best-fit model included kipuka area, rat treatment, habitat type (edge vs. 

interior), distance to nearest continuous forest, and distance to nearest large kipuka.  All best-fit 

parameter estimates were statistically significant.  Elevation and temperature seasonality were 

not included as parameters in the best-fit model. 

 Model parameters; Table 4 D, Figure 10 D 

 Kipuka area: D. tanythrix abundance responded positively to kipuka area, with the 

exception of the KT-Large dataset, where it was not selected as a parameter in the best-fit model.  

Rat treatment (trapped vs. no trapping): Rats (untrapped) had a negative impact on D. 

tanythrix abundance in most datasets, with the exception of the KT-All dataset, where rat 

treatment was not selected as a parameter in the best-fit model.  Habitat type (edge vs. 

interior) : D. tanythrix responded negatively to edge habitat in both large-kipuka datasets.  

Elevation: Elevation was not selected as a parameter in any best-fit models for D. tanythrix 

abundance.  Distance to nearest continuous forest: D. tanythrix responded negatively to 

increasing distance between a sampled kipuka and the nearest continuous forest in all datasets 

except KT-Large, where it was not selected as a parameter in the best-fit model.  Distance to 

nearest neighboring large kipuka (> 2.5 ha): D. tanythrix responded negatively to increasing 

distance between a sampled kipuka and the nearest neighboring kipuka larger than 2.5 hectares 

in both large-kipuka datasets.  It responded positively to increasing distance in the KT-All 

dataset.  The parameter was not selected for the best-fit model in the KTPR-All dataset.  

Temperature seasonality (Cold vs. Warm): D. tanythrix responded positively to colder 

seasons in both KT datasets, but responded negatively in the KTPR-All dataset.  Temperature 

seasonality was not selected as a parameter in the best-fit model for the KTPR-Large dataset.  

Rainfall seasonality (Wet vs. Dry): D. tanythrix responded negatively to wetter months in both 

KT datasets. 
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Picture-wings (D. silvestris, D. sproati, D. murphyi) 

 A total of 135 picture-wing Drosophila were observed.  Because they were so rare, 

individual picture-wing 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, picture-wings were analyzed collectively to boost power and look for 

disparities between these rare specialists and more common or more generalist species such as D. 

tanythrix and D. suzukii. 

 Model selection and averaging (Table 3E) 

 KT -All:  Model subset Akaike weights were relatively low and broadly distributed, and 

no best-fit model could be justified.  After full-averaging of the global model,  parameter 

estimates for kipuka area, distance to nearest continuous forest, temperature seasonality and 

rainfall seasonality were found to be statistically significant.  Parameter estimates for rat 

treatment and distance to nearest large kipuka were not significant.  KTPR-All:  The best-fit 

model included kipuka area, rat treatment, and elevation.  All best-fit parameter estimates were 

statistically significant.  Distance to nearest continuous forest, distance to nearest large kipuka, 

and temperature seasonality were not included as parameters in the best-fit model.  KT -Large: 

Model subset Akaike weights were relatively low and broadly distributed, and no best-fit model 

could be justified.  After full-averaging of the global model,  the parameter estimate for rainfall 

seasonality was found to be statistically significant, and the parameter estimate for habitat type 

(edge vs. interior) was marginally significant (p = 0.077).  Parameter estimates for kipuka area, 

rat treatment, distance to nearest continuous forest, distance to nearest large kipuka, and 

temperature seasonality were not significant.  KTPR-Large: Model subset Akaike weights were 

relatively low and broadly distributed, and no best-fit model could be justified.  After full-

averaging of the global model, parameter estimates for elevation and distance to nearest large 

kipuka were found to be statistically significant.  Parameter estimates for kipuka area, rat 

treatment, habitat type (edge vs. interior), distance to nearest continuous forest, and temperature 

seasonality were not significant. 

 Model parameters; Table 4 E, Figure 10 E 
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 Kipuka area: Picture-wings responded positively to kipuka area in both all-kipuka 

datasets.  Parameter estimates were non-significant in large-kipuka datasets. Rat treatment 

(trapped vs. no trapping): Picture-wings responded negatively to rats (untrapped) in the KTPR-

All dataset, but estimates were not statistically significant in any other dataset. Habitat type 

(edge vs. interior): Picture-wings responded to edge habitat in the KT-Large dataset.  The 

parameter estimate was not significant in the KTPR-Large dataset. Elevation: Picture-wings 

responded negatively to increasing elevation in both KTPR datasets. Distance to nearest 

continuous forest: Picture-wings responded negatively to increasing distance to the nearest 

continuous forest in the KT-All dataset.  Distance to nearest continuous forest was not selected 

as a parameter in the best-fit model in the KTPR-All dataset.  Parameter estimates were not 

statistically significant in either large-kipuka dataset. Distance to nearest neighboring large 

kipuka (> 2.5 ha): Picture-wings responded positively to increasing distance to the nearest 

neighboring large kipuka in the KTPR-Large dataset.  The parameter was not selected in the 

best-fit model for the KTPR-All dataset.  Parameter estimates were not significant in either KT 

dataset. Temperature seasonality (Cold vs. Warm): Picture-wings responded positively to 

colder seasons in the KT-All dataset.  Temperature seasonality was not selected as a parameter in 

the best-fit model in the KTPR-All dataset.  Parameter estimates were not statistically significant 

in either large-kipuka dataset. Rainfall seasonality (Wet vs. Dry): Picture-wings responded 

negatively to wetter months in both KT datasets. 

D. silvestris 

 Drosophila silvestris was very rare (N= 51) and was only observed in a select few large 

kipuka.  It did not yield robust best-fit models and displayed statistically significant responses to 

only a few parameters.   

 Model selection and averaging (Table 3F) 

 KT -All:  Model subset Akaike weights were relatively low and broadly distributed, and 

no best-fit model could be justified.  After full-averaging of the global 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 rainfall seasonality were not significant. KTPR-All:  Model subset 
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Akaike weights were relatively low and broadly distributed, and no best-fit model could be 

justified.  After full-averaging of the global model,  parameter estimates for kipuka area and 

elevation were found to be statistically significant.  Parameter estimates for rat treatment, 

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 best-fit model could be justified.  After full-averaging of the 

global model,  only the parameter estimate for habitat type (edge vs. interior) was found to be 

statistically significant.  Parameter estimates for kipuka area, rat treatment, distance to nearest 

continuous forest, distance to nearest large kipuka, temperature seasonality, and rainfall 

seasonality were not significant. KTPR-Large: Model subset Akaike weights were relatively 

low and broadly distributed, and no best-fit model could be justified.  After full-averaging 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. interior), 

elevation, distance to nearest continuous forest, and temperature seasonality were not significant. 

 Model parameters; Table 4 F, Figure 10 F 

 Kipuka area: D. silvestris abundance responded positively to kipuka area in both all-

kipuka datasets.  Parameter estimates were not significant in either large-kipuka dataset.  Rat 

treatment (trapped vs. no trapping): D. silvestris did not have a statistically significant 

response to rat treatment in any dataset.  Habitat type (edge vs. interior): D. silvestris 

responded negatively to edge habitat in the KT-Large dataset, but the estimate was not 

statistically significant in the KTPR-Large dataset.  Elevation: D. silvestris responded negatively 

to increasing elevation in the KTPR-All dataset, but the estimate was non-significant in the 

KTPR-Large dataset.  Distance to nearest continuous forest: D. silvestris responded negatively 

to increasing distance to the nearest continuous forest in the KT-All dataset, but estimates were 

not significant in any other dataset.  Distance to nearest neighboring large kipuka (> 2.5 ha): 

D. silvestris responded positively to increasing distance to the nearest neighboring large kipuka 

in the KTPR-Large dataset, but the estimate was only marginally significant (p = 0.071).  

Estimates were non-significant in all other datasets.  Temperature seasonality (Cold vs. 

Warm)  D. silvestris did not have a statistically significant response to temperature seasonality 
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in any dataset.  Rainfall seasonality (Wet vs. Dry): D. silvestris did not have a statistically 

significant response to rainfall seasonality in either KT dataset. 

D. sproati 

 Drosophila sproati was also rare (N= 55), but could be found in a broader number of 

kipuka than D. silvestris.  Like D. silvestris, it did not yield robust best-fit 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 averaging (Table 3G) 

 KT -All:  Model subset Akaike weights were relatively low and broadly distributed, and 

no best-fit model could be justified.  After full-averaging of the global model, parameter 

estimates for kipuka size and distance to nearest continuous forest were found to be statistically 

significant.  Parameter estimates for rat treatment, distance to nearest large kipuka, temperature 

seasonality, and rainfall seasonality were not significant.  KTPR-All:  The best-fit model 

included kipuka area, rat treatment, and elevation.  None of the best-fit parameter estimates were 

statistically significant.  Distance to nearest continuous forest, distance to nearest large kipuka, 

and temperature seasonality were not included as parameters in the best-fit model.  KT -Large: 

Model subset Akaike weights were relatively low and broadly distributed, and no best-fit model 

could be justified.  After full-averaging 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 marginally 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 relatively high 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.  After full-averaging of the two top models, none of 

the remaining parameter estimates were found to be statistically significant.  

 Model parameters; Table 4 G, Figure 10 G 



26 
 

 Kipuka area: D. sproati responded positively to kipuka area in the KT-All dataset, but 

estimates were not significant in any other dataset.  Rat treatment (trapped vs. no trapping): 

D. sproati did not have a statistically significant response to rat treatment in any dataset.  

Habitat type (edge vs. interior): D. sproati did not have a statistically significant response to 

edge or interior habitat in the KT-Large dataset. Habitat type was not selected as a parameter in 

best-fit models in the KTPR-Large dataset.  Elevation: D. sproati did not have a statistically 

significant response to elevation in either KTPR dataset.  Distance to nearest continuous 

forest: D. sproati abundance responded negatively to increasing distance to the nearest 

continuous forest in both KT datasets.  The parameter was not selected in the best-fit model in 

either KTPR dataset.  Distance to nearest neighboring large kipuka (> 2.5 ha): Distance to 

nearest neighboring large kipuka was not selected as a parameter in the best-fit model for the 

KTPR-All dataset.  Parameter estimates were not statistically significant in any other dataset.  

Temperature seasonality (Cold vs. Warm): Temperature seasonality was not selected as a 

parameter in the best-fit models in either KTPR dataset.  Parameter estimates were not 

statistically significant in either KT dataset.  Rainfall seasonality (Wet vs. Dry): D. sproati 

responded negatively to wetter months in the KT-Large dataset, but the effect was only 

marginally significant (p = 0.079).  The parameter estimate was not significant in the KT-All 

dataset. 

D. murphyi 

 Drosophila murphyi was the rarest species detected (N= 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 

significance in any parameter estimates. 

 Model selection and averaging (Table 3H) 

 KT -All:  Model subset Akaike weights were relatively low and broadly distributed, and 

no best-fit model could be justified.  After full-averaging of the global model, only the parameter 

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 significant.  KTPR-All:  The null-model was the 
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highest ranking model after global averaging.  Model subset Akaike weights were relatively low 

and broadly distributed, and no best-fit model could be justified.  After full-averaging of the 

global model, no parameter estimates were found to be significant.  KT -Large: Model subset 

Akaike weights were relatively low and broadly distributed, and no best-fit model could be 

justified.  After full-averaging 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 best-fit model could be justified.  After full-averaging of the global model, no 

parameter estimates were found to be significant. 

 Model parameters; Table 4 H, Figure 10 H 

 Kipuka area: D. murphyi did not have a statistically significant response to kipuka area 

in any dataset.  Rat treatment (trapped vs. no trapping): D. murphyi did not have a 

statistically significant response to rat treatment in any dataset.  Habitat type (edge vs. 

interior) : D. murphyi did not have a statistically significant response to edge vs. interior habitat 

in either large-kipuka dataset.  Elevation: D. murphyi did not have a statistically significant 

response to elevation in either KTPR dataset.  Distance to nearest continuous forest: D. 

murphyi did not have a statistically significant response the distance between a sampled kipuka 

and the nearest continuous forest in any dataset.  Distance to nearest neighboring large kipuka 

(> 2.5 ha): D. murphyi did not have a statistically significant response to the distance between a 

sampled kipuka and the nearest neighboring large kipuka in any dataset.  Temperature 

seasonality (Cold vs. Warm): D. murphyi abundance responded positively to colder seasons in 

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. murphyi did not have a statistically significant 

response to rainfall seasonality in either KT dataset. 

Other Drosophilidae 

 In addition to Drosophila tanythrix, D. silvestris, D. sproati, D. murphyi, and exotic 

"yellow flies," 10 additional Drosophilid morphotypes were observed in the course of this study, 

resulting in 1818 flies categorized as "Other" Drosophilidae.  Potential species for this region of 

Hawai'i Island include (but are not limited to) Drosophila medialis, D. neutralis, D. percnosoma, 

D. longiperda, D. tendomentum, and D. cilifemorata (Karl Magnacca, pers. comm.).  Some of 
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the recorded morphotypes likely include multiple species, particularly among the smaller 

nondescript Scaptomyza and Haleakalae clade of Drosophila, and a microscope would be needed 

to identify them.  Though they were not the focus of this study, they were analyzed collectively 

to see if observed trends held true for other non-focal taxa and if there were any clear 

differences.  "Other" Drosophilidae were abundant-enough to drive the direction of some 

parameter estimates in the "Total Drosophilidae" and "Native Drosophilidae" models.   

 Model selection and averaging (Table 3I) 

 KT -All:  The best-fit model included kipuka area, rat treatment, distance to nearest 

continuous forest, temperature seasonality, and rainfall seasonality.  All best-fit parameters were 

statistically significant.  Distance to nearest large kipuka was not included as a parameter in the 

best-fit model. KTPR-All:  The best-fit model included kipuka area, rat treatment, elevation, and 

temperature seasonality.  All best-fit parameters were statistically significant.  Distance to 

nearest continuous forest and distance to nearest large kipuka were not included as parameters in 

the best-fit 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 

averaged together. After full-averaging of the five top models,  parameter estimates for habitat 

type (edge vs. interior), temperature seasonality, and rainfall seasonality were found to be 

statistically significant, while 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 significant. KTPR-Large: The best-fit model included 

kipuka area, rat treatment, habitat type (edge vs. interior), elevation, and distance to nearest large 

kipuka.  All best-fit parameter estimates were statistically significant.  Distance to nearest 

continuous forest and temperature seasonality were not included in the best-fit model. 

 Model parameters; Table 4 I, Figure 10 I 

 Kipuka area: Non-focal Drosophilid abundance responded positively to kipuka area in 

both all-kipuka datasets.  They responded negatively to kipuka area in the KTPR-Large dataset.  

The parameter estimate was not significant in the KT-Large dataset.  Rat treatment (trapped 

vs. no trapping): Non-focal Drosophilids responded negatively to rats (untrapped) in both 

KTPR datasets, but positively in the KT-All dataset.  The parameter estimate was not significant 
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in the KT-Large dataset.  Habitat type (edge vs. interior): Non-focal Drosophilids responded 

negatively to kipuka edge habitat in both large-kipuka datasets.  Elevation: Non-focal 

Drosophilids responded negatively to increasing elevation in both KTPR datasets.  Distance to 

nearest continuous forest: Increasing distance between a sampled kipuka and the nearest 

continuous forest had a negative impact on "Other" Drosophilid abundance in the KT-All 

dataset, but a positive impact in the KT-Large dataset.  The parameter was not selected for the 

best-fit models in either KTPR dataset.  Distance to nearest neighboring large kipuka (> 2.5 

ha): Increasing distance between a sampled kipuka and the nearest neighboring large kipuka had 

a positive impact on "Other" Drosophilids in the KTPR-Large dataset.  The parameter estimate 

was not significant in the KT-Large dataset.  The parameter was not selected for the best-fit 

models in either all-kipuka dataset.  Temperature seasonality (Cold vs. Warm): Non-focal 

Drosophilid abundance was positively impacted by colder seasons in both all-kipuka datasets and 

the KT-All dataset.  The parameter was not selected for the best-fit model in the KTPR-Large 

dataset.  Rainfall seasonality (Wet 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 total species and morphotype richness.  This included 

presence/absence data for Drosophila tanythrix, D. silvestris, D. sproati, D. murphyi, yellow 

flies (counted as a single unit), and the 10 "Other" Drosophilid morphotypes, for a total of 15 

potential taxa. 

 Model selection and averaging (Table 3J) 

 KT -All:  Model subset Akaike weights were relatively low and broadly distributed, and 

no best-fit model could be justified.  After full-averaging of the global model, parameter 

estimates for kipuka area, distance to nearest 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 significant. KTPR-All:  Model subset Akaike 

weights were relatively low and broadly distributed, and no best-fit model 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 treatment, elevation, 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 best-fit model could be justified.  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 area, rat treatment, distance to nearest continuous forest, distance to nearest large 

kipuka, and rainfall seasonality were not significant. KTPR-Large: The null-model was the 

second-highest ranking model after global averaging.  Model subset Akaike weights were 

relatively low and broadly distributed, and no best-fit model could be justified.  After full-

averaging of the global model, no parameter estimates were found to be statistically significant. 

 Model parameters; Table 4 J, Figure 10 J 

 Kipuka area: Drosophilid richness responded positively to kipuka area in both all-

kipuka datasets.  The parameter estimates were not significant in either large-kipuka dataset. Rat 

treatment (trapped vs. no trapping): Drosophilid richness did not have a statistically 

significant response to rat treatment in any dataset.  Habitat type (edge vs. interior): 

Drosophilid richness responded negatively to edge habitat in the KT-Large dataset.  The 

parameter estimate was not statistically significant in the KTPR-Large dataset.  Elevation: 

Drosophilid richness did not have a statistically significant response to elevation in either KTPR 

dataset.  Distance to nearest continuous forest: Drosophilid richness did not have a statistically 

significant response to the distance between a sampled kipuka and the nearest continuous forest 

in any dataset.  Distance to nearest neighboring large kipuka (> 2.5 ha): Drosophilid richness 

responded positively to increasing distance between a sampled kipuka and the nearest large 

kipuka in the KT-All dataset.  The parameter estimates were not statistically significant in any 

other dataset.  Temperature seasonality (Cold vs. Warm): Drosophilid richness responded 

positively to colder seasons in both KT datasets.  The parameter estimates were not statistically 

significant in either KTPR dataset.  Rainfall seasonality (Wet vs. Dry): Drosophilid richness 

did not have a statistically significant response to rainfall seasonality in either KT dataset. 

   



31 
 

iButton temperature and humidity measurements 

 Of the 28 temperature and humidity dataloggers utilized in this study, only 10 remained 

functional by the end of the sampling period, whether 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 were still observed.  For periods 

when all habitat types were concurrently sampled, large kipuka were cooler and more humid on 

average than small kipuka (Figures 11A, 11B).  Daily high and low readings were also less 

extreme in larger kipuka than in small ones (Figures 11C, 11D). 
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CONCLUSIONS AND DISCUSSION 

General conclusions, pertaining to study hypotheses 

 This study has demonstrated that, with respect to IBT and SAR, Drosophilid 

abundances and richness increase with kipuka area, up to a threshold limit.  However, 

Drosophila respond positively to increasing kipuka remoteness, suggesting the possibility of 

competitor release.  Drosophila show significant responses to rat trapping 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 species, but still 

responded positively to kipuka area and interior habitat. 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 study are difficult 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 spatial and 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 (1495-1785 or 290 m vs. 1495-1650 or 155 m, respectively), which corresponds to 

greater differences in mean rainfall and mean ambient temperature (Giambelluca et al. 2013, 

2014).  As can be seen in Figure 9, the relative proportion of species, particularly "yellow flies" 

and "Other" non-focal Drosophilids, shifted with the inclusion 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 Native Drosophilidae -- particularly for the climate-related 

seasonality factors (Table 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 was a large difference in the number of "cold" season and 
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"warm" season samples, rarer picture-wing species groups lacked the statistical power to detect 

significant responses to temperature seasonality (Tables 4E-H, Figures 10E-H). The sample size 

in the KTPR-Large dataset was low enough (n=18) that only the most abundant taxa showed 

detectable responses to model parameters (Table 5D). 

 In their review of fragmentation studies, Debinski and Holt (2000) note that differences 

in spatial scale often cause response variables to behave uncharacteristically of the normal Island 

Biogeography and Species-Area Relationship paradigms (MacArthur & Wilson 1967, Leibold 

2004).  Although arthropods are assumed to be better-suited to fragmentation studies because 

they interact with 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 parasitoid wasps and pollen 

beetles (Thies et al. 2003).  Additionally, the scale effect appears to be nonlinear, making it 

difficult to predict its impact on model outcomes.  Scale-dependent effects may help explain why 

certain parameter estimates were significant in one dataset but not another.  For example, 

Drosophila tanythrix showed a significant negative response to rats in all datasets except KT-All, 

despite the fact that KT-All has the largest sample size of the four datasets (Table 4D). If the 

effects of rats are greater at higher elevations or in larger kipuka, then the comparatively low 

elevation of the KT datasets and the greater number of small kipuka in the All-kipuka datasets 

could diminish the importance of rats to the KT-All model.  In short, the benefits or burdens 

imposed by community factors may become augmented or dampened by the influence of 

landscape factors; that is to say, they are interactive. 

 All kipuka vs. Large kipuka: diminishing returns 

 Within All -kipuka datasets, nearly all species groups showed a strong positive response 

to increasing kipuka area, and consistent responses to landscape connectivity factors (DForest 

and DLarge; Tables 5A-D).  However, in the Large-kipuka datasets, these relationships became 

less consistent and kipuka area became an insignificant variable to most species.   It is 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 species diversity is already 
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predicted by the Species-Area curve (Leibold 2004), and this is apparent in the difference 

between All-kipuka and Large-kipuka datasets for Drosophilid species and morphotype richness 

(Table 4J).   

Overarching parameter effects 

 Habitat structure 

 At least up to 2.5 hectares, increasing kipuka size had a very important impact on 

Drosophilid abundance (Tables 5A, 5B).  Although this area-effect breaks down in the largest 

kipuka, it also becomes clear that within-kipuka variables continue to influence those 

abundances.  Kipuka edge transects consistently yielded fewer flies than interior transects 

(Tables 5C, 5D).  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 tolerances (Kaye 2011).  This may affect not only the availability of 

Drosophila resources, 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 effect on species 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 attenuate 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 kipuka (DForest, 

DLarge; Tables 5A-D).  These trends could simply be related to source/sink metapopulation 

dynamics, or they could be driven by more complicated community trophic interactions related 

to predator or resource dispersal -- or a combination of the two. 

 A positive response to fragment isolation metrics may seem counterintuitive 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 consistent positive responses to fragment isolation in a 

meta-analysis 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 consumers.  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 a positive way, 

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 (Tables 4A, 4B, 4C, 4I), 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 native Drosophila, 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 months.  In contrast, non-native yellow flies responded 

inconsistently to temperature seasonality but very positively to the rainy months (Table 4C, 

Figure 10C).  While rainfall typically restricts insect flight and foraging,  these periods (early 

spring and late autumn) may correspond to, or lag immediately behind, a surge in an ephemeral 

breeding resource.  For example, D. suzukii was successfully reared from 'Ohelo 'ai (Vaccinium 

reticulatum) berries collected along Kaumana Trail during this study, which develop an abundant 

crop of fruit on the lava matrix in mid-summer 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 lifting (Giambelluca et 

al. 2013).  As a result, both mean annual temperature and mean annual rainfall steadily decrease 

with elevation, leaving higher kipuka colder and drier (Figure 2, Figure 6).  Although native flies 
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respond negatively to the wet season, the decrease 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 species' responses to certain parameters.  Because the KTPR 

datasets are comprised of samples from later and shorter time frames, they may unable to capture 

longer-term weather trends.  As a tropical region, seasonal trends are far less pronounced than 

they are on the temperate mainland, and they are much more prone to year-by-year 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 Atlases (Giambelluca et al. 2013, 

2014), and are not a perfect reflection of the true seasonal effects experienced in situ during this 

study.  For example, when this study began in the summer of 2013, Hawai'i Island was 

experiencing a severe drought.  The following summer, 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. 

Species-specific responses 

 Total 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 Kaumana-only and 

Kaumana+Powerline datasets.  For instance, Total Drosophilids responded positively to 

untrapped rats in the KT-All dataset but negatively in all other datasets, largely driven by the 

response of "Other" Drosophilidae in the same dataset (Table 4A, I; Table 5A).  Similarly, Total 

Drosophilids showed an unusual positive response to DForest in the KT-Large dataset, driven by 

the positive response of abundant yellow flies in that dataset (Tables 4A, 4C; Table 5C). Yellow 

flies also drove the abnormally negative response to cold season in the KT-All and KT-Large 

datasets, but not in the KTPR-All dataset where "Other" native Drosophilidae outnumbered the 

exotic species (Figure 9B). 

 Native Drosophilidae 
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 As with Total Drosophilidae, the responses of Native Drosophilidae were largely 

determined by the relative inputs of component taxa, in this case the comparatively abundant D. 

tanythrix and "Other" Drosophilids.  For example, the abnormally positive response of Other 

Drosophilidae to untrapped rats in the KT-All dataset and the simultaneously negligible response 

of D. tanythrix determined the positive response from the Native species group (Table 5A).   

 Despite the relatively high abundance of the Native species group, a large number of 

parameters were still excluded from Native Drosophilid best-fit models (Table 4B), probably due 

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

 "Yellow flies" 

 While non-native Drosophila responded typically to kipuka area, habitat type, DLarge, 

and elevation, their response to rat treatment, DForest, and temperature seasonality were 

inconsistent (Table 4C) and their response to rainfall seasonality was the opposite of all other 

species groups (Tables 5A, 5C).  As mentioned previously, these 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 the most abundant species in the largest sample set, exotic yellow flies 

were the only species group that showed no response to distance from the continuous forest in 

the KT-All dataset (Table 5A).  As discussed above, it is possible that increasing isolation 

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 negative responses to distance from the 

continuous forest (DForest; Table 5A), and this could be related to more classical Island 

Biogeography Theory and metapopulation source-sink dynamics.  If this is true, then it would 

seem that non-native "yellow flies" are not dependent on the continuous forest as a population 

source.  Additionally, because D. suzukii was 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 than native flies.  The kipuka-lava matrix then presents a substantially less-

patchy and more contiguous landscape to D. suzukii.  Yellow flies' unusual responses to model 
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parameters may then be interpreted as their outstripping the limitations of their competitors: 

Where those factors hurt an opponent, yellow flies benefit.  

 Drosophila tanythrix 

 D. tanythrix had a more consistently-negative response to untrapped rats than any other 

species group (Table 4D).  Because D. tanythrix breeds in the decaying leaves of 'ǽlapa 

(Cheirodendron), which is common in the kipuka leaf litter, it is possible that rats either 

deliberately or incidentally predate D. tanythrix larvae while rummaging.  Indeed, Diptera are a 

commonly-occurring component of the diet of Rattus in Saddle Road kipuka (Fukami et al. 2010 

NSF proposal, Figure 12) 

 D. tanythrix also had an atypically-negative response to colder season in the KTPR-All 

dataset (Table 4D, Figure 10DB).  It is possible that the higher elevation of Powerline Road 

kipukas pushes the severity of winter temperatures beyond D. tanythrix's tolerance. 

 Picture-wings 

 Because of their rarity, individual picture-wing species did not have the statistical power 

to show detectable responses to many factors (Tables 4F, 4G, and 4H; Figures 10F-10H); 

likewise, low delectability of individual species can cause models to overestimate parameter 

effects. Even when analyzed collectively, picture-wings yielded few significant responses to 

model parameters.  In those cases where parameter estimates were significant, they responded as 

has come to be expected of native flies in this study (Table 4E).   

 These responses were heavily driven by the relatively more-abundant D. silvestris and D. 

sproati (N=51 and 55, respectively); the exceptionally rare D. murphyi (N=29) only yielded a 

single significant response to temperature seasonality in the KT-All dataset.  However, despite a 

general lack of statistical significance in any model, D. murphyi was the only picture-wing ever 

detected outside of a large kipuka (>2.5 ha), on 6 separate occasions, over one fifth of all 

detections.  Because D. murphyi shares a host substrate with its sister species D. sproati, it would 

make sense if the two showed differing dispersibility and climate tolerences.  It may be that D. 

sproati is the superior competitor in decaying Cheirodendron bark, and D. murphyi persists 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 2 detected individuals (Morph 10) to 1028 total observations (Morph 

1)(see Appendix 1 for morphotype list).  Some of these morphotypes have very likely identities 

(such as D. percnosoma, Morph 8, and D. tendomentum, Morph 9), while others likely depict 

clades consisting of several species (the Haleakalae group, Morph 4).  Thus, "Other" 

Drosophilidae present a much more ecologically diverse species group than the picture-wings 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 4I, Figure 10I).  Non-focal Drosophilids are also the only species group to show a 

statistically significant negative response to kipuka area, in the KTPR-Large dataset.  This could 

be due to other community factors one might expect to be correlated with kipuka size, 

particularly predator 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 decreased in edge habitat (Table 4J, Figure 10J). The response to 

DLarge is unusual when considering predictions of Island Biogeography Theory (MacArthur & 

Wilson 1967), namely that isolated islands should expect fewer immigrants and lower diversity.  

It is possible that 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 

 Invasive Drosophila 

 There are clearly distinct climatic preferences between native Drosophila and their exotic 

counterparts, including opposite seasonal responses.  Despite a diversity of well over one dozen 
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native species in these Saddle Road kipuka, all seem to have comparable preferences for the 

interiors of large, cool forest fragments.  Meanwhile invasive D. suzukii appear capable of 

breeding in the marginal habitat between kipuka, though they still show a preference for interior 

habitat.  While native species have an advantage under cooler conditions, This dynamic stands to 

be shifted in favor of heat-tolerant species in the face of global climate change.   Yellow flies are 

detected in greater quantity than native flies in the smallest kipuka (<0.5 ha)(Figure 13), and 

given that temperature and humidity dataloggers show that small kipuka and kipuka edges are 

warmer and drier than the interiors of large kipuka (Figure 11), it seems to be a sign of things to 

come. 

 As of yet, little 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 native Drosophila breeding substrates and other potential vegetation 

substrates from the kipuka would teach us much about their ecological potential and degree of 

competitive niche-overlap with native species.  Exotic Drosophila like D. suzukii seem 

particularly menacing when considering the relative importance of r- and K-selected traits in 

interspecific competition (Debinski & Holt 2000, Williams et al. 2009, Crowder & Snyder 

2010).  While native flies, including rare picture-wings, may be superior competitors on their 

specialized breeding substrates and in the cool, humid 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 advantage... 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 native Drosophila host plants, Magnacca et al. (2008) reared exotic yellow flies 

(mostly D. immigrans) 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 invasive Rattus did not have a consistent, clear impact on all Drosophilid 

species in this study, Drosophila tanythrix in 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 evidence to suggest they are at least capable of predating 

them directly (Fukami et al. 2010 NSF proposal)(Figure 12f).  Rats may also affect flies 

indirectly by influencing the abundance or behavior of other consumers.  It has already been 

shown that the exclusion of birds from Mauna Loa kipuka canopies has a significant impact on 

arboreal arthropod food webs (Gruner 2004a).  Although Diptera factor into the arthropod diets 

of native birds, most species prefer to eat other taxa, including spiders (Figure 12a-e).  If rats 

affect local bird populations or restrict their foraging behavior (Fukami et al. 2010 NSF 

proposal), it may release other predatory arthropods.  

 Rat trapping ended in May 2015 after three years of continuous treatment.  Rodent 

population assessments using tracking tunnels may continue, providing an additional opportunity 

to investigate both the rates of rodent re-colonization, as well as that colonization's impact on 

native biota. 

 Vegetation 

 The rarity of picture-wings and their breeding-host substrates makes it unlikely that 

predation of larvae by rats is a frequent occurrence, but even rare predation events of an already 

rare species can be impactful.  The most important habitat factor affecting picture-wing 

abundance, however, is likely their host-plant density.  Habitat factor measurements like kipuka 

area and habitat edge vs. interior are in fact proxies for more complex ecological variables, such 

as the temperature, humidity, 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 Drosophila ecological preferences.  A point-centered quarter method adapted from Mitchell 

(2007) could be used along the very same transects used to sample fly abundances, allowing 

relatively low-effort estimates of tree density and cover localized at baiting sites.  Measurements 

of 'ǽlapa (Cheirodendron) leaf litter vs. coarse woody debris could also explain the large 

differences between D. tanythrix and D. sproati abundances observed in the course of this study. 

 Climate change 

 In addition to directly shifting the ranges of endemic Drosophila to track shifting 

temperature and rainfall isoclines (Benning et al. 2002), future climate change may also 
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exacerbate existing fragmentation effects.  A meta-analysis by Mantyka-Pringle et al. (2011) 

found that fragmentation modeling parameters had greater magnitude in regions with higher 

maximum temperature, as well as in regions with historically decreasing precipitation.  

Drosophila species elsewhere in the world have already shown genetic adaptations to changing 

climate regimes (Umina et al. 2005, Balanyá et al. 2006), but these species (D. melanogaster, D. 

subobscura) are cosmopolitan with enormous populations and ranges, and generalist habits.  It 

seems very unlikely that specialized Hawaiian Drosophila possess the same plasticity.   

 Meanwhile, exotic yellow flies may only benefit 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 techniques may 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 displacing native 

taxa. 

Closing remarks 

 Hawaiian endemic Drosophila are 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 is fitting, then, that the Drosophila are considered as both an 

endangered taxa and an important indicator species for the health of native ecological 

communities (Foote and Carson 1995; Bonacum et al. 2005; Price and Muir 2008). 

 Despite decades of intensive study beginning under the Hawaiian Drosophila Project 

(Carson 1986, Montgomery 1975), surprisingly little is known about their ecology, beyond 

perhaps their range and preferred breeding host, and the physiological tolerances of a select few 

species.  If these flies are meant to provide insight into the structure, function, and well-being of 

native habitat, then there is still much that needs to be learned.  This present study has hopefully 

contributed new understanding of Drosophila habitat preferences, and provided 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. 

Location Kipuka  

Rat 

Treatment Area (ha) 

DForest 

(m) 

DLarge 

(m) 

Elevation 

(m) 

Kaumana Trail 

K28 

Untrapped 

0.09 196 176 1501 

K02 0.18 415 539 1616 

K20 0.48 160 26 1540 

k22 0.79 105 183 1519 

K03 2.28 363 409 1625 

K19 2.84 220 33 1550 

K18 3.34 324 33 1549 

K13 

Trapped 

0.10 311 140 1566 

K24 0.10 261 27 1599 

K12 0.18 340 328 1625 

K29 0.64 203 113 1645 

K06 1.22 185 242 1675 

K15 3.41 238 295 1592 

K05 10.54 350 226 1666 

Powerline Road 

K39 

Untrapped 

0.09 283 213 1765 

K40 0.19 309 273 1755 

K38 0.19 454 132 1761 

K25 0.34 646 118 1756 

K09 0.57 329 918 1728 

K10 1.88 480 267 1671 

K31 3.68 568 114 1802 

K35 12.04 1389 207 1781 

K34 

Trapped 

0.19 821 19 1758 

K36 0.19 48 77 1791 

K21 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 analysis after testing for autocorrelation 

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

pertinent datasets, and method of measurement are listed.   

Parameter 

Category 

Parameter 

Metric  

Model 

Code 

Datasets 

Included 

Description 

Habitat 

Structure 

Kipuka Area ; 

(hectares) 
Area KT-All, 

KTPR-All, 

KT-Large, 

KTPR-Large 

Kipuka area in hectares, calculated in 

ArcMap.  Ranged from 0.09-12.04 ha. 

Habitat Type; 

(edge vs. 

interior) 

Hab KT-Large, 

KTPR-Large 

Habitat quality at the sampling transect, in 

2 levels: "Edge" and "Interior".   Only 

measured in large kipuka (>2.5 ha).  

"Edge" transects are within 10 m of kipuka 

boundary; "Interior" transects are at least 

50 m from kipuka boundary. 

Community 

Connectivity 

Distance to 

Nearest 

Continuous 

Forest; 

(meters) 

DForest KT-All, 

KTPR-All, 

KT-Large, 

KTPR-Large 

Distance between a kipuka's edge and the 

edge of the nearest continuous forest (end 

of the kipuka-matrix landscape), measured 

in Google Earth, in meters 

Distance to 

Nearest Large 

Kipuka ; 

(meters) 

DLarge KT-All, 

KTPR-All, 

KT-Large, 

KTPR-Large 

Distance between a kipuka's edge and the 

edge of its nearest "Large" neighbor (area 

> 2.5 ha), measured using Google Earth, in 

meters 

Invasive 

Competitors 

Rat 

Treatment; 

(untrapped vs. 

trapped) 

Rat KT-Al l, 

KTPR-All, 

KT-Large, 

KTPR-Large 

Whether a kipuka has been left as a control 

or has been trapped for rats, organized into 

2 levels: "Untrapped" and "Trapped" 

Climate 

 

Elevation; 

(meters) 
Elev KTPR-All, 

KTPR-Large 

Elevation at kipuka centroid, measured 

using ArcMap, in meters 

Temperature 

Seasonality; 

(colder vs. 

warmer) 

STemp KT-All, 

KTPR-All, 

KT-Large, 

KTPR-Large 

Time of year broken into 2 levels, based on 

mean monthly temperature: "Cold" winter 

and spring (<12.5 C°) and "Warm" 

summer and fall (>12.5 C°); predicted 

using the Climate of Hawai'i interactive 

map (Giambelluca et al. 2014) 

Rainfall 

Seasonality; 

(wetter vs. 

drier) 

SRain KT-All,  

KT-Large 

Time of year broken into 2 levels, based on 

mean monthly rainfall: "Wet" (>250 mm) 

and  Dry" (<250 mm), predicted using 

Giambelluca et al. 2014 
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Tables 3A-J: Best-fit models, arranged by species group.  Model parameters, degrees of 

freedom (df), corrected Akaike Information Criterion score (AICc), æAICc, and Akaike weights 

for each of the four datasets are provided.  Refer to Table 2 for parameter codes.  Refer to Tables 

4A-J for standardized parameter estimates arranged by dataset.  Refer to Appendix 4 for a more 

detailed list of candidate models and parameter estimates. 

A.) All Drosophilidae 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  Area+Rat+DForest+DLarge+STemp+SRain 7 3570.53 0.00 0.82 

KTPR-All  Area+Rat+Elev+DForest+DLarge+STemp 7 1028.88 0.00 0.98 

KT -Large Hab+Rat+DForest+STemp 5 1905.73 0.00 0.30 

KTPR-Large Rat+Hab+Elev+DForest+DLarge 6 346.80 0.00 0.59 

 

B.) Native Drosophilidae 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  Area+Rat+DForest+DLarge+STemp+SRain 7 2513.34 0.00 1.00 

KTPR-All  Area+Rat+Elev 4 1276.00 0.00 0.34 

KT -Large Full-averaging of top 3 models: 

Area+Hab+DLarge+STemp+SRain 

6 1213.96 0.00 0.25 

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 Best-Fit Model  df AICc  Delta Weight 

KT -All  Area+Rat+DLarge+STemp+SRain 6 2648.20 0.00 0.76 

KTPR-All  Rat+Elev+DLarge+STemp 5 362.17 1.35 0.26 

KT -Large Full-averaging of top 5 models: 

Area+Rat+Hab+DLarge+STemp+SRain 

7 1505.81 0.00 0.19 

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+ 

SRain 

7 1505.81 0.00 0.19 

KTPR-Large None selected; Full-model averaging n/a 
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D.) D. tanythrix 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  Area+DForest+DLarge+STemp+SRain 6 1068.12 0.00 0.62 

KTPR-All  Area+Rat+DForest+STemp 5 212.29 0.00 0.58 

KT -Large Rat+Hab+DLarge+STemp+SRain 6 830.91 0.98 0.11 

KTPR-Large Area+Rat+Hab+DForest+DLarge 6 131.58 0.00 0.83 

 

E.) Picture-wings 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  None selected; Full-model averaging n/a 

KTPR-All  Area+Rat+Elev 4 89.35 0.53 0.25 

KT -Large None selected; Full-model averaging n/a 

KTPR-Large None selected; Full-model averaging n/a 

 

F.) D. silvestris 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  None selected; Full-model averaging n/a 

KTPR-All  None selected; Full-model averaging n/a 

KT -Large None selected; Full-model averaging n/a 

KTPR-Large None selected; Full-model averaging n/a 

 

G.) D. sproati 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  None selected; Full-model averaging n/a 

KTPR-All  Area+Rat+Elev 4 16.29 0.00 0.39 

KT -Large None selected; Full-model averaging n/a 

KTPR-Large Full-averaging of top 2 models: 

Area+Elev+DLarge 

4 37.41 0.00 0.22 

Area+Rat+Elev 4 37.41 0.00 0.22 

 

 

 

 



56 
 

H.) D. murphyi 

Dataset Best-Fit Model  df AICc  Delta Weight 

KT -All  None selected; Full-model averaging n/a 

KTPR-All  None selected; Full-model averaging n/a 

KT -Large None selected; Full-model averaging n/a 

KTPR-Large None selected; Full-model averaging n/a 

 

I.) Other native Drosophilidae 

Dataset Best-Fit Model  df AICc  Delta Weight 

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

KTPR-All  Area+Rat+Elev+STemp 5 1228.33 0.00 0.44 

KT -Large Full-averaging of top 5 models: 

Area+Rat+Hab+DLarge+STemp+SRain 

7 878.04 0.00 0.20 

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+ 

SRain 

7 878.04 0.00 0.20 

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

 

J.) Drosophilid species and morphotype diversity 

Dataset Best-Fit Model  df AI Cc Delta Weight 

KT -All  None selected; Full-model averaging n/a 

KTPR-All  None selected; Full-model averaging n/a 

KT -Large None selected; Full-model averaging n/a 

KTPR-Large None selected; Full-model averaging n/a 
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Tables 4A-J: Model parameter estimates by species group.  Parameter direction (+/-, left 

cell), standardized estimate (top right cell), and p-value (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 best-fit model after analysis of AICc scores are marked as "n/i".  Non-included or 

non-significant (p > 0.10) parameters have had their cells shaded.  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 (wetter March+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 (KTPR-All, sampled 

simultaneously), only the largest Kaumana Trail kipuka (KT-Large, >2.5 ha), and only the 

largest Kaumana Trail and Powerline Road kipuka (KTPR-Large, sampled simultaneously). 
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Tables 5A-D: Model parameter estimates by dataset.  Parameter direction (+/-, left cell), 

standardized estimate (top right cell), and p-value (bottom right cell) are provided for each 

parameter and species group analyzed.  Parameters that were not included in the best-fit model 

after analysis of AICc scores are marked as "n/i".  Non-included or non-significant (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 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 (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 Kaumana Trail and Powerline 

Road kipuka (> 2.5 ha, sampled simultaneously). 
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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 elevation. A.) Mean annual rainfall with mean monthly 

rainfall chart extrapolated for the study location (marked by the red 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 mm .  B.) Mean annual temperature with mean monthly 

temperature chart extrapolated for the 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 .   

 

 

 

 

 

 

 

 

 



71 
 

 

Figure 3: Focal study species. Relative body sizes are kept intact, and breeding resources are 

shown.  Exotic "yellow flies" include D. suzukii, D. immigrans, and D. simulans.  Note the black 

spots on the wings of male D. suzukii. 
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Figure 4: Map depicting the Big Island of Hawai'i and the location of the study sites near 

Saddle Road. 
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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 correspond to rat-trapped 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 area. A.) Mean annual rainfall gradient. B.) Mean 

annual temperature gradient.  Both metrics are strongly correlated with elevation (increasing 

from top right to bottom left)(Appendix 2). 
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Figure 7: Transect and baiting scheme.   

 

 

 

 

 

 



77 
 

 

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

effort, at all transects.  A total of  7647 invertebrates were observed.  "Yellow flies" 

(Drosophila suzukii, D. simulans, and D. immigrans) were the most abundant species group 

(N=3446).  Non-focal Drosophilid species ("Other" Drosophilidae) were the second most 

abundant species group (N=1818), divided among 10 distinct morphotypes.  Picture-wings 

(Drosophila silvestris, D. sproati, and D. murphyi) comprised the rarest species group (N=135).  

Drosophila tanythrix was the most abundant individual species (N=1575).  Non-Drosophilids 

include all other invertebrates from a wide variety of taxa observed on bait sponges (N=673). Of 

potential interest are Lispocephala (Diptera:Muscidae, a known predator of Drosophilids), and 

small Hymenoptera (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 Kaumana Trail kipuka 

interior transects; n=84.  B.) "KTPR-All" dataset includes concurrent samples from both 

Kaumana Trail and Powerline road kipuka interior transects; n=28.  C.) "KT-Large" dataset 

includes samples from both edge and interior transects in all Kaumana Trail kipuka larger than 

2.5 hectares; n=48.  D.) "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 
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Figure 10 B: Native Drosophilidae 
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Figure 10 C: "Yellow flies"  
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Figure 10 D: Drosophila tanythrix 
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Figure 10 E: Picture-wings 
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Figure 10 F: Drosophila silvestris 
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Figure 10 G: Drosophila sproati 
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Figure 10 H: Drosophila murphyi 
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Figure 10 I: Other Drosophilidae 
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Figure 10 J: Drosophilid species and morphotype richness 
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Figures 10 A-J: Conditional linear regression plots of model parameters.  Y-axis depicts 

predicted change in fly abundance ("f(parameter)") in response to parameter value on X-axis, if 

all other parameters are kept constant (continuous variables at their median value, categorical 

variables at their most common factor).  Regression lines and 95% confidence bands are shown.  

P-values provided are for parameter estimates in the best-fit or full -averaged models.  Parameters 

that were excluded from best-fit model averaging are noted; for the purpose of visualization, 

their plots are derived from the global model.  Refer to Tables 3A-J for best-fit or full models 

used.  Refer to Tables 4A-J or Appendix 4 for standardized and unstandardized parameter 

estimates, respectively.  Plots are created using the function "visreg " in R software version 

3.2.2 (package visreg, Breheny and Burchett 2015). 
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