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ABSTRACT 

The endemic Hawaiian wēkiu bug (Nysius wekiuicola) is a carnivorous scavenger that 

only inhabits volcanic cinder cones above ~3,500 m elevation on the mountain, Maunakea, 

Hawai‘i. As a species of conservation concern threatened by invasive species, climate change, 

and habitat alteration, a greater understanding of wēkiu bug populations and habitat use through 

time is needed to inform habitat restoration efforts and conservation management decisions. In 

this study, locations on a high elevation and a lower elevation cinder cone were sampled using 

attractant traps in a buffered random design six times from June 2016- 2017 to examine wēkiu 

bug distribution patterns within cinder cone habitats and across seasons. A generalized linear 

mixed model (GLMM) was used to explore the relative importance of cinder cone characteristics 

(topographic aspect, surficial minerals, and elevation) hypothesized to influence wēkiu bug 

distributions. Additionally, thermal conditions were described and compared within the insects’ 

habitat (within 2-30 cm depth of cinder substrate). Results indicate that wēkiu bugs had a highly 

aggregated distribution, with up to 40 times higher bug densities at the higher elevation cinder 

cone, and the density of bugs changed within and between cinder cones throughout the year. Our 

GLMM indicated that sample month, topographic aspect, and elevation on a cinder cone 

influences wēkiu bug distributions with abundance increasing with elevation within a cinder 

cone, and the highest captures are predicted to be on the northeast aspects of the higher elevation 

cinder cone year-round. Temperature data shows multiple microclimates exist throughout cinder 

cone habitats at any given time, and the ash substrate layer could provide an important habitat 

refuge for the wēkiu bug, as this layer rarely freezes. We recommend preserving contiguous 

cinder cone habitats for the persistence of the wēkiu bug and monitoring populations in a random 

sample design in known or restored habitats to effectively monitor wēkiu bug densities.   



 

iv 
 

TABLE OF CONTENTS 
 
Acknowledgements ......................................................................................................................... ii 

Abstract .......................................................................................................................................... iii 

List of Tables ................................................................................................................................. vi 

List of Figures ................................................................................................................................ vi 

List of Appendix Tables & Figures .............................................................................................. vii 

Introduction ..................................................................................................................................... 1 

Alpine Ecosystem on Maunakea Volcano, HI ............................................................................ 2 

The Wēkiu Bug ........................................................................................................................... 4 

Wēkiu Bug Habitat ...................................................................................................................... 6 

Wēkiu Bug Sampling Efforts: Past, Present, and Future .......................................................... 10 

Research Objectives .................................................................................................................. 14 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography ...................... 14 

Objective 2: Test Wēkiu Bug Habitat Associations .............................................................. 15 

Objective 3: Describe Cinder Cone Thermal Habitat Conditions ......................................... 16 

Methods......................................................................................................................................... 17 

Data Collection .......................................................................................................................... 17 

Field Sites .............................................................................................................................. 17 

Wēkiu Bug Sampling and Trap Design ................................................................................. 19 

Cinder Cone Thermal Habitat Sampling Design ................................................................... 22 

Data Analyses ............................................................................................................................ 25 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography ...................... 25 

Objective 2: Test Wēkiu Bug Habitat Associations .............................................................. 27 

Objective 3: Describe Cinder Cone Thermal Habitat Conditions ......................................... 31 

Results ........................................................................................................................................... 33 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography .......................... 33 

Objective 2: Test Wēkiu Bug Habitat Associations .................................................................. 43 

Objective 3: Describe Cinder Cone Thermal Habitat Conditions ............................................. 45 

Discussion ..................................................................................................................................... 49 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography .......................... 49 



 

v 
 

Objective 2: Test Wēkiu Bug Habitat Associations .................................................................. 54 

Objective 3: Describe Cinder Cone Thermal Habitat Conditions ............................................. 58 

Management Recommendations ................................................................................................... 61 

Conservation and Habitat Restoration ....................................................................................... 62 

Wēkiu Bug Monitoring ............................................................................................................. 63 

Climate Change ......................................................................................................................... 64 

Conclusion .................................................................................................................................... 65 

Appendix A- Data Collection Details ........................................................................................... 68 

Field Sites .................................................................................................................................. 68 

Wēkiu Bug Sampling and Trap Design ..................................................................................... 73 

Cinder Cone Thermal Habitat Sampling Design ....................................................................... 75 

Appendix B- Additional Data Analyses ....................................................................................... 77 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography .......................... 77 

Objective 2: Test Wēkiu Bug Habitat Associations .................................................................. 80 

Objective 3: Describe Cinder Cone Thermal Habitat Conditions ............................................. 81 

Between Cinder Cone Sites ................................................................................................... 84 

Within Cinder Cone Sites ...................................................................................................... 92 

Degree Days .......................................................................................................................... 97 

Literature Cited ............................................................................................................................. 98 

 

  



 

vi 
 

LIST OF TABLES  
Table 1: Temperature data logger sensor depths .......................................................................... 24 
Table 2: Explanatory variables input in the negative binomial GLMM ....................................... 30 
Table 3: Temperature data logger analysis dates .......................................................................... 31 
Table 4: Dispersion index values. ................................................................................................. 33 
Table 5: Wēkiu bug captures on Pu‘uhau‘oki ............................................................................... 37 
Table 6: Wēkiu bug captures on S.VLBA .................................................................................... 37 
Table 7: Negative Binomial GLMM parameter estimate outputs. ............................................... 44 
 

 

LIST OF FIGURES  
Figure 1: Map of the Maunakea Alpine Stone Desert on Hawai‘i Island, HI. ............................... 3 
Figure 2: The complete life cycle of a wēkiu bug .......................................................................... 5 
Figure 3: Photo of a mating wēkiu bug pair ................................................................................... 7 
Figure 4: Map of cinder cones with confirmed wēkiu bug presence .............................................. 8 
Figure 5: Management areas and study locations in the Alpine Stone Desert .............................. 18 
Figure 6: Map of wēkiu bug trap sites .......................................................................................... 20 
Figure 7: Map of temperature data logger sites. ........................................................................... 23 
Figure 8: Schematic of temperature data logger sensor placement .............................................. 24 
Figure 9: Elevation profile of Pu‘uhau‘oki from north to south. .................................................. 29 
Figure 10: Maps of wēkiu bug relative density on Pu‘uhau‘oki. .................................................. 34 
Figure 11: Maps of wēkiu bug relative density on S.VLBA ........................................................ 35 
Figure 12: Total wēkiu bug captures. ........................................................................................... 36 
Figure 13: Wēkiu bug capture rates on Pu‘uhau‘oki. ................................................................... 38 
Figure 14: Proportion of wēkiu bug adults on Pu‘uhau‘oki. ........................................................ 39 
Figure 15: Proportion of wēkiu bug males on Pu‘uhau‘oki. ......................................................... 40 
Figure 16: Proportion of wēkiu bug mating pairs on Pu‘uhau‘oki. .............................................. 41 
Figure 17: Proportions of wēkiu bug immatures on Pu‘uhau‘oki ................................................. 42 
Figure 18: Predicted median number of bugs by cinder cone aspect and cinder cone section. .... 44 
Figure 19: Maximum and minimum temperatures recorded on Pu‘uahu‘oki and S.VLBA ......... 47 
Figure 20: Average degree day accumulations on North and South slopes of Pu‘uhau‘oki. ....... 48 
 

 

 

 

 



 

vii 
 

LIST OF APPENDIX TABLES & FIGURES 
Appendix Table 1: Percent cover and number of traps placed within each cinder cone .............. 75 
Appendix Table 2: Proportions of wēkiu bug age structures and sex on Pu‘uhau‘oki ................. 77 
Appendix Table 3: GLMM output of predicted wēkiu bug captures............................................ 81 
Appendix Table 4: Monthly means of maximum and minimum temperatures by cinder cone ... 81 
Appendix Table 5: Monthly means of maximum and minimum temperatures by site ................ 83 
Appendix Table 6: Post hoc results for temperature comparisons between cinder cone sites ..... 84 
Appendix Table 7: Post hoc results for temperature comparisons within S.VLBA sites ............. 92 
Appendix Table 8: Post hoc results for temperature comparisons within Pu‘uhau‘oki sites ....... 93 
Appendix Table 9: Cinder cone total degree day accumulations over 14-day period .................. 97 
Appendix Table 10: Total degree day accumulations over trapping period on Pu‘uhau‘oki ....... 97 
 

Appendix Figure 1: Google Earth view of Pu‘uhau‘oki ............................................................... 69 
Appendix Figure 2: Photo of the north slope of Pu‘uhau‘oki ....................................................... 69 
Appendix Figure 3: Photo of the south slope of Pu‘uhau‘oki ...................................................... 70 
Appendix Figure 4: Google Earth view of south VLBA .............................................................. 71 
Appendix Figure 5: Photo of the north slope of S.VLBA ............................................................ 72 
Appendix Figure 6: Photo of the southwest slope of S.VLBA. .................................................... 72 
Appendix Figure 7: Photo of S.VLBA’s base on the western flank ............................................. 73 
Appendix Figure 8: Photo of temperature data loggers on S.VLBA ............................................ 76 
Appendix Figure 9: Proportions of wēkiu bug 1st instar immatures on Pu‘uhau‘oki .................. 77 
Appendix Figure 10: Proportions of wēkiu bug 2nd instar immatures on Pu‘uhau‘oki ............... 78 
Appendix Figure 11: Proportions of wēkiu bug 3rd instar immatures on Pu‘uhau‘oki................ 78 
Appendix Figure 12: Proportions of wēkiu bug 4th instar immatures on Pu‘uhau‘oki ................ 79 
Appendix Figure 13: Proportions of wēkiu bug 5th instar immatures on Pu‘uhau‘oki. ............... 79 
Appendix Figure 14: Total number of bugs captured for each aspect and cone section .............. 80 
Appendix Figure 15: Maximum and minimum ash layer temperatures on S.VLBA ................... 86 
Appendix Figure 16: Maximum and minimum mid-layer temperatures on S.VLBA .................. 87 
Appendix Figure 17: Maximum and minimum surface temperatures on S.VLBA ...................... 88 
Appendix Figure 18: Maximum and minimum ash layer temperatures on Pu‘uhau‘oki ............. 89 
Appendix Figure 19: Maximum and minimum mid-layer temperatures on Pu‘uhau‘oki ............ 90 
Appendix Figure 20: Maximum and minimum surface temperatures on Pu‘uhau‘oki ................ 91 
Appendix Figure 21: Maximum and minimum substrate temperatures for S.VLBA sites .......... 95 
Appendix Figure 22: Maximum and minimum substrate temperatures for Pu‘uhau‘oki sites. .... 96 
 



 

1 
 

INTRODUCTION 
 

Insects are threatened by numerous anthropogenic activities including agricultural 

practices, the introduction of invasive species, habitat fragmentation, and climate change (Miller 

1993; Schowalter 2011; New 2012b). Although insects have been recognized as fundamental 

players in ecosystem maintenance and trophic level interactions (Schoenly et al. 1991; Miller 

1993; Thompson & Althoff 1999), insect conservation is typically secondary to that of 

vertebrates in terms of management efforts (New 2012a). This is likely due to insects’ small size, 

the public’s perception of them as pests and vectors of disease, and the limited number of experts 

and data (New 2012a). However, the discipline of insect conservation is growing (Losey & 

Vaughan 2006; New 2012b) with efforts largely focused on individual species that are legally 

protected under Federal or State laws (Bossart & Carlton 2002).  

The endemic Hawaiian wēkiu bug, (Nysius wekiuicola, Ashlock & Gagné 1983) found in 

the alpine summit region of the Maunakea Volcano on the Island of Hawai‘i, HI, is an insect of 

conservation concern that was listed as a candidate endangered species in 1999 (USFWS 1999). 

The insect was removed from candidate status in 2011, due in part to the management 

commitment to monitor, protect, and conserve wēkiu bug populations and habitat at State and 

local levels (USFWS 2011). Given the continued uses of wēkiu bug habitat for tourism, 

recreation, and land-based astronomy, a greater understanding of wēkiu bug populations within 

this habitat is needed for conservation management decisions in this changing environment. In 

this study, attractant traps were deployed to assess the abundance, age structure, and distribution 

of wēkiu bug populations within their habitat range on two high alpine volcanic cinder cones, 

and the thermal conditions experienced in different areas of the habitat were described to make 
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specific recommendations that would benefit habitat restoration efforts and the continued 

protection and conservation of the wēkiu bug.  

 

ALPINE ECOSYSTEM ON MAUNAKEA VOLCANO, HI 

The Maunakea volcano on Hawai‘i Island (Figure 1) contains a well-defined tropical 

alpine ecosystem, and its prominence at 4,205 m sits well above the trade wind inversion layer 

causing dry and cold climate patterns (Juvik & Juvik 1998). Characteristics that define this high 

alpine ecosystem include extreme daily temperature fluctuations from solar heating and cooling, 

low partial pressures of oxygen, low relative humidity, strong winds (Somme 1989), and nutrient 

input from aeolian wind-borne debris (Swan 1992). This dormant post-shield volcano has 

experienced at least three glacial events within the last 150,000 years (Wolfe et al. 1997; Pigati et 

al. 2008) and the last eruption occurred about 4,500 years ago (Juvik & Juvik 1998; Porter 2005). 

Historic volcanic and glacier events resulted in a unique ‘Alpine Stone Desert’ landscape (Wolfe 

et al. 1997; Gerrish 2013) comprised of tephra1 cinder cones, glacial outwash deposits, and 

glacial bedrock (Porter 1987; Porter & Englund 2006) that are mainly composed of rock types 

hawaiite and basalt (Wolfe et al. 1997) (Figure 1). This alpine ecosystem is home to a variety of 

endemic arthropod species including the Hawaiian wolf spider (Lycosa sp.), noctuid caterpillars 

and moths (Agrotis spp.), and the unusual wēkiu bug (Nysius wekiuicola) (Duman & 

Montgomery 1991). 

                                                            
1 Tephra is a synonym for “pyroclastic materials”- materials thrown out of magmatic eruptions (MacDonald 1972).  
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Figure 1: Map of the Maunakea Alpine Stone Desert on Hawai‘i Island, HI. The Alpine Stone Desert ranges from ~3,400 m elevation, to the summit of the 
volcano at ~4,205 m (Gerrish 2013). Contour lines display the terrain for every 25 m difference in elevation and lines that form circular shapes represent cinder 
cones. The inset photo shows tephra cinder cones and glacial deposits in this environment.   

The Hawaiian Islands 

Hawai‘i Island 

Maunakea Alpine Stone Desert 

 

Summit 
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THE WĒKIU BUG 

The wēkiu bug (Figure 2), along with its sister species, Nysius aa, on the Maunaloa 

volcano summit are the two most unusual Nysius species (Hemiptera, Lygaeidae) in the genus, 

being the only members that are flightless, carnivorous scavengers with legs longer than any 

other Nysius (Ashlock & Gagné 1983). Wēkiu bugs subsist by actively foraging for and feeding 

on dead and dying insects that disperse from lower elevation rangelands and forests, fallout from 

the wind column, and become stranded and moribund in the high alpine ecosystem due to nightly 

freezing temperatures or lack of food or water (Howarth 1983). Unlike much of their prey, wēkiu 

bugs can survive below freezing temperatures through supercooling adaptations that prevent 

lethal ice nucleation of tissues (Duman & Montgomery 1991). Even with the wēkiu bug’s 

supercooling abilities, previous trapping efforts suggest that this insect is similar to other 

ectotherms that are inactive or slowed at cold temperatures (Abdullah 1961; Jiang 2001), as 

wēkiu bugs are rarely captured when the substrate is cold or when snow is on the ground 

(Englund et al. 2006; Eiben 2012).  

Threats to the wēkiu bug include 1) direct impacts to the insect or habitat through habitat 

alteration events such as the development of astronomy facilities and support structures, and 

human use impacts such as vehicular traffic that crush cinders, 2) possible indirect and direct 

impacts through invasive species effects, specifically non-native social insects such as ants and 

wasps that can prey upon the wēkiu bug and compete for food resources, and 3) potential indirect 

or direct effects related to climate change, which may allow the wēkiu bug to grow more quickly, 

given warmer temperatures, but could also decrease snowpack causing long term changes in 

moisture availability and other abiotic factors (SRGII 2009).  
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Figure 2: The complete life cycle of a wēkiu bug. Wēkiu bugs progress through five immature life stages and molt 
between stages before they become adults (Eiben & Rubinoff 2010). Stages are labeled and include A) egg stage, B) 
1st instar, C) 2nd instar, D) 3rd instar, E) 4th instar, F) 5th instar, and G) adult. Drawing created by Marleena Sheffield, 
2015.  
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WĒKIU BUG HABITAT 

Wēkiu bugs are restricted to cinder cones, yet rate of capture has been highly variable via 

attractant traps within and between individual cinder cones (Englund et al. 2002; Porter & 

Englund 2006; Eiben & Rubinoff 2010; Stephenson et al. 2017). Generally, these cinder cones 

consist of cinder tephra layers at various depths that are sorted by tephra size ranging from <0.6 

cm to >5 cm (cinder size typically decreases with depth) with interstitial spaces through which 

insects can crawl between cinder layers extending to the deeper ash layer (Brenner & Lockwood 

2005). The ash layer is a very fine, densely packed, rock-powder in which wēkiu bugs cannot 

pass through given their weak leg structure and the substrate’s lack of interstitial spaces large 

enough for bugs to crawl through (Eiben & Rubinoff 2010). The tephra layers influence 

temperature and relative humidity profiles throughout the substrate (Englund et al. 2005; Eiben 

& Rubinoff 2010 and 2014) and are described in this paper as the wēkiu bugs’ ‘habitat space’ (~ 

2-30 cm depth of cinder substrate). Wēkiu bugs exploit these various tephra temperature profiles 

(Figure 3) through the process of thermoregulation (Eiben & Rubinoff 2010 and 2014). The 

wēkiu bug crawls between interstitial tephra spaces (including the surface substrates; Figure 3) to 

find temperatures within their developmental thresholds for accrual of thermal energy, which 

directly effects insect growth and development. Thermoregulation does not occur in the same 

way in the glacial till expanses between cinder cones because the substrate in these areas do not 

provide interstitial spaces and thermal profiles for the insect to crawl as tephra cinder cones 

(Porter & Englund 2006; Eiben & Rubinoff 2010 and 2014). To complete one full generation 

(Figure 2), the wēkiu bug requires 622 accumulated degree days (a measure of thermal energy 

accrual) between the minimum and maximum developmental threshold temperatures of 11.34 
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and 30oC (Eiben & Rubinoff 2014). Given the temperatures recorded on cinder cones in 2007, 

wēkiu bugs could have up to three generations in the field per year (Eiben & Rubinoff 2014).  

 

Figure 3: Photo of a mating wēkiu bug pair on warm tephra rocks at the 
substrates surface. Bugs were recorded as pairs when copulating. The 
female is the larger bug on the bottom of the photo. Females tend to be 
larger than males.  

 

Wēkiu bug presence has been confirmed on 17 

individual cinder cones (USFWS 2011; Kirkpatrick & 

Klasner 2015) in the Maunakea ‘Alpine Stone Desert’, that 

range from approximately 3,572 m in elevation to the 

summit at 4,205 m (Figure 4) (Porter & Englund 2006). 

These cinder cones are variable in mass, geometry, elevation, tephra cinder sizes (MacDonald 

1972), slope steepness, and surficial mineral type, with various levels of disturbance from prior 

construction activities throughout and between disparate cinder cones across the Maunakea 

alpine region (Stephenson et al. 2017). Genetic analysis suggests that wēkiu bugs inhabiting high 

and low elevation cinder cones represent separate populations that do not interbreed regularly, 

indicating that the glacial substrates between cinder cones act as barriers that restrict bug 

dispersal movement and establishment between disparate cones (Eiben 2012). In addition, wēkiu 

bug populations at high elevations (~4,000 m) have higher genetic diversity than wēkiu bug 

populations at low elevation cinder cones (~3,700 m). 
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Figure 4: Map of cinder cones in the Alpine Stone Desert (3,400 m- 4,205 m summit) with confirmed wēkiu bug 
presence indicated by black X’s. Contour lines display the terrain for every 25 m difference in elevation and lines 
that form circular shapes represent cinder cones. 
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An estimated 850 hectares of potential suitable habitat is available for the wēkiu bug 

(Stephenson et al. 2017) with the higher elevation cinder cones on the summit identified as core 

wēkiu bug habitat (Eiben 2012; Stephenson et al. 2017). Although, approximately 110 hectares 

of core habitat have been altered by the development of observatories and supporting 

infrastructure including roads and parking areas (J. Eiben, personal communication), wēkiu bugs 

are found immediately adjacent to facilities (Englund et al. 2002-2012; Preston et al. 2012 and 

2013; Kirkpatrick & Klasner 2015) where cinders were removed and replaced. There are 

currently 13 astronomical observatory facilities on Maunakea with eight facilities located on 

cinder cones classified as wēkiu bug habitat (USFWS 2011). This land is owned by the State of 

Hawai‘i, overseen by the Department of Land and Natural Resources, and leased to the 

University of Hawai‘i (UH). The UH Office of Maunakea Management (OMKM) is responsible 

for managing human impacts to University lands including the Mauna Kea Science Reserve 

(~11,000 acres) and Astronomy Precinct (525 acres), and more specifically, the OMKM is 

responsible for protecting and conserving wēkiu bug populations and habitats with oversight 

from State and Federal authorities (MKCMP 2009; USFWS 2011).  

Several observatories are expected to be decommissioned within the next decade (State of 

Hawai‘i 2015; Poladian 2015), although it is unknown how many of these facilities will be in 

wēkiu bug habitat. The Maunakea Comprehensive Management Plan (CMP) is the State 

approved guiding document that outlines environmental management activities and observatory 

compliance for buildings and activities on UH managed lands. The CMP requires observatories 

to implement a habitat restoration plan when facilities are recycled or decommissioned (Section 

7-54, MKCMP 2009), with objectives to restore the topography and look of the summit, and to 

provide habitat for rare arthropod communities (SRGII 2010). Past wēkiu bug monitoring data 
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shows that other endemic species such as Lycosa sp. (wolf spider), and Agrotis spp. (noctuid 

caterpillars and moths) occur in wēkiu bug cinder cone habitat (Englund et al. 2002-2012; 

Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015). Therefore, conserving or restoring 

wēkiu bug habitat can also conserve habitat for other endemic species that make up the arthropod 

community allowing for CMP compliance. 

 

WĒKIU BUG SAMPLING EFFORTS: PAST, PRESENT, AND FUTURE 

Targeted sampling methods can be used to estimate population density and assess species 

distribution within a habitat based on the innate movement behaviors of insect species (Krebs 

1999). Insects have two general movement strategies with different innate physiological triggers: 

small-scale to find food and shelter (resource-finding), or large-scale for migratory purposes 

related to broad environmental triggers such as seasonal temperatures and daylength (Woiwood 

et al. 2001). Pitfall traps can be used to assess both small and large-scale active insect movement 

(Woiwood et al. 2001; Engel et al. 2017). However, pitfall traps only estimate densities of 

insects that are actively moving, and are only effective during times in which environmental 

conditions allow for species movement (e.g. temperature) (Saska et al. 2013). Un-baited pitfall 

traps are passive intercept measures of the relative density of insects that are actively moving, as 

these insects fall in and cannot escape the trap. Baited pitfall traps are intentionally biased to 

attract actively moving insects and are more appropriate for monitoring relative density of 

populations of rare or highly aggregated insects (Woodcock 2008).  

Un-baited intercept pitfall traps with either propylene or ethylene glycol as well as 

attractant pitfall traps baited with shrimp paste or tuna to simulate dead nutrient sources have 
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been used to sample for wēkiu bugs (Englund et al. 2006). Although it is unknown how far 

wēkiu bugs move throughout cinder cone habitats on a daily or life-time measure, baited pitfall 

traps can attract high densities of wēkiu bugs capturing more than 50 bugs per trap day 

(Kirkpatrick & Klasner 2015). To date, wēkiu bug monitoring locations and trapping intensity 

(number of traps) has generally been inconsistent, and traps have been placed using line transect 

survey designs throughout the alpine environment (Englund et al. 2002-2012; Preston et al. 2012 

and 2013; Kirkpatrick & Klasner 2015). Although transect sampling can be useful, this survey 

method should be verified to ensure it is representative of a population by comparing it to other 

survey methods (Krebs 1999).  

Insects typically display an aggregated dispersion pattern with high densities of 

individuals of any particular species per unit habitat area, and very low densities of the species in 

other areas. These aggregated dispersions create a challenge when estimating populations 

(Waters 1959). The density of insects and the level of aggregation that the population exhibits 

can naturally change through seasons (Krebs 1999). Aggregation levels can be represented 

statistically as a dispersion index (Myers 1978; Krebs 1999) and this index is used to determine 

the intensity of sampling efforts required to estimate a population. The wēkiu bug’s level of 

aggregation through time or space has never been explicitly explored.  

Previous studies suggest that wēkiu bug distributions on Maunakea cinder cones are 

related to cone topography with bugs concentrated on the crater rims (within ~ 50m of the rim) 

of the north and east facing slopes where snowpack remains (Polhemus 2001; Englund et al. 

2002; Porter & Englund 2006). Stephenson et al. (2017) modeled the suitability of wēkiu bug 

habitat using cinder cone characteristics and the historic capture rates from 2001-2015 and found 

that elevation and surficial mineralogy, specifically hematite minerals, were the strongest 
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indicators of potential suitable wēkiu bug habitat, with topographic aspect and slope showing 

less importance than the other factors in the model. Wēkiu bug abundance, which is highly 

variable between years, between cinder cones, and within cinder cones (Englund et al. 2002-

2012; Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015) has also been hypothesized to 

be influenced by prevailing winds, substrate characteristics, and seasonal differences in 

temperature (Englund et al. 2002), moisture, and prey availability (Englund et al. 2002; Eaton 

2011).  

Previous studies of the wēkiu bug have examined the distribution and relative densities of 

these insects on cinder cones using attractant pitfall traps placed along transect lines or 

haphazardly. These sample efforts did not occur at regular intervals throughout a year or on all 

topographic aspects of individual cinder cones (Howarth & Stone 1982; Englund et al. 2002; 

Eiben 2012; Stephenson et al. 2017). For example, Englund et al.’s (2002) study placed traps 

along transect lines that generally ran from any individual cone base to the summit on one or two 

topographic aspects in spring months only. A similar set of trap locations along transects were 

adopted by OMKM’s annual wēkiu bug monitoring protocols, and these locations are monitored 

every summer to add consistency in range and relative density monitoring (Kirkpatrick & 

Klasner 2015). The only study that has looked at seasonal variability in wēkiu bug captures was 

during the wēkiu bug baseline study conducted for the W.M. Keck Observatories between 2002 

and 2006. However, the number of traps were limited to 10 sites on ‘Pu‘uhau‘oki’ and 10 sites 

on another cinder cone ‘Pu‘uwēkiu’, and the trap sites were allocated by a panel of authorities to 

limit possible negative sampling effects rather than selected at random for statistical analysis 

(Pacific Analytics 2006). Even though this study’s sample design was spatially limited, it 

recorded variable wēkiu bug capture rates throughout the study period, with lower numbers of 
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bugs generally captured during the winter months providing insights into wēkiu bug population 

densities through time. 

Although these previous wēkiu bug studies provide relative density information, the 

studies lack strength in representing the true population throughout the cinder cone. Results from 

a refined random sampling design is likely to be more representative (McDonald 2013) of true 

wēkiu bug populations and should aim to represent the entire cinder cone habitat including 

various topographic aspects while also monitoring seasonal variability. In this study, our refined 

survey design included buffered randomized sample locations throughout a full year rather than 

transects once or twice a year to capture wēkiu bugs throughout individual cinder cone habitats 

allowing for a more comprehensive understanding of how wēkiu bug populations use cinder 

cones through time. This comprehensive understanding could not be obtained by transect 

sampling methods alone (Krebs 1999; McDonald 2013) without additional methods to validate 

and determine the relative accuracy and precision of transect methods used in previous studies. 

Long-term protection and conservation of the wēkiu bug with specific recommendations to 

restore disturbed or altered habitat requires additional efforts to refine our understanding of 

population distribution patterns, abundance, and age structures throughout cinder cone habitats. 

These new data can generate a more robust understanding of habitat factors that influence wēkiu 

bug distributions through time. The final outcome of this study will be used to augment details of 

how influential habitat factors can directly inform conservation and management efforts, while 

also providing a baseline to assess the success of conservation actions that may occur in the 

future. 
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RESEARCH OBJECTIVES 

My research builds on ~35 years of previous wēkiu bug research and was designed to 

examine the distribution status and relative density of wēkiu bug populations within cinder cone 

habitats across seasons and explore the relative importance of cinder cone habitat variables 

(topographic aspect, surficial minerals, and elevational section on cinder cone) hypothesized to 

influence wēkiu bug distributions. To provide a more holistic understanding of wēkiu bug 

populations and habitat use through time that better informs land management decisions, my 

study specifically addressed three main objectives;  

 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography 

Describe the spatial distribution, abundance, and age structure of wēkiu bugs within 

cinder cones throughout the year.  

H1A: Wēkiu bugs will be distributed throughout the entirety of individual cinder cones 

and populations will exhibit an aggregated spatial distribution. 

H1B: Wēkiu bug abundance will be variable throughout the year and throughout their 

elevation range. 

H1C: Wēkiu bug demography (age structure as ratios of immatures, adults, sex, and 

mating pairs) will be variable throughout the year and throughout their elevation range. 

The relative density data obtained from this objective, as measured by the abundance of 

wēkiu bugs attracted to traps, specifically addresses the level of aggregation (dispersion index) 

exhibited by the species throughout the habitat. These data can be used to inform wēkiu bug 
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monitoring efforts such as trapping intensity and sample locations. Describing the changes in 

wēkiu bug age structures, abundance, and distributions throughout the habitat through the year 

refines our understandings of wēkiu bug habitat use through time. These data can serve as a 

metric for prioritizing wēkiu bug conservation actions and can provide a direct assessment of 

conservation success in areas facing different habitat stresses or protections if replicated in the 

future.  

 

Objective 2: Test Wēkiu Bug Habitat Associations 

Identify habitat characteristics (aspect, mineral type, cone elevation section) that may be 

associated with wēkiu bug distributions.  

 H2: Mineral type will exhibit the greatest influence on wēkiu bug distributions within 

cinder cone habitats when compared to other habitat variables such as topographic aspect and 

cone elevation section.  

Unlike other studies that were limited to habitat characteristics associated with wēkiu 

bugs captured along a transect sampling line, our sample design incorporates differing 

topographic aspects and surficial mineral types present on sampled cinder cones (Appendix A, 

Table 1) and includes a seasonal component to identify changes in bug captures, age structure, or 

habitat use. The data obtained from this objective can help to prioritize wēkiu bug habitat and 

conservation efforts by focusing on specific habitat characteristics that influence wēkiu bug 

distributions throughout the cinder cone through time. Additionally, this information can be used 

to support conservation management decisions and habitat restoration activities.  
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Objective 3: Describe Cinder Cone Thermal Habitat Conditions  

Describe thermal substrate conditions on the north and south aspects of cinder cone 

habitats.  

H3A: Thermal substrate conditions on the low elevation cinder cone will exhibit warmer 

temperatures than the high elevation cinder cone. 

H3B: The north and south facing aspects within and between cinder cones (across the 

elevation gradient) will exhibit different thermal energy accrual profiles. 

The temperature data obtained from this objective can help to correlate our study’s 

observed wēkiu bug captures with longer term seasonal trends and provides additional data that 

supports underlying reasons for our capture data results (i.e. bugs will not be as active in cold 

weather as in sunny weather, thus influencing the number of individuals that are captured).
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METHODS 

 

DATA COLLECTION 

 

Field Sites 

Two cinder cones located in the Mauna Kea Science Reserve were sampled for wēkiu 

bugs. Pu‘uhau‘oki, at ~4,100 m, and the pu‘u south of the Very Long Baseline Array National 

Radio Observatory, at ~3,700 m (called S.VLBA), are cinder cones that have long-standing 

records of wēkiu bug presence, and extend from the highest and lowest elevation range of the 

wēkiu bug (Figure 5). These two cinder cones were selected because, while at different 

elevations, they offer similar habitat characteristics (Stephenson et al. 2017) including various 

surficial mineral types and topographic aspects. See Appendix A for cinder cone descriptions.  
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Figure 5: Management areas and study locations in the Alpine Stone Desert. This study was conducted in the 
Maunakea Science Reserve ~4,450 ha (11,000 acres) which is managed by OMKM. The yellow circles outline the 
two cinder cones sampled in this study. Pu‘uhau‘oki is ~ 4,100 m in elevation and S.VLBA is ~3,700 m in elevation.  

Pu‘uhau‘oki 

S.VLBA 
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Wēkiu Bug Sampling and Trap Design 

All trap site locations were determined using ArcMap (ESRI 2016). Available slope and 

mineral GIS spatial layers were used to create polygons that outline the boundaries of selected 

cinder cones. See Appendix A for spatial layer details. Polygon lines were drawn to encompass 

the entire cinder cone including the various mineral types and flat areas at the cones’ bases that 

extended approximately 15 m beyond the cones’ mineral type boundary2. To ensure traps were 

independent from one another (non-overlapping trap attraction radii), a minimum distance of 20 

m was used as a buffer distance for trap sites in the Random Point Generator tool in ArcMap. 

Thirty five points were generated in Pu‘uhau‘oki’s polygon and 27 points generated in 

S.VLBA’s polygon. Trap sites were confirmed to be within different topographic aspect and 

slope categories, and mineral types available on the cinder cone (Appendix A, Table 1). 

Additionally, five trap sites derived from OMKM’s annual surveys were randomly selected on 

Pu‘uhau‘oki, and three trap sites were randomly selected on S.VLBA (Kirkpatrick & Klasner 

2015) giving Pu‘uhau‘oki a total of 40 trap sites and S.VLBA a total of 30 trap sites (Figure 6). 

The additional OMKM survey locations were included in our study to integrate our surveys into 

long-standing annual records of wēkiu bug relative densities. All trapping points were plotted in 

ArcMap and the associated aspect, mineral type, and slope were extracted for each trap site. 

 

                                                            
2 Cinder cones are mainly composed of hematite and glassy volcanic mineral types. All other mineral types 
(goethite, amorphous, Fe2, and weathered) are found in patchy areas on the cone, and or near the base of 
Pu‘uhau‘oki and S.VLBA (Stephenson et al. 2017). 
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Figure 6: Map of wēkiu bug trap sites on (a) Pu‘uhau‘oki and (b) South VLBA. Yellow points represent the trap 
sites. Pu‘uhau‘oki had a total of 40 trap sites and S.VLBA with a total of 30 trap sites. 

a. 

b. 
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To learn about the seasonal variation in wēkiu bug activity within cinder cones, trap sites 

on both cones were sampled in mid- June, August, and October of 2016, and in mid-January, 

April, and June of 2017. A hand-held GPS unit (Garmin GPSMAP 64s), accurate to 

approximately 3 m, was used to navigate to trap sites and traps were placed within 8 m of the 

sample point each time. Wēkiu bugs were sampled using live baited pitfall traps (see Appendix A 

for trap details), which is the standard trap for monitoring wēkiu bugs (Kirkpatrick & Klasner 

2015). Traps were placed in the associated mineral type, slope, and aspect (e.g. hematite) as 

initially indicated by GIS, and these habitat characteristics were confirmed in the field (Appendix 

A, Table 1). During trap placement, data were collected on the weather conditions, depth to ash, 

depth to moisture, and cinder size classifications associated with each trap site. As traps were 

retrieved, the number of captured wēkiu bugs (dead and alive) and their associated demographic 

information (life stages, sex, mating status as ‘pairs’) (Figures 2 & 3) were recorded along with 

the number of non-wēkiu bug bycatch arthropod specimens identified to the lowest taxonomic 

identification possible in the field. Specimens that were identified in OMKM’s Invasive Species 

Management Plan (Vanderwoude et al. 2015) as potential threats were collected. Other native 

species such as Agrotis spp. caterpillars and Lycosa spiders were collected within the 

requirements of the permit (Native Invertebrate Research and Collection Permit FHM17-431) 

and reared at the UH Hilo Teaching Research and Arthropod Collection Lab. Growth 

descriptions of these native species are not included in this paper. All 70 traps were placed and 

retrieved for every sample month except in January 2017 when snow deposits prohibited 

sampling on the north slopes of both cinder cones. In this month, traps were placed at all sites 

that were not covered by snow: 9 traps at Pu‘uhau‘oki and 24 traps at S.VLBA.  
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Cinder Cone Thermal Habitat Sampling Design 

To record temperatures in wēkiu bug habitat, Onset Hobo data loggers (Model U23) were 

placed near a subset of four wēkiu bug trap sites on each cinder cone for the duration of each 

trapping event (approximately 20 days of recording). Logger sites were selected based on three 

conditions: The logger must be 1) within 1 m of a trap site, 2) on the northeast/ north and 

southwest/ south aspect of the cinder cone, and 3) in hematite or glassy volcanic mineral types. 

Two trap sites were selected on the NE/N aspects, and two sites on the SW/S aspects for a total 

of 4 logger sites on each cinder cone (Figure 7).  

The temperature data logger methods used in this study are similar to data logger 

methods described in Eiben & Rubinoff (2010 and 2014). Data loggers were set to record 

temperatures (o C) every 10 minutes. Three temperature data loggers were placed within 1 m of 

each other with one data logger sensor placed at the surface, one just below the surface at the 

‘mid-layer’, and one sensor placed on top of the ash layer determined by the depth at which fine, 

compact dust-like particles were observed (Figure 8). Sensor depths for the ash and mid-layers 

varied by site and between sampling dates (Table 1) because depths to layers were highly 

variable within a site, and we specifically avoided re-using previous sensor locations to get a 

better representation of undisturbed substrate profiles. Even though sensor locations slightly 

differed for each sample month, sensors were placed within 1 m of the trap site each time. 

Between the two cinder cones, eight sets of data loggers were placed and retrieved in all months 

except in January when only four sets of data loggers were placed on S.VLBA (due to snow). 
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Figure 7: Map of temperature data logger sites on (a) Pu‘uhau‘oki, and (b) South VLBA. Yellow points represent 
logger sites.  

 

a. 

b. 
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Figure 8: Schematic of cinder cone tephra layers in the wēkiu bug’s habitat space. Temperature data logger sensors 
are represented by the battery symbol and were placed on the surface, in the mid-layer, and on the top of the ash 
layer.  
 
 

Table 1: Temperature data logger sensor depths (cm) for ash and mid tephra layers by sample month. *January also 
includes surface depths because one of the surface sensors was placed under the snow at the cinders surface. 

SITE & 
SENSOR 
DEPTH 

(cm) 

JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 

Ash Mid Ash Mid Ash Mid Ash Mid Surf Ash Mid Ash Mid 

VLBA05 1.3 <1.3 2.5 1.3 8.9 3.8 15.1 2.5 0 7.6 6.4 2.5 1.3 

VLBA10 2.5 1.3 6.4 2.5 10.2 6.4 20.3 16.5 11.4 14.0 7.6 15.1 2.5 

VLBA24 2.5 1.3 2.5 1.3 7.6 2.5 15.1 1.3 0 6.4 3.8 15.1 2.5 

VLBA25 16.5 2.5 2.5 1.3 15.1 2.5 3.8 1.3 0 7.6 3.8 15.1 2.5 

Oki03 15.2 3.8 3.8 1.3 15.2 8.9 NA NA NA 17.8 6.4 10.2 15.1 

Oki17 15.1 2.5 3.8 1.3 6.4 3.8 NA NA NA 15.1 2.5 7.6 3.8 

Oki25 <2.5 2.5 3.8 2.5 14.0 15.1 NA NA NA 10.2 6.4 15.1 2.5 

Oki34 7.6 2.5 2.5 1.3 6.4 3.8 NA NA NA 3.8 2.5 6.4 2.5 

 

 

 

 

 

 

 

 

 
ASH 

MID- LAYER 

SURFACE  

⌶ 2 cm 
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DATA ANALYSES 

All statistical analyses were conducted in the statistical program R version 3.4.1 (R Core 

Team 2017). Few analyses were performed for S.VLBA’s trap data because wēkiu bug captures 

at VLBA were extremely low during many sampling sessions and did not allow for statistical 

analyses. Non-parametric tests were used for all analyses because data did not meet assumptions 

of normality and equal variances.  

 

Objective 1: Assess Wēkiu Bug Abundance, Distribution, and Demography 

H1A: Wēkiu bugs will be distributed throughout the entirety of individual cinder cones 

and populations will exhibit an aggregated spatial distribution.  

In ArcMap version 10.1 (ESRI 2016), relative density and distribution maps measured by 

wēkiu bug attraction activity for each sampling event and cinder cone, were created to visually 

represent the spatial distribution of wēkiu bugs. The variance to mean dispersion index (𝐷𝐷 = 𝜎𝜎2

𝜇𝜇
, 

variance (𝜎𝜎2) to mean (𝜇𝜇) ratio of total bug captures) is a measure used to describe the spatial 

arrangement of insect individuals in a unit area (Myers 1978). Wēkiu bug dispersion indices 

were calculated using the total number of bug captures for each trap, sample month, and cinder 

cone. An index value close to 0 identifies individuals of the species to be uniform in pattern of 

distribution between traps, values >1 identifies an aggregated pattern, and values between 0 and 

1 identifies randomly distributed individuals (Krebs 1999). 
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H1B: Wēkiu bug abundance will be variable throughout the year and throughout their 

elevation range.  

Nonparametric Wilcoxon rank-sum tests (result expressed as W) were used to compare 

the total number of bug captures between cinder cones. Capture rates (Capture Rate = 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡𝑏𝑏

 X # of trap days in sample month) for Pu‘uhau‘oki were calculated on a per month, per 

trap, per day basis to account for traps that were left out for 3 days, and others that were left for 4 

days. A Kruskal Wallis test (result expressed as KW) was performed to compare capture rates 

between sample months. A post hoc Nemenyi test using R packages PMCMR (Pohlert 2014) and 

multcompView (Graves et al. 2015) identified sample months where capture rates significantly 

differed.  

H1C: Wēkiu bug demography (age structure as ratios of immatures, adults, sex, and 

mating pairs) will be variable throughout the year and throughout their elevation range. 

Kruskal Wallis tests were also used to compare the demographic characteristic of age 

structure proportions of wēkiu bugs captured between sample months. Proportions were 

calculated on a per trap per month basis. Individual tests were performed on  

1) the proportion of adults and immatures (𝑝𝑝𝑇𝑇𝑎𝑎𝑏𝑏𝑇𝑇𝑇𝑇𝑏𝑏 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑇𝑇𝑎𝑎𝑏𝑏𝑇𝑇𝑇𝑇𝑏𝑏 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑇𝑇𝑡𝑡𝑇𝑇𝑏𝑏𝑡𝑡𝑐𝑐𝑎𝑎 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡

), 

2) the proportion of adults that were males and mating pairs     

  (𝑝𝑝𝑚𝑚𝑇𝑇𝑇𝑇𝑐𝑐𝑏𝑏 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑚𝑚𝑇𝑇𝑇𝑇𝑐𝑐𝑏𝑏 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡 (𝑖𝑖𝑖𝑖𝑐𝑐𝑇𝑇𝑏𝑏𝑎𝑎𝑐𝑐𝑏𝑏 𝑚𝑚𝑇𝑇𝑇𝑇𝑐𝑐𝑏𝑏 𝑜𝑜𝑡𝑡𝑇𝑇𝑚𝑚 𝑡𝑡𝑇𝑇𝑖𝑖𝑡𝑡𝑏𝑏)
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑇𝑇𝑎𝑎𝑏𝑏𝑇𝑇𝑇𝑇𝑏𝑏 𝑐𝑐𝑇𝑇𝑡𝑡𝑇𝑇𝑏𝑏𝑡𝑡𝑐𝑐𝑎𝑎 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡

,     

  𝑝𝑝𝑡𝑡𝑇𝑇𝑖𝑖𝑡𝑡𝑏𝑏 = (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑚𝑚𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑏𝑏 𝑡𝑡𝑇𝑇𝑖𝑖𝑡𝑡𝑏𝑏 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡 × 2) 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑇𝑇𝑎𝑎𝑏𝑏𝑇𝑇𝑇𝑇𝑏𝑏 𝑐𝑐𝑇𝑇𝑡𝑡𝑇𝑇𝑏𝑏𝑡𝑡𝑐𝑐𝑎𝑎 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡

), and 
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3) the proportion of immatures that were 1st, 2nd, 3rd, 4th, and 5th instars    

  (𝑝𝑝𝑥𝑥𝑖𝑖𝑖𝑖𝑏𝑏𝑇𝑇𝑇𝑇𝑡𝑡𝑏𝑏 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑥𝑥 𝑖𝑖𝑖𝑖𝑏𝑏𝑇𝑇𝑇𝑇𝑡𝑡𝑏𝑏 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 # 𝑇𝑇𝑜𝑜 𝑖𝑖𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇𝑏𝑏𝑡𝑡𝑐𝑐𝑏𝑏 𝑐𝑐𝑇𝑇𝑡𝑡𝑇𝑇𝑏𝑏𝑡𝑡𝑐𝑐𝑎𝑎 𝑖𝑖𝑖𝑖 𝑇𝑇𝑡𝑡𝑇𝑇𝑡𝑡

). 

When Kruskal Wallis tests found significant differences between months, post hoc 

Nemenyi tests were performed to identify sample months where proportions significantly 

differed.  

 

Objective 2: Test Wēkiu Bug Habitat Associations 

H2: Mineral type will exhibit the greatest influence on wēkiu bug distributions within 

cinder cone habitats when compared to other habitat variables such as topographic aspect and 

cone elevation section.  

A negative binomial generalized linear mixed model (GLMM) analysis was performed 

with Pu‘uhau‘oki’s data (S.VLBA was not included due to extremely low captures) to identify 

which habitat characteristics (aspect, mineral type, cone elevation section) most strongly 

influenced bug captures. This type of model has been shown to be effective for handling insect 

count data (Sileshi 2006), and our data fits the model with a theta3 value of 0.53. The response 

variable in the model was the number of captures for each trap by month, while explanatory 

variables included the following categorical variables: the traps associated aspect (NW, NE, SE, 

SW), mineral type (hematite, glassy volcanic, rare minerals- goethite, amorphous, Fe2), and cone 

elevation section (base, intermediate, top; Figure 9; See Appendix B for cone elevation section 

procedures). All of these variables have been hypothesized to influence wēkiu bug distributions 

                                                            
3 Theta values close to zero indicate overdispersion, which would mean that the data does not fit the model. 
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with transect sampling methods (Table 2). Sample month was input into the model as a random 

factor to account for variability in the number of captures associated with seasonal differences. 

By including sample month as a random factor we can address the noise (e.g. variability in bug 

captures) associated with captures by month, and specifically determine the relative strength of 

each explanatory variable on wēkiu bug abundance.   
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Figure 9: Elevation profile of Pu‘uahu‘oki from north to south of the cinder cone. The distances from the base to the crest differ on both sides of the cinder cone. 
To overcome this issue, slope was used to define the base of the cone. The “top” elevation section of the cone was defined as the area 35 m below the highest 
elevation on the cone and is shaded green. The “intermediate” section was defined as areas with slopes >7o and elevations below the top section of the cone, this 
is shaded in yellow. The “base” section of the cone was defined as values <7 o slope and is shaded in red. See Appendix B, Objective 2 for cone elevation section 
procedures. This figure was created using the elevation profile add-in in ArcMap.  

 

 

Elevation Profile

DEM Resolution: 10m, Line ID = 1

Distance (Meters)
780760740720700680660640620600580560540520500480460440420400380360340320300280260240220200180160140120100806040200

El
ev

at
io

n 
(M

et
er

s)
4,130

4,120

4,110

4,100

4,090

4,080

4,070

4,060

4,050

4,040

4,030

Intermediate 

Base 

Top 



 

30 
 

Table 2: Summary table of the number of explanatory variables input in the negative binomial GLMM for each 
sample month except January on Pu‘uhau‘oki. The number of traps (No. Traps) placed in each explanatory variable 
(cone elevation section, mineral type, and aspect) is displayed (See Figure 9 and Appendix B for cinder cone 
elevation section determination). In January, only 9 traps were placed on the south aspects at the top and 
intermediate sections of the cone in hematite and rare mineral types.  

 

EXPLANATOY 
VARIABLES 

NO. 
TRAPS 

CONE ELEVATION SECTION 
Top 13 
Intermediate 23 
Bottom 4 

MINERAL TYPE 
Hematite 29 
Glassy Volcanic 4 
Rare Minerals 7 

ASPECT 
Northeast 7 
Southeast 7 
Southwest 7 
Northwest 19 

 

Model output of parameter estimates (estimates of bug means or medians associated with 

each variable) and 95% confidence intervals of estimates were back transformed to interpret 

results. These back transformed parameter estimates are multiplicative, and values of 1 indicate 

no effect, values >1 indicate a positive effect, and values <1 indicate a negative effect (Sokal & 

Rohlf 1995). Using parameter estimate outputs, the percent variance of each habitat variable was 

calculated, and the median number of bug captures were predicted for all cone elevation sections 

as a function of aspect. An ANOVA was performed on the model to determine significance of 

explored variables (aspect, cone elevation section, mineral type). This analysis was performed 

with R packages lme4 (Bates et al. 2015) and car (Fox & Weisberg 2011).  
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Objective 3: Describe Cinder Cone Thermal Habitat Conditions  

H3A: Thermal substrate conditions on the low elevation cinder cone will exhibit warmer 

temperatures than the high elevation cinder cone. 

Habitat temperature analyses were conducted on minimum and maximum temperatures 

over a 14-day period for each sample month and cinder cone, except in January where analyses 

were conducted over a 9-day period for S.VLBA (Table 3). To identify thermal differences 

between cinder cones, the 14-day daily minimum and maximum temperature values for each 

month and substrate layer for the 4 temperature logger sites on each cinder cone were compared 

within each month using Wilcoxon tests.  

 

Table 3: Temperature data logger dates for the 14-days in each sample month. These dates were used in data logger 
analyses. *In January, data loggers were only placed on S.VLBA for a 9 day-period.  

 JUNE 2016 AUGUST OCTOBER *JANUARY APRIL JUNE 2017 

LOGGER 
DATES 6/10 – 6/23 8/6 – 8/19 10/11 – 10/24 1/4 –1/12 4/11 – 4/24 6/2 – 6/15 
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H3B: The north and south facing aspects within and between cinder cones (across the 

elevation gradient) will exhibit different thermal energy accrual profiles. 

To test whether thermal energy accrual differed between the north and south slopes of 

Pu‘uhau‘oki, maximum potential degree days (DD), which is a measure of accumulated energy 

in ectothermic insects, were calculated within the minimum and maximum temperature 

thresholds of the wēkiu bug (11.34 and 30o C, Eiben & Rubinoff 2014). Degree days were 

calculated over a 14-day sample period (Table 3) for every month except January (due to snow), 

and the highest temperature value for each 10-min. interval between the ash layer, mid-layer, and 

surface substrates was extracted. The DD equation (𝐷𝐷𝐷𝐷 = 𝑥𝑥𝑇𝑇𝑐𝑐𝑚𝑚𝑡𝑡−11.34
144

, xtemp is the temperature 

recorded on the logger for the 10-min interval, 11.34 is the lower growth threshold of the wēkiu 

bug (Eiben & Rubinoff 2014), and 144 is the number of 10-min intervals in a 24-hour period) 

was then applied to the dataset. For each 10-min interval, DD accumulations were averaged 

between the 2 logger sites on the north slopes and the 2 logger sites on the south slopes and 

summed for each day. Within each sample month, Wilcoxon tests were used to compare average 

DD accumulations between the north and south slopes as a post hoc analysis to the GLMM 

results.  
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RESULTS 
 

OBJECTIVE 1: ASSESS WĒKIU BUG ABUNDANCE, DISTRIBUTION, AND DEMOGRAPHY 

H1A: Wēkiu bugs are distributed throughout the entirety of individual cinder cones and 

populations exhibit an aggregated spatial distribution.  

Wēkiu bug densities were not equally distributed across cinder cones (Figures 10 & 11). 

For both cinder cones, dispersion indices indicate that wēkiu bug individuals were highly 

aggregated in all sample months (with the exception of S.VLBA in August, where individuals 

were approaching aggregation) as every variance to mean ratio value was above 1 except 

S.VLBA in August (Table 4).  

 

Table 4: Dispersion index values (trap capture variance to mean ratio) for each cinder cone by sample month. NA 
indicates months when wēkiu bugs were not captured. Values above 1 indicate that wēkiu bug individuals were 
aggregated or clustered throughout the cinder cone. 

 JUNE 
2016 AUGUST OCTOBER JANUARY APRIL 

JUNE 
2017 

Pu‘uhau‘oki 44.45 29.57 21.8 76.19 30.05 108.46 

S.VLBA 5.23 0.96 NA NA 1.62 20.00 
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Figure 10: Map of wēkiu bug relative density by bait attraction activity on Pu‘uhau‘oki (~4,100 m) in (a) June 2016, 
(b) August 2016, (c) October 2016, (d) January 2017, (e) April 2017, and (f) June 2017. The red ‘X’s represent the 
traps absent of wēkiu bugs, and the circles represent wēkiu bugs captures with the larger and brighter circles 
representing more bugs. The blue symbols in (d) represent sites where traps were not placed because the sites were 
covered with snow. Wēkiu bug demography for each sample event is displayed in the top left corner. 
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Figure 11: Map of wēkiu bug relative density by bait attraction activity on S.VLBA (~3,700 m) in (a) June 2016, (b) 
August 2016, (c) October 2016, (d) January 2017, (e) April 2017, and (f) June 2017. The red ‘X’s represent the traps 
absent of wēkiu bugs, and the circles represent wēkiu bug captures with the larger and brighter circles representing 
more bugs. The blue symbols in (d) represent sites where traps were not placed because the sites were covered with 
snow. Wēkiu bug demography for this sample event is displayed in the top left corner.  

 

Males: 11 
Females: 0 
Pairs: 2 
1st Instar: 1 
2nd Instar: 2 
3rd Instar: 0 
4th Instar: 1 
5th Instar: 2 
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H1B: Wēkiu bug abundance will be variable throughout the year and throughout their 

elevation range.  

Pu‘uhau‘oki (high elevation cone) captured significantly greater numbers of wēkiu bugs 

for all sample months than S.VLBA (Wilcoxon rank-sum (W)=6657, p<0.001) (Figure 12, 

Tables 5 & 6).  

 

 Figure 12: Total number of wēkiu bugs captured by sample month on (a) Pu‘uhau‘oki (~4,100 m) and (b) S.VLBA 
(~3,700 m). All sample months for Pu‘uhau‘oki (a) had n 40 except for January (n=9 due to snow cover), and all 
sample months for S.VLBA (b) had n 30 except for January (n=24 due to snow cover). A total of 3,336 wēkiu bugs 
were captured on Pu‘uhau‘oki and a total of 75 wēkiu bugs were captured on S.VLBA throughout the year-long 
study.  

 

 

 

 

a. 

b. 
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Table 5: Wēkiu bug captures (# of individuals) by sample month on Pu‘uhau‘oki (~4,100 m). Factors described in 
the table includes the number of males, females, mating pairs, and 1st through 5th instar stages. Also included is the 
total number of bug captures (Total Cap.), the total number of traps placed (# of traps placed), the number of traps 
that captured wēkiu bugs (# of traps w bugs), the number of days traps were emplaced (# days traps out) and capture 
rates (bugs/trap day) for each sample month. 

 2016  
June 

2016 
August 

2016 
October 

2017 
January 

2017  
April 

2017  
June 

Totals 

Males 51 83 33 99 173 338 777 
Females 23 91 49 50 80 276 569 
Pairs 7 54 11 51 46 202 371 
1st Instar 0 8 1 26 0 64 99 
2nd Instar 5 53 5 73 0 150 286 
3rd Instar 23 70 8 139 1 287 528 
4th Instar 34 46 6 34 2 111 233 
5th Instar  22 11 0 5 1 63 102 
Total Cap. 172 470 124 528 349 1,693 3,336 
# of traps placed  40 40 40 9 40 40 209 
# of traps w bugs 21 31 22 9 27 35 145 
# days traps out 4 3 3 4 4 4 22 
Capture Rate 1.1 3.9 1.0 14.7 2.2 10.5 0.7 

 

 

Table 6: Wēkiu bug captures (# of individuals) by sample month on S.VLBA (~3,700 m). Factors described in the 
table includes the number of males, females, mating pairs, and 1st through 5th instar stages. Also included is the 
total number of bug captures (Total Cap.), total number of traps placed (# of traps placed), the number of traps that 
captured wēkiu bugs (# of traps w bugs), the number of days traps were emplaced (# days traps out), and capture 
rates (bugs/trap day) for each sample month.  

 2016  
June 

2016 
August 

2016 
October 

2017 
January 

2017  
April 

2017  
June 

Totals 

Males 11 0 0 0 2 3 16 
Females 0 0 0 0 1 1 2 
Mating pairs 2 0 0 0 0 3 5 
1st Instar 1 0 0 0 0 2 3 
2nd Instar 2 2 0 0 0 28 32 
3rd Instar 0 0 0 0 0 6 6 
4th Instar 1 0 0 0 0 3 4 
5th Instar  2 0 0 0 0 0 2 
Total Captures 21 2 0 0 3 49 75 
# of traps placed  30 30 30 24 30 30 174 
# of traps w bugs 5 2 0 0 2 4 13 
# days traps out 3 3 3 3 3 3 18 
Capture Rate 0.23 0.02 0 0 0.03 0.5 0.02 
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Wēkiu bug capture rates (bugs per trap day) on Pu‘uhau‘oki significantly differed 

between sample months (Kruskal Wallis (KW) chi-square= 52.2, df=5, p<0.001) (Figure 13, 

Table 5). Specifically, January (�̅�𝑥=14.7±16.7) and June of 2017 (�̅�𝑥=10.6±16.9) months captured 

significantly greater numbers of bugs than June of 2016 (�̅�𝑥=1.1±3.5), October (�̅�𝑥=1.0±2.7), and 

April (�̅�𝑥=2.2±4.1) months. S.VLBA capture rates were extremely low for all months (Table 6). 

 

Figure 13: Mean number of wēkiu bug captures (±SD) per trap day (Capture rate) by sample month on Pu‘uhau‘oki 
(~4,100 m). The mean rank sum of wēkiu bug capture rates significantly differed between sample months (KW chi-
square= 52.2, df= 5, p<0.001). Letters above each bar indicate groups that are significantly different (p<0.05) from 
one another based on a Nemenyi post hoc analysis.  
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H1C: Wēkiu bug demography (age structure as ratios of immatures, adults, sex, and 

mating pairs) will be variable throughout the year and throughout their elevation range. 

The mean rank proportion of wēkiu bug immatures and adults (Appendix B, Table 2) on 

Pu‘uhau‘oki significantly differed between sample months (KW chi-square= 33.13, df= 5, 

p<0.001) (Figure 14). The April sample event captured significantly greater proportions of wēkiu 

bug adults (�̅�𝑥=0.98 ±0.07) than August (�̅�𝑥=0.67 ±0.34), January (�̅�𝑥=0.58±0.18), and June of 2017 

(�̅�𝑥=0.70 ±0.28).  

 

Figure 14: Mean proportions (±SD) of wēkiu bug adults captured by sample month on Pu‘uhau‘oki. The mean rank 
sum of wēkiu bug adult proportions significantly differed between sample months (KW chi-square= 33.12, df= 5, 
p<0.001). Letters above each bar indicate groups that are significantly different (p<0.05) from one another based on 
a Nemenyi post hoc analysis. 
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The mean rank sum of wēkiu bug adult proportions by sex (Appendix B, Table 2) 

significantly differed between sample months (KW chi-square= 34.8, df= 5, p<0.001) (Figure 

15). Specifically, we found significantly greater proportions of wēkiu bug males in April 

(�̅�𝑥=0.75±0.31) and June of 2016 (�̅�𝑥=0.78±0.33) than in October (�̅�𝑥=0.33±0.35) and August 

(�̅�𝑥=0.42±0.25) months.  

 

 

Figure 15: Mean proportions (±SD) of wēkiu bug adults that were males (includes males from pairs) captured by 
sample month on Pu‘uhau‘oki. The mean rank sum of wēkiu bug male proportions significantly differed between 
sample month (KW chi-square= 34.8, df= 5, p<0.001). Letters above each bar indicate groups that are significantly 
different (p<0.05) from one another based on a Nemenyi post hoc analysis.  
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The mean rank sum proportions of wēkiu bug adults that were mating pairs (Appendix B, 

Table 2) significantly differed between sample months (KW chi-square= 26.7, df=5, p<0.001) 

(Figure 26). June of 2016 (�̅�𝑥=0.06±0.16) and April (�̅�𝑥=0.08±0.18) months captured significantly 

lower proportions of mating pairs than August (�̅�𝑥=0.30±0.29). All other months did not 

significantly differ from each other. 

 

 

Figure 16: Mean proportions (±SD) of wēkiu bug adults that were observed mating in traps (mating pairs) by sample 
month on Pu‘uhau‘oki. The mean rank sum proportions of wēkiu bug pairs significantly differed between sample 
months (KW chi-square= 26.7, df= 5, p<0.001). Letters above each bar indicate groups that are significantly 
different (p<0.05) from one another based on a Nemenyi post hoc analysis. 
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When looking at the proportion of each immature stage (Figure 17, Appendix B, Table 2), 

Kruskal Wallis tests indicated no significant differences in the mean rank proportions of 1st, 2nd, 

and 4th instars between sample months (KW chi-square= 7.7, 10.7 & 7.7, df=5, p>0.1) (Appendix 

B, Figures 9, 10 & 12). Kruskal Wallis tests indicated significant differences in the mean rank 

proportion of 3rd instars and 5th instars between sample months (KW chi-square= 16.3 & 18.2, 

df=5, p<0.01) (Appendix B, Figures 11 & 13). Significantly greater proportions of 3rd instars 

were observed in June of 2017 (�̅�𝑥=0.52±0.32) than in August (�̅�𝑥=0.21±0.21), and significantly 

greater proportions of 5th instars were observed in June of 2016 (�̅�𝑥=0.32±0.29) than in October 

(�̅�𝑥=0 ±0), when 5th instars were not captured (Appendix B, Figures 12 & 14). All other months 

had similar proportions of 3rd instars and 5th instars (Figure 17).  

 

 

Figure 17: Total proportions of immatures within each immature stage by sample month on Pu‘uhau‘oki. The five 
stages of immatures are displayed in different shades of green with older stages represented by darker colors. The 
proportion of older immature stages (3rd – 5th) appears to be more consistent than younger stages. Very low 
proportions of 1st instars were observed for all months. 
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OBJECTIVE 2: TEST WĒKIU BUG HABITAT ASSOCIATIONS 

H2: Mineral type will exhibit the greatest influence on wēkiu bug distributions within 

cinder cone habitats when compared to other habitat variables such as topographic aspect and 

cone elevation section.  

The generalized linear mixed model (GLMM) found significant differences in the 

number of wēkiu bug captures between aspect (Chi-square=65.56, df=3, p<0.001) and cone 

elevation section (Chi-square=13.80, df=2, p=0.001), but not mineral type (Chi-square=2.96, 

df=2, p=0.23). Thirty six percent (±1.23) of the variance in bug captures were explained by 

topographic aspect, 15% (±0.79) explained by cone elevation section, and <1% (3.9e-06) 

explained by mineral type. However, the largest proportion of variance in wēkiu bug captures 

was explained by the random variable included in the model, sample month (48% (±1.48)). 

Parameter estimates indicate a 1-fold higher abundance of wēkiu bug captures at intermediate 

cone elevation sections compared to base cone sections, and an almost 4-fold difference in 

capture abundance between the base and the top of the cinder cone (Table 7). Wēkiu bug 

abundances were highest at northeast aspects, with the capture abundance at northwest, 

southeast, and southwest aspects decreasing by 65% (33% to 82%), 92%, (CI 81% to 97%), and 

93% (CI 86% to 97%), respectively, compared to northeast aspects (Table 7, Figure 18; 

Appendix B, Table 3).  
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Table 7: Parameter estimates and 95% confidence intervals for variables in the negative binomial GLMM. 
Parameter estimates were back transformed to interpret the increases or decreases in wēkiu bug captures. These back 
transformed parameter estimates are multiplicative, and values of 1 indicate no effect, values >1 indicate a positive 
effect, and values <1 indicate a negative effect (Sokal & Rohlf 1995). Examined factors include top (ConeSec_Top) 
and intermediate (ConeSec_Inter) elevation sections of the cinder cone, northwest (Aspect_NW), southeast 
(Aspect_SE), and southwest (Aspect_SW) aspects of the cinder cone, and hematite (Min_Hematite) and rare 
(Min_Rare) minerals. Estimate comparisons for cone elevation section is to the “base” of the cone, aspect to the 
northeast of the cone, and minerals to glassy volcanic mineral type. 

Variables Parameter est. CI Lower bound CI Upper bound 
ConeSec_Top 4.89 1.50 15.36 
ConeSec_Inter 1.99 0.61 6.13 
Aspect_NW 0.35 0.18 0.67 
Aspect SE 0.08 0.03 0.19 
Apsect SW 0.07 0.03 0.14 
Min_Hematite 0.67 0.31 1.38 
Min_Rare 0.43 0.16 1.14 

 

 

 

Figure 18: Predicted median number of bugs for the top, intermediate (inter) and base elevation sections of the 
cinder cone as a function of cinder cone aspect based on parameter estimates from the negative binomial GLMM. 
These values predict the median number of bugs that could be captured per trap at any particular time period. Error 
bars represent the interquartile range associated with the median value. Cone aspect is ordered in a clockwise 
direction from northwest to southwest. Bar colors represent the three elevation sections of the cone; green is the 
“top”, yellow is the “intermediate”, and red is the “base”. Actual wēkiu bug capture values for cone aspect and 
section are shown in Appendix B, Figure 14, and predicted values used for this figure are displayed in Appendix B, 
Table 3.  
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OBJECTIVE 3: DESCRIBE CINDER CONE THERMAL HABITAT CONDITIONS 

H3A: Thermal substrate conditions on the low elevation cinder cone will exhibit warmer 

temperatures than the high elevation cinder cone. 

We found significantly warmer mean rank maximum ash layer temperatures at S.VLBA 

compared to Pu‘uhau‘oki in August (W=2152, p<0.001), October (W=2226, p<0.001), and June 

of 2017 (W=3096, p<0.001) (Figure 19a). We also found significant differences in the minimum 

ash layer temperatures between cinder cones in August (W=1979, p=0.02), October (W=1991, 

p=0.01), April (W=2226, p=0.01), and June of 2017 (W=870, p<0.001). S.VLBA recorded 

significantly warmer ash layer minimum temperatures in August, October, and April months, 

and Pu‘uhau‘oki recorded significantly warmer ash layer minimum temperatures in June of 2017 

(Figure 19a, Appendix B, Table 5).  

In June of 2017 S.VLBA (x�=38.3 ±4.20) had significantly warmer mean rank maximum 

mid-layer temperatures than Pu‘uhau‘oki (x�=36.1 ±3.8)(W= 2018, p-value=0.01) (Figure 19b). 

All other sample months had similar mid-layer maximum temperatures between cinder cones. 

Comparisons between cinder cones indicated significant differences in the mean rank minimum 

mid-layer temperatures at S.VLBA compared to Pu‘uhau‘oki in June of 2016 (W=2521, 

p<0.001), August (W=2496, p<0.001), October (W=2163, p<0.001), and April (W=2572, 

p<0.001). Both cinder cones recorded similar minimum temperatures in June of 2017 (Figure 

19b, Appendix B, Table 7).  

Pu‘uhau‘oki had significantly warmer mean rank maximum surface temperatures 

between cinder cones in August (W=2152, p<0.001) (Figure 19c). While cinder cones recorded 

similar maximum surface temperatures for all other sample months. Wilcoxon tests found 
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significant differences in the minimum surface temperatures between cinder cones for all sample 

months (June of 2016 (W=2658, p<0.001), August (W=2271, p<0.001), October (W=2239, 

p<0.001), April (W=2335, p<0.001), and June of 2017 (W=2460, p<0.001)) (Figure 19c, 

Appendix B, Table 7).  
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Figure 19: Median maximum and minimum temperatures (Co) recorded in the (a) ash layer, (b) Mid-layer, and (c) 
surface substrates on Pu‘uhau‘oki (Oki in green) and S.VLBA (VLBA in purple) per day within each month. 
Boxplot whiskers depict the 10th and 90th percentiles and the boxes show the 25th and 75th percentiles. The blue 
shaded background represents minimum temperatures. Asterisks indicate months where Wilcoxon tests found 
significant differences (p<0.05) in layer temperatures between cinder cones. Red asterisks indicate significant 
differences in maximum temperatures, and blue asterisk indicate significance differences in minimum temperatures. 

a. 

b. 

c. 
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H3B: The north and south facing aspects within and between cinder cones (across the 

elevation gradient) will exhibit different thermal energy accrual profiles. 

In June of 2016, the north slope of Pu‘uhau‘oki accrued a significantly greater number of 

degree days as a thermal development predictor than the south slope (W=45, p= 0.014). The 

opposite pattern was found in October when the south slope accrued a significantly greater 

number of DD than the north slope (W=194, p<0.001). All other within month comparisons 

accrued similar numbers of DD (Figure 20). 

 

Figure 20: Average (±SD) degree day accumulations per day on the north (blue) and south (yellow) slopes of 
Pu‘uhau‘oki by month. Blue asterisks indicate months where degree days significantly differed (p<0.05) between 
the north and south slopes.  
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DISCUSSION 
 

OBJECTIVE 1: ASSESS WĒKIU BUG ABUNDANCE, DISTRIBUTION, AND DEMOGRAPHY 

The high variability in wēkiu bug abundance during our study and during previous field 

surveys indicate that dramatic density fluctuations in this species is a regularly occurring 

phenomenon (Englund et al. 2002-2012; Preston et al. 2012 and 2013; Kirkpatrick & Klasner 

2015). Pu‘uhau‘oki (~4,100m) captured 40 times more wēkiu bugs than S.VLBA (~3,700 m) 

(Figure 12) which is consistent with long-term monitoring data (2007- 2016) that recorded lower 

capture rates on S.VLBA than Pu‘uhau‘oki for 8 years out of 10 (Englund et al. 2002-2012; 

Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015). Our findings support the idea that 

higher elevation cones are more suitable for wēkiu bug populations (Stephenson et al. 2017). The 

difference in bug captures between cinder cones could be the result of many factors, including: 

warmer minimum surface temperatures at S.VLBA (this was directly measured but not tested for 

cause and effect) (Figure 19), undetected highly aggregated populations, competition, predation, 

or lag effects from other ecological variables such as moisture availability.     

Dispersion indices for each sample month determined that wēkiu bug individuals were 

highly aggregated within cinder cones (Table 4) with some trap sites capturing hundreds of bugs 

while other sites capturing none (Figure 10). Although dispersion values for S.VLBA in August 

were approaching aggregation (dispersion index= 0.96), this result is likely due to the overall low 

numbers of bugs captured throughout the cinder cone (Table 4, Figure 11b). Additionally, 

abundance and distribution maps for all sample months except January (see below) display a 

clustered wēkiu bug relative density pattern of higher bug captures on the northern aspects of 

cinder cones than on the southern aspects (Figures 10 & 11). The higher captures of wēkiu bug 
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individuals on the north aspect could be the result of local conditions like temperature, moisture, 

nutrient availability (Englund et al. 2002; Eaton 2011), or the interplay of multiple such factors 

that may influence different rates of growth and reproduction on the cinder cone. To obtain more 

accurate bug density estimates for these aggregated populations, results from our study provides 

evidence for implementing sampling and monitoring protocols that incorporate all areas within a 

cinder cone where wēkiu bug individuals may be clustered. This type of monitoring requires 

more intense sampling throughout the cinder cone habitat that stratifies different aspects and 

cone elevation sections.  

A compelling find in this study was that high densities of wēkiu bugs were captured on 

Pu‘uhau‘oki in January when only 9 traps were placed in the no-snow areas on the south slope 

(Figure 10d). Previous unpublished trapping efforts and published surveys by researchers in late 

spring months found that wēkiu bugs are rarely captured in months with cold temperatures and 

when snow is on the ground (Englund et al. 2006 and 2007; Eiben 2012). As ectothermic 

animals, insect activity levels are physiologically constrained by low temperatures (Abdullah 

1961; Jiang 2001) but during our surveys in January, the weather was sunny, and the cinders 

exposed to the sun were warm enough for bugs to be active (Appendix B, Table 5) even with 

thick snow blanketing nearby areas of the mountains summit. Over 500 wēkiu bugs were 

captured on Pu‘uhau‘oki in our January trapping effort showing that wēkiu bugs can be mobile, 

grow, and reproduce in the winter months following a snow storm when subsequent weather and 

thermal inputs are favorable. Although temperatures on Pu‘uhau‘oki were not specifically 

measured in January, temperature data in no-snow areas on S.VLBA shows that thermal inputs 

were sufficient for insect activity and thermal energy accrual for growth, as the insects’ 

maximum growth rate temperature of 30oC was recorded in the substrate (Appendix B, Tables 5 
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& 9). These no-snow areas of cinder cones can absorb heat from solar input allowing for insect 

mobility and growth, whereas areas covered in snow reflect heat and act as an insulating layer 

resulting in lower temperatures and very low thermal accumulations of energy (Appendix B, 

Tables 5 & 9) (Eiben 2012). Additionally, other environmental factors associated with snow such 

as increases in food resources (snow can keep insect prey fresh until it thaws) and available 

moisture from snow melt could have also influenced the high densities of bugs captured in traps 

on Pu‘uhau‘oki in January (Figure 10d). Although the effects of snow could benefit the wēkiu 

bug it is unclear as to how long wēkiu bugs can survive under theses blankets of snow, or 

whether large snow events cause high mortality, given the insect’s supercooling adaptive traits. 

On Pu‘uhau‘oki, wēkiu bug adults and nymphs were captured for all sample months 

including January, indicating constant reproduction with overlapping generations (Figure 14). 

This result confirms that wēkiu bugs do not experience widespread seasonal reproductive 

diapause (Eiben 2012) or associated seasonal migratory dispersal behaviors. The changes in 

wēkiu bug adult proportions in January and April months on Pu‘uhau‘oki, could be influenced 

by changes in growth rates as a function of differing seasonal thermal energy inputs on the north 

and south aspects of the cinder cone (Figure 20), or by weather events such as snow that could 

impact wēkiu bug growth and even life stage-specific mortality. Eiben’s (2012) study suggests 

that 1st and 2nd instar nymphs can develop at lower minimum temperatures than older instar 

nymphs, and these younger stages can be found after snowpack begins to melt. The lower 

proportion of wēkiu bug adults in January could be attributed to the snow event that occurred in 

December of 2016 where temperatures allowed 1st and 2nd instars to grow faster than older wēkiu 

bug immature stages, resulting in higher proportions of immatures than all other sample months 

(Figure 14, Appendix B, Table 2). However, our temperature data loggers did not record 
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temperatures during the snow event and so data does not exist to directly support this. 

Additionally, since wēkiu bugs require 622 DD to complete one full generation, any observed 

differences in nymph stage ratios would inherently be caused by environmental conditions that 

occurred weeks or months prior to our sampling event which may have preceded the December 

snow storm. Continuous temperature recordings of the substrate would allow for more confident 

inferences about the influence of climate on wēkiu bug populations.  

For all sample months, at least 60% of the bugs captured on Pu‘uhau‘oki were adults 

(Figure 14). This is unusual as most insect populations contain higher numbers of immatures 

than adults (Birch 1948). The high proportions of wēkiu bug adults could be a function of our 

trapping methods used to estimate abundance and density or could simply be the result of longer 

lived wēkiu bug adults that surpass the life expectancy than all combined ages of immature 

stages (Eiben & Rubinoff 2014). Baited traps may not be as attractive to immature wēkiu bugs as 

traps are to adults given differences in nutritional and thermal requirements (Eiben & Rubinoff 

2010) and behaviors related to food attraction (Burdfield-Steel & Shuker 2014). Wēkiu bug 

mating pairs may also be influenced by the use of attractant traps. Throughout the study, the 

proportion of wēkiu bug adults that were mating varied between 1 and 35% (Figure 16). Since 

traps are attractive to both males and females, it is highly probable that when individuals fell into 

the trap, they found each other and began to mate if they were not already active in copula. The 

fluctuating proportions in mating pairs could represent reproductive periods with August 2016, 

January 2017, and June 2017 being times when bugs were more frequently mating (Figure 16) or 

the proportion of mating pairs could be tied to lag effects of developmental and reproductive 

bouts months prior to sampling. Nonetheless, wēkiu bugs were found mating throughout the 
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sample period, confirming Eiben & Rubinoff’s (2014) hypothesis that seasonal physiological 

diapause events do not occur, as wēkiu bug reproduction is continuous across seasons.  

During this year-long study (June 2016- June 2017), the seasonal El Niño Southern 

Oscillation (ENSO) phenomenon transitioned from a neutral condition to a weak La Niña 

episode in December of 2016, and then back to neutral conditions in February of 2017 (Becker 

2016 and 2017). A strong El Niño episode occurred months prior to the study (Becker 2016). On 

Maunakea, La Niña episodes typically result in wetter and cooler winters than El Niño winters 

which are drier and warmer (Da Silva 2012). The distribution, age structure, and abundance of 

wēkiu bugs that we observed throughout our study could have been influenced by ENSO 

episodes that occurred on the summit months or even years prior to our study. Long periods of 

dry conditions at the summit could potentially increase wēkiu bug mortality, as less moisture 

may be available in the cinder substrates leading to insect desiccation. Furthermore, the high 

variability in wēkiu bug abundance between years (Englund et al. 2002-2012; Preston et al. 2012 

and 2013; Kirkpatrick & Klasner 2015) could also be attributed to ENSO phenomena, however, 

no studies to date have researched this.  

From Objective 1 we learned that 1) wēkiu bug distributions are highly aggregated, 2) 

higher bug densities were captured on the northern aspects than south aspects of cinder cones, 3) 

wēkiu bug abundance changes throughout the year across cinder cone habitats, 4) wēkiu bug age 

structure ratios change throughout the year with greater proportions of adults for all sampled 

months, 5) wēkiu bugs populations are in a constant state of reproduction as indicated by mating 

pairs and immature life stages captured during all sample efforts, 6) reproduction occurs 

throughout the year suggesting no seasonal diapause or physiological triggers for migration 

events.  
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OBJECTIVE 2: TEST WĒKIU BUG HABITAT ASSOCIATIONS 

Given the variables used in the model, our GLMM results (Table 2) indicated that wēkiu 

bug capture abundance was strongly influenced by sample month (explains 48% of bug 

captures), topographic aspect (explains 36% of bug captures) and cinder cone elevation section 

(explains 15% of bug captures), with mineral type (explained <1% of bug captures) being the 

least influential variable on wēkiu bug abundance. Abundance is generally highly variable across 

seasons and throughout habitats as a standard life history trait unifying all insects (Lowman 

1982). The overwhelming influence of sample month on wēkiu bug abundance, is therefore not 

surprising given the seasonal variability observed in other insect groups, and the extreme 

variability observed in wēkiu bug captures throughout their elevation range each year (Englund 

et al. 2002-2012; Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015). Topographic 

aspect, which was the second most influential variable on wēkiu bug abundance in the model, is 

another common variable correlated with the distribution of insects. For example, Edith’s 

butterflies, (Euphydryas editha) use different slope aspects during development, with warmer 

slopes utilized during larval and pupal stages, and cooler slopes exploited by adults in the middle 

of flight season (Weiss et al. 1988). Likewise, Nysius groenlandicus, prefers to bask and 

reproduce in warm and dry environments correlated with south facing herb fields and prairie-like 

communities in Greenland (Böcher & Nachman 2001). For the wēkiu bug, aspect could be 

important for multiple reasons including food availability, thermal energy accumulation, and 

moisture. The high numbers of wēkiu bug captures on the south slope of Pu‘uhau‘oki in January 

provides insights as to the importance of aspect. The south aspects in January accumulated less 

snow during the December snow storm than north slopes and were the first slopes that began to 

melt (Appendix A, Figure 5) (J. Kirkpatrick, personal observation). This snow melt variability 
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likely allowed for wēkiu bugs to grow and reproduce in these no-snow areas when the sun came 

out and warmed the rocks. The rate of growth in these snow-free areas would be much quicker 

than growth rates under the snow (Appendix B, Table 9). Therefore, topographic aspect may 

provide an important habitat refuge for wēkiu bugs to continue to reproduce and grow as 

population growth on other areas of the cone is slowed. Furthermore, the different elevational 

sections of the cone (3rd most influential variable in GLMM) may also provide varying levels of 

thermal energy or moisture. For example, the top elevation sections of the cone (Figure 9) could 

potentially experience warmer temperatures throughout the day than intermediate and base 

sections of the cone because the top of the cone does not experience daily shading to the same 

extent as other sections of the cone (Schorghofer et al. 2017).  

These results supplement Stephenson et al.’s (2017) study that found mineral type to be 

an important factor in wēkiu bug presence. Our results may differ from their study because 1) we 

used a buffered random sampling design instead of historical transect sampling data, 2) 

abundance data was used instead of presence data, 3) our study was conducted over a much 

shorter time frame and included a seasonal component whereas their study used long-term data 

collected from spring and summer months, 4) we had a smaller sample size (n=209), 5) we used 

categorical descriptions of aspects NE, NW, SW and SE instead of continuous variables of 

Northing and Easting, 6) we used a GLMM instead of a MaxEnt model, and 7) our model only 

included 1 cinder cone, whereas their study used data from multiple cinder cones and glacial 

substrates between cinder cones across the summit. Although our model did not suggest that 

mineral type was an influential factor on wēkiu bug abundance in our study, mineral type 

remains an important habitat criterion for wēkiu bugs that should be further investigated.  
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The main strength of our GLMM is that the data were obtained using a buffered random 

sample design that better represented wēkiu bug habitat (various aspects, slopes, mineral types) 

and reduced biases associated with transect data. In addition, we simultaneously assessed 

multiple habitat factors in the model to determine the relative strength of each factor on wēkiu 

bug abundance. Lastly, the use of abundance data which accounts for the number of individuals 

captured in each habitat variable, strengthens our understanding of the importance of 

environmental factors explored. If only presence data were used (Stephenson et al. 2017), habitat 

variables associated with traps that only captured 1 male wēkiu bug (this was the case in many 

traps) would include that particular habitat variable as equally important to a trap with hundreds 

of bugs. A weakness in the GLMM is that our data were only from one cinder cone and for a 1-

year sampling duration, which does not reflect long-term population patterns. Another weakness 

is in our survey design which did not allow for multiple replicates amongst the various mineral 

types, aspects, and elevation cone sections given the unequal percent cover of each of these 

variables within the individual cinder cone (Appendix A, Table 1). For example, only 4 traps 

were placed on the bottom elevation section of the slope, and none of these traps were placed in 

the SW aspect however, traps were placed at the intermediate and top sections of the cone in the 

SW aspect (Table 2). This is due to the fact that S.VLBA data could not be included in the model 

because very few bugs were captured throughout the study and a minimum number of positive 

observations are required for confident results. Therefore, we cannot be as confident in 

predictions made on the bottom elevation sections and SW bottom sections of the cinder cone as 

we are in other aspects and sections of the cone.  

Given the parameter estimates from the GLMM, the northeast aspect on the top elevation 

section of the cinder cone were predicted to capture the highest number of wēkiu bugs and the 
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southwest intermediate and bottom sections of the cone were predicted to capture the lowest 

number of bugs at any time throughout the year (Figure 18). These results confirm findings by 

Porter & Englund (2006) that also found wēkiu bugs to be concentrated on the north slopes, and 

studies by Polhemus (2001) and Englund et al. (2002) that found more wēkiu bugs on and near 

crater rims (within ~ 50 m of the rim) of cinder cones. Additionally, studies have hypothesized 

that wēkiu bugs are concentrated in areas where snowpack remains and in areas with increased 

bug fall (aeolian debris) (Englund et al. 2002; Porter & Englund 2006). Specifically, Eaton’s 

(2011) overall snow and insect bug-fall model suggests that ridges and crests of cones 

accumulate more moisture and nutrients than other areas on the cone. Our model agrees with 

these hypotheses and Eaton’s (2011) model, as our results indicate that bugs were more 

concentrated at top elevation section of the cone than at the base (Figure 18). But, when 

specifically looking at the snow model for Pu‘uhau‘oki it suggests that more snow accumulates 

on the south slopes than on the north slopes. This was not consistent with our observations as 

snowpack remained for a longer duration on the north slope than on the south slopes during the 

December snow event and more wēkiu bugs were found on the north slopes throughout our study 

(Figures 18 & 10d). However, climate studies have also displayed the greatest variability in snow 

and bug fall on this cinder cone (Eaton 2011) and Da Silva (2012) suggested that there is always 

a chance for storms to approach from directions other than the south. This variability in snow 

and nutrient accumulation and storm direction makes it difficult to assess and be confident in 

wēkiu bug population patterns over the long-term, as much of the data on snow, nutrients, and 

wēkiu bugs have been conducted over short time frames.  

From Objective 2 we learned that 1) wēkiu bug abundance was strongly influenced by 

sample period, topographic aspect, and cone elevation section, 2) different cinder cone aspects 
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may provide a habitat refuge for the wēkiu bug during snow events indicating that the contiguous 

cinder cone habitat is important for the wēkiu bug, and 3) more wēkiu bugs were captured on the 

northeast top elevation section of Pu‘uhau‘oki than all other cinder cone sections and aspects. 

 

OBJECTIVE 3: DESCRIBE CINDER CONE THERMAL HABITAT CONDITIONS 

Generally, S.VLBA recorded warmer minimum temperatures for the ash, middle, and 

surface layers than Pu‘uhau‘oki with most months resulting in statistically significant warmer 

temperatures on the lower elevation S.VLBA cinder cone (Figure 19). This finding was expected 

as S.VLBA is approximately 400 m lower in elevation than Pu‘uhau‘oki (Chapman 2002). A 

compelling find is that the minimum ash layer temperatures for all months and both cinder cones 

rarely dropped below freezing (Figure 19a, Appendix B, Figures 21 & 22, Tables 4 & 5) even 

though ash layer temperature sensors were placed at various depths (Table 1). This suggests that 

the ash layer has specific thermal properties (i.e. compactness, small grain size) that insulates 

against the freezing process by providing a warmer microclimate for the wēkiu bug when surface 

and middle layers reach freezing temperatures.   

Monthly maximum ash layer temperatures displayed more variability between cinder 

cones than the mid-layer and surface substrate temperatures (Figure 19). This variability could be 

a function of ash depth or surficial minerology which could influence differences in thermal 

heating and cooling (Jain 2013). Monthly maximum rock tephra surface and middle layer 

temperatures were similar between all sample months except in June of 2017 when S.VLBA 

recorded significantly warmer middle layer temperatures than Pu‘uhau‘oki, and in August when 

Pu‘uhau‘oki recorded significantly warmer surface temperatures than S.VLBA (Figure 19). 
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These results suggest that similar maximum monthly temperatures for the middle layer and 

surface substrates occur on both cinder cones, thus providing similar temperature conditions for 

wēkiu bug growth (Appendix B, Table 9).  

When examining the records of individual temperature data logger sites on cinder cones, 

thermal conditions within a site were variable in depth (tephra layer) and conditions between 

sites were variable through time (Appendix B, Figures 15-22 & Tables 6-8). Sites that were on 

the same topographic aspect and or in the same mineral type were not always similar in 

temperatures (Appendix B, Figures 15-20). This shows that during normal weather conditions 

(no snow on the ground), a wēkiu bug can find any temperature it prefers or requires by walking 

short distances between or within rock tephra spaces. The high variability in maximum 

temperatures and minimum temperatures at each site is likely a function of cinder characteristics, 

data logger sensor depths, ash layer depths, and substrate unevenness (i.e. depressions versus 

elevated areas receiving different intensities of solar energy inputs and shading). The variable 

temperatures and total DD accumulations (Appendix B, Tables 9 & 10) at each site helps to 

explain the high variability in wēkiu bug abundance within cinder cones (Englund et al. 2002-

2012; Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015). Differences in DD 

accumulations throughout the available habitat supports different rates of wēkiu bug growth 

leading to demographic proportion differences and abundances observed through time. 

The degree day energy accumulation analysis found that the north and south slopes 

accumulated similar DD in many months except in June of 2016 when the north slope 

accumulated significantly more DD than the south slopes, and in October when this pattern 

switched, and significantly more DD were accrued on the south slopes than on the north slopes 

(Figure 20). The high numbers of bugs captured on the south slopes in January could be 
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influenced by the significantly greater number of DD that were accumulated in October which 

increased the rate of growth in no-snow areas on the south slopes during the winter season 

(Eiben & Rubinoff 2014). Although not statistically significant, more DD were also accumulated 

on the south slopes in April suggesting that the south slope supports faster growth for bugs in 

spring months. Furthermore, June of 2017 accumulated 10-20 more DD over the 14-day period 

than all other months (Figure 20, Appendix B, Table 9) potentially supporting the development of 

a full extra nymphal instar stage during this time period (Eiben & Rubinoff 2014). It’s important 

to point out that the two sets of temperature data loggers on the south and north slopes 

accumulated different numbers of DD (Appendix B, Figures 9 & 10) but were averaged for this 

analysis. This suggests extreme variability in DD within a single aspect which could be a 

function of surficial mineral type and or cinder size, as data logger sites on the same slope 

included both hematite and glassy volcanic minerals and various cinder sizes. Additionally, the 

various depths to the ash layer likely influences DD and moisture availability throughout the 

habitat and year. It would be valuable to also analyze relative humidity on the north and south 

slopes to see how that differs throughout the year. Given the relationship between temperature 

and relative humidity, I would predict that the slopes that accumulate more DD contain less 

moisture (have increased rates of evaporation) than slopes that accumulate less DD.  

From Objective 3 we learned that 1) the lower elevation cinder cone experiences warmer 

temperatures throughout the year than the upper elevation cinder cone, 2) the ash layer rarely 

freezes, 3) various thermal conditions exist within a wēkiu bug’s habitat space, and 4) degree day 

accumulations on the north and south slopes display seasonal variability, with the south slopes 

accumulating more DD in the fall and spring, likely due to the angle of the sun between seasons.



 

61 
 

MANAGEMENT RECOMMENDATIONS 
 

We recommend that wēkiu bug conservation and habitat restoration efforts begin as soon 

as practical because although wēkiu bug populations appear to be stable, restoration studies for 

other animals have shown that habitat restoration efforts should be initiated before populations 

begin to decline because once population decline is recognized, it may be too late for species 

recovery (Schrott et al. 2005). Insect species most affected by fragmented habitats include those 

that are specialized, display high variability in population density, and exhibit low dispersal 

behaviors (Tscharntke et al. 2002). All these characteristics are exhibited by the wēkiu bug. 

Insects typically require less habitat for long-term population stability than vertebrates (New 

2012a). However, habitat connectivity and associated metapopulation dynamics are also 

important for the long-term existence of insect species, as small populations are extirpated and 

re-established multiple times throughout the habitat (Hanski & Singer 2011). Wēkiu bug 

populations generally show a consistent pattern of aggregation (Table 4) with variable densities 

of bugs in different areas of a cinder cone habitat throughout the year indicating that the 

connected cinder cone habitat is important for this species. Similar to insect metapopulation 

models where species are absent in some habitat areas and present in others (stochastic 

extinction), these spatial patterns are recognized as a long-term strategy for species persistence 

(Hanski 1998). Although wēkiu bug monitoring efforts began years to decades after habitat 

disturbances occurred, wēkiu bug surveys over the past 16 years show no declining population 

trend in previously altered cinder cone habitats at the summit (Englund et al. 2002-2012; 

USFWS 2011; Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015; this study).  
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CONSERVATION AND HABITAT RESTORATION 

We recommend that conservation efforts focus on the preservation and protection of 

existing cinder cone habitats with the goal of eliminating further modifications or disturbances to 

cinder cones. The results from our study suggests that contiguous cinder cone habitat with 

connected microhabitats and microclimates allows for wēkiu bug movement within and between 

microhabitats and microclimates and can support metapopulation dynamics needed for wēkiu 

bugs to persist. Preserving and enhancing connectivity of contiguous cinder cone habitats on a 

scale relevant to the wēkiu bug should be a goal in habitat restoration and conservation activities. 

The Mauna Kea Comprehensive Management Plan (MKCMP 2009) and other plans like the 

Maunakea Invasive Species Management Plan (Vanderwoude et al. 2015) already have 

guidelines in place with the goal of eliminating further habitat modifications or disturbances to 

cinder cone habitats. The continued implementation of these management plans supports the 

preservation and protection of cinder cone habitats for wēkiu bug persistence.  

Although our study did not directly examine how to implement habitat restoration 

activities, we recommend that initial restoration efforts add cinder from the same cinder cone 

region to the proposed habitat area to provide interstitial tephra substrates for wēkiu bugs to 

thermoregulate, forage, and reproduce. On Pu‘uhau‘oki, cinders were excavated and replaced 

during the construction of the Subaru and Keck observatories in the 1990s (SRGII 2009). Today 

however, this cinder cone supports high densities of wēkiu bugs in previously disturbed areas 

around observatory facilities (where cinders were moved and redeposited) without explicit 

habitat restoration efforts (Figure 9). Furthermore, we observed an ash layer under tephra cinders 

in previously disturbed cinder substrates. This observation indicates that disturbed cinder 

substrates can self-sort over time, creating similar cinder microhabitats to that of non-disturbed 
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substrates. Recolonization of wēkiu bug populations into these previously disturbed areas also 

suggests that wēkiu bugs are resilient and adaptable to habitat changes (such as substrate 

disturbance and climate change) when suitable microhabitats are available.  

 

WĒKIU BUG MONITORING  

We recommend that annual summertime wēkiu bug population sampling continue and be 

augmented when possible with additional sampling emphasis on warm sunny days (when bugs 

are active) after both snow and drought events. Sampling after major weather events can help to 

assess climate influences on population growth and fill data gaps pertaining to weather events 

and wēkiu bug abundance. To obtain a more accurate representation of aggregated wēkiu bug 

populations, these monitoring efforts should include random or stratified-random sampling 

sufficient to characterize the wēkiu bug’s spatial distribution. This type of sampling would 

include trap sites on the northeast, northwest, southwest, and southeast aspects and at different 

elevation sections (top, intermediate, base) of cinder cones. If documenting wēkiu bug 

population trends is a management priority, we recommend intense sampling of fewer cinder 

cones rather than fewer sample points on more cinder cones. Increasing trap intensity on cinder 

cones can be used to give a more informative view of population status to track between years 

and cinder cones. The negative impacts from more frequent, intense sampling efforts on cinder 

cone habitats are unknown, and need to be considered when increasing sample effort, as walking 

trails may become apparent. Furthermore, we recommend comparison of transect sampling to 

random sampling within a cinder cone and between cinder cone habitats. If robust association of 

the catch effectiveness between random versus transect sample design can be established, wēkiu 
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bug populations could be more accurately modeled with transect sampling, and the unintended 

impacts from foot traffic associated with intense random sampling may not be necessary.  

 

CLIMATE CHANGE  

We recommend that the uppermost cinder cones in the Alpine Stone Desert be protected 

as potential refugia. Climate change models predict that by the end of the 21st century snowfall 

on the summits of Maunakea and Maunaloa volcanos will be a thing of the past (Zhang et al. 

2017). The loss of snow could influence long-term moisture availability across cinder cone 

habitats affecting insect survivorship and development (Buxton 1932). Hawaiian volcano 

summits are also predicted to warm and receive less precipitation with climate change 

(Giambelluca et al. 2008). Warmer temperatures can allow for invasive species to move up in 

elevation range and become established in the Alpine Stone Desert. Additionally, warmer 

temperatures can affect wēkiu bug prey availability as cold temperatures are needed to subdue 

the insects prey before it can be consumed. Lower elevation cinder cones within the wēkiu bugs’ 

habitat range already experience warmer minimum surface temperatures (Figure 19) and display 

lower abundances of wēkiu bugs over the last 10 years than higher elevation cinder cones 

(Englund et al. 2002-2012; Preston et al. 2012 and 2013; Kirkpatrick & Klasner 2015). This 

indicates that low elevation cinder cones will be the first habitats to experience wēkiu bug 

population extinctions. However, low elevation cinder cones could potentially become 

increasingly important habitat for other native species (such as predator species that do not 

require cold temperatures to subdue prey) in the Alpine Stone Desert.  
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CONCLUSION  

Using a buffered random sample design with baited pitfall traps on two cinder cones, we 

described wēkiu bug demography, distributions, abundance, and thermal conditions in wēkiu bug 

habitat to make recommendations that benefit habitat restoration efforts and the continued 

protection and conservation of the wēkiu bug. From this study, we learned that 1) wēkiu bug 

distributions are spatially aggregated, 2) wēkiu bug abundance is variable within and between 

cinder cones throughout a year, 3) higher densities of wēkiu bugs were found at the high 

elevation cinder cone compared to the low elevation cinder cone, 4) generally, the highest 

densities of wēkiu bugs were found on the northeast and top elevation sections of a cinder cone, 

5) variables most influential on wēkiu bug abundance include sample month, cinder cone aspect, 

and elevation section of a cinder cone, 6) wēkiu bug growth, reproduction, and foraging occurs 

throughout the entire year with no evidence to support seasonal reproductive or developmental 

diapause or migration, 7) the connectivity of contiguous thermal microhabitats and conditions 

found throughout the cinder cone aspects is important for the continued long-term existence of 

the species to protect against cold or otherwise harsh weather events, 8) ash layer temperatures 

rarely freeze throughout the year providing a thermal buffer for bugs, while surface and mid 

substrate layers regularly freeze, 9) similar maximum substrate temperatures occur on both 

cinder cones (high elevation and low elevation) indicating similar potential rates of bug growth, 

yet accumulation of DD differ between cinder cone aspects, and 10) the low elevation cinder 

cone (3,700 m) experiences warmer minimum surface temperatures than the high elevation cone 

(4,100 m) throughout the year.  

Although we have added to our understanding of how wēkiu bug populations grow and 

persist within their specialized habitats, knowledge gaps remain. We demonstrated that wēkiu 
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bug populations are aggregated but the attraction distance of a single trap is unknown. The 

attraction distance of a trap would be useful for identifying the appropriate distances between 

traps and the numbers of traps per unit area needed to estimate wēkiu bug population densities to 

track population growth and decline over the long-term. It is unclear how long wēkiu bugs can 

survive under the snow, or whether long-term snow duration events cause high mortality. A 

better understanding of the response to snow, climatic extremes, and other potential changes in 

climate (such as ENSO) can help to identify causes and changes in observed population density 

and age structures over the long-term. Furthermore, moisture availability throughout cinder cone 

microhabitats have not been described and relative humidity requirements for the wēkiu bug are 

unknown, aside from singular daily mist events when reared in the lab (Eiben & Rubinoff 2010 

and 2014) making it difficult to link relative humidity to wēkiu bug abundance and distributions. 

The effects of predation on wēkiu bug populations remains unexplored and studying the effects 

of species interactions within cinder cone habitats can benefit our overall understanding of wēkiu 

bug population competition pressures through time. Lastly, our results do not reflect long-term 

wēkiu bug population patterns nor do they directly investigate long-term thermal conditions on 

cinder cones. Conducting this same study during another time period could yield different 

results. However, we think that even if the spatial pattern of wēkiu bug populations change 

within cinder cone habitats, the differing topographic aspects remain important to the bugs 

persistence. Furthermore, our temperature data shows an overall relationship in maximum 

growth rates derived from temperatures on a low and a high elevation cinder cone within the 

insects’ habitat range. 

Given the results from all wēkiu bug studies thus far, overall habitat characteristics for 

the wēkiu bug include: cinder cone aspect, cinder cone elevation section, rock tephra layers, 
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tephra particle size, and mineral type. These habitat characteristics may interact differently with 

environmental factors suggested to influence wēkiu bugs; such as cinder cone aspect which 

influences snowpack, nutrient and moisture availability (Eaton 2011), and thermal accumulations 

of energy during certain times of the year (this study). Providing a diverse suite of these habitat 

characteristics that are naturally found throughout contiguous cinder cone habitats can provide 

the wēkiu bug with the habitat needed for the species to persist in a changing environment.  
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APPENDIX A- DATA COLLECTION DETAILS 
 
FIELD SITES 

Pu‘uhau‘oki is a relatively large cinder cone (~103 acres) that is part of the Kūkahau‘ula 

cinder cone complex and is classified as core wēkiu bug habitat (Appendix A, Figure 1). This 

cinder cone complex once formed a nunatak4 during the last glacial maximum (Porter & Englund 

2006). The split between these cinder cones in the Kūkahau‘ula cinder cone complex is observed 

by the abrupt transition in mineral types (Appendix A, Figures 2 & 3). Pu‘uhau‘oki’s summit sits 

at ~4,150 m and its steep slopes (15˚-30˚+) are mainly comprised of hematite, glassy volcanic, 

and Fe2 mineral types. There are also small patchy areas of amorphous, goethite, and weathered 

mineral types near the base of the cone at ~4,000 m (Stephenson et al. 2017). The cone has been 

modified (approximately 10 m of the summit was shaved off and filled into the crater) for the 

construction of observatories and few to none of the original cinder surfaces at the cones crest 

are visible today (Porter & Englund 2006). Currently, two observatory structures are at the 

summit of Pu‘uhau‘oki; Subaru Observatory, and Keck Observatories (2 domes), with a road that 

wraps around the northern base of the cone and a road that cuts into the west and north slope and 

extends to the cones summit and crest (Appendix A, Figure 1).  

                                                            
4 Nunatak is a hill or mountain isolated by glacial ice (Nunatak 2017).  
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Appendix Figure 1: Google Earth view of Pu‘uhau‘oki. Pu‘uhau‘oki is the cinder cone farthest left on the map and is 
part of the Kūkahau‘ula cinder cone complex that extends south eastward.  

 

 

 

Appendix Figure 2: Photo of Pu‘uhau‘oki taken from the north slope looking east towards IRTF observatory. A 
clear distinction between hematite minerals (lighter red), glassy volcanic (darkest mineral), Fe2 minerals (at the very 
top in dark red), and amorphous (yellow- grey). Also, cinder cast-off from road construction is visible. 

 

Subaru Observatory 

Keck Observatories 

IRTF Observatory 
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Appendix Figure 3: Photo of Pu‘uhau‘oki taken from the south slope looking northwest towards Subaru and Keck 
observatories. An abrupt transition between hematite minerals (in red), and amorphous (grey) can be observed. This 
area is also referred to as “poi bowl” because a mix of minerals and cinder cones come together forming a bowl 
shape.  

 

South VLBA is a smaller cinder cone (~76 acres) that sits at the lower glacial limit of the 

last glaciation event (Makanaka glaciation, ~15,000 years ago), and rocks features on this cinder 

cone suggests that during this glaciation event, the top and southeast crest of the cone were free 

of ice and the eastern and western flanks funneled ice to the lower grounds upslope (Porter & 

Englund 2006) (Appendix A, Figure 4). The summit of the cone sits at ~3,800 m and the crater of 

the cone is breached with blocky lava outcrops (Howarth et al. 1999). Its steep slopes (15˚-30˚+) 

are mainly comprised of glassy volcanic and hematite minerals with small patchy areas of 

amorphous, Fe2, goethite, and weathered mineral types near the base of the cone at ~3,650 m 

(Stephenson et al. 2017) (Appendix A, Figures 6 & 7). The VLBA facility and roadway is ~100 

m from the cones base, and the cone itself has not been modified by construction (Appendix A, 
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Figures 4 & 5). Furthermore, two State of Hawai‘i Historic Properties have been documented on 

the northeast summit slope of this cinder cone (PCSI 2009).  

 

Appendix Figure 4: Google Earth view of south VLBA. S.VLBA is the cinder cone located to the south of VLBA 
facility. The cinder cone to the north of VLBA facility referred to as Pu‘ulilinoe iki. 

 

VLBA Facility 
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Appendix Figure 5: Photo of the north slope of S.VLBA taken from the summit of Pu‘ulilinoe iki. 

 

 

 

Appendix Figure 6: Photo of the southwest slope of S.VLBA. 
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Appendix Figure 7: Photo of S.VLBA’s base on the western flank looking north towards Pu‘ulilinoe iki and 
Pu‘ulilinoe (the cone behind and to the right). A clear distinction between hematite (red) and weathered (grey) 
minerals can be observed; this boundary also delineates where the ice from the glacier was funneled upslope (Porter 
& Englund 2006).  

 

 

WĒKIU BUG SAMPLING AND TRAP DESIGN 

A 10 m digital elevation model (DEM) was obtained from the National Oceanic and 

Atmospheric Administration (Department of Commerce 2007), and a 1 m and 10 m resolution of 

surficial minerology was obtained from Stephenson et al. (2017). Aspect and slope layers were 

extracted from the 1 and 10 m DEM and were used to identify habitat categories associated with 

each trap site.  

Clear plastic 12 oz. cups were modified to create live baited pitfall traps. Each trap was 

made of two cups; the bottom cup served as a water reservoir and contained a wick that extended 

into the capture (top) cup. Bottom cups were washed and reused throughout the course of the 

study. Traps were placed as close to the GPS coordinate as the unit could achieve (~8 m 
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accuracy or better). A hand trowel was used to dig a hole in the determined trap location and was 

set about 17 cm (~7 inches) deep in the cinder substrate so that the rim of the cups was just 

below the substrates surface. Once set in the cinder, about 2.5 cl of water was poured into the 

bottom cup and the top cup was inserted and checked for moisture transfer into the top cup. A 

few rocks about 1.5 cm in size were placed in the traps for arthropod shelter and a dollop of 

canned tuna was smeared around the inside of the cup and on the underside of the caprock5. Each 

trap site was marked with a pin flag and all trap materials were removed after 3 or 4 days. Prior 

to fieldwork, traps were assembled and organized, trap site coordinates were uploaded to a 

Garmin GPS 64s unit and datasheets printed. Field maps with predetermined routes to our trap 

sites determined in coordination with OMKM were created and printed before each field trip.  

 

 

 

 

 

 

 

 

 

                                                            
5 A caprock is a rock that is placed overtop the trap for insulation, shade, and helps keep out precipitation. 
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Appendix Table 1: The percent cover and number of traps randomly placed for each mineral type, aspect, and slope 
within each cinder cone. The number of traps in mineral type and aspect was derived from the 10 m resolution 
layers, and the number of traps in slope categories was derived from the 1 m resolution slope layer. The percent 
cover was calculated by dividing the area for each habitat category by the total area of the cinder cone multiplied by 
100. *The last row displays the total area for each cone in square meters. 

Habitat 
Category 

South VLBA Pu‘uhau‘oki 
Percent 
cover % 

# of 
Traps 

Percent 
cover % 

# of 
Traps 

Mineral Type (10m)     
Hematite 28% 10 53% 29 

Glassy Volcanic 38% 10 11% 4 
Goethite 6% 1 8% 1 

Amorphous 13% 4 10% 2 
Fe2 9% 5 18% 4 

Weathered 5% 0 <1% 0 
Aspect (10m)     

North 9% 6 18% 10 
NorthE 4% 1 14% 1 

East 7% 2 4% 2 
SouthE 18% 2 6% 2 

South 27% 11 12% 7 
SouthW 24% 8 11% 3 

West 6% 0 14% 9 
NorthW 6% 0 21% 6 

Slope (1m)     
0-3 1% 1 5% 2 
3-6 4% 1 7% 5 
6-9 6% 1 8% 2 

9-12 8% 2 8% 4 
12-15 10% 5 8% 1 
15-20 23% 5 19% 8 
20-30 44% 13 41% 17 

30+ 4% 2 5% 1 
*Total Area (sq. m) 305,626 415,699 

 

 

CINDER CONE THERMAL HABITAT SAMPLING DESIGN 

To reduce visual impacts, the logger and its wires were buried under the cinder surface. 

However, one sensor at end of the wire at each site was exposed on the substrate surface to 

record surface conditions. Flagging tape was tied around rocks and placed on top of the buried 

loggers for ease of finding (Appendix A, Figure 8). At each logger site the date, time, and depth 
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of the sensor was recorded on the datasheet. As with the traps, the loggers were placed in the 

appropriate habitat types. When loggers were retrieved, the date and time was recorded, and once 

out of the field, loggers were stopped and the data downloaded and exported into the statistical 

program R (R Core Team 2017) for analysis.  

 

Appendix Figure 8: Photo of temperature data loggers at placement. Pink flagging helped us to locate the buried data 
logger.  
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APPENDIX B- ADDITIONAL DATA ANALYSES 

OBJECTIVE 1: ASSESS WĒKIU BUG ABUNDANCE, DISTRIBUTION, AND DEMOGRAPHY 

Appendix Table 2: Mean proportions (±SD) of wēkiu bug age structures and sexes captured by sample month on 
Pu‘uhau‘oki. Factors described in the table includes adults (males, females and pairs), immatures (1st – 5th instars), 
adults that were males (Males, pairs included in calculation), adults that were females (Females, pairs included in 
calculation), adults that were mating (Mating pairs), and each immature stage (1st instar,…5th instar).  

 
2016  
JUNE 

2016 
AUGUST 

2016 
OCTOBER 

2017 
JANUARY 

2017  
APRIL 

2017  
JUNE 

 Mean (±SD) Mean (±SD) Mean(±SD) Mean (±SD) Mean (±SD) Mean (±SD) 
Adults 0.73 (0.36) 0.67 (0.34) 0.77 (0.35) 0.58 (0.18) 0.98 (0.07) 0.70 (0.28) 
Immatures 0.27 (0.36) 0.33 (0.34) 0.23 (0.35) 0.42 (0.18) 0.02 (0.07) 0.3 (0.28) 
Males 0.78 (0.33) 0.42 (0.25) 0.33 (0.36) 0.64 (0.17) 0.75 (0.31) 0.65 (0.23) 
Females 0.22 (0.33) 0.58 (0.25) 0.67 (0.36) 0.36 (0.17) 0.25 (0.31) 0.35 (0.23) 
Mating pairs 0.06 (0.16) 0.30 (0.29) 0.08 (0.18) 0.31 (0.21) 0.08 (0.18) 0.23 (0.23) 
1st instar 0 0.08 (0.22) 0.10 (0.32) 0.06 (0.07) 0 0.07 (0.14) 
2nd instar 0.07 (0.11) 0.31 (0.33) 0.14 (0.33) 0.16 (0.13) 0 0.13 (0.15) 
3rd instar 0.25 (0.20) 0.21 (0.21) 0.39 (0.46) 0.47 (0.21) 0.17 (0.29) 0.52 (0.32) 
4th instar 0.36 (0.31) 0.29 (0.25) 0.38 (0.49) 0.29 (0.29) 0.67 (0.58) 0.15 (0.20) 
5th instar 0.32 (0.29) 0.11 (0.24) 0 0.03 (0.04) 0.17 (0.29) 0.13 (0.27) 

 

 

 

Appendix Figure 9: Mean proportions (±SD) of wēkiu bug immatures that were 1st instars captured by sample month 
on Pu‘uhau‘oki. The mean rank sum of wēkiu bug 1st instar proportions did not significantly differ between sample 
months (KW chi-square= 7.7, df=5, p= 0.2).  
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Appendix Figure 10: Mean proportions (±SD) of wēkiu bug immatures that were 2nd instars captured by sample 
month on Pu‘uhau‘oki. The mean rank sum of wēkiu bug 2nd instar proportions did not significantly differ between 
sample months (KW chi-square= 10.8, df=5, p= 0.1).  

 

 

 

Appendix Figure 11: Mean proportions (±SD) of wēkiu bug immatures that were 3rd instars captured by sample 
month on Pu‘uhau‘oki. The mean rank proportion of wēkiu bug 3rd instars significantly differed between sample 
months (KW chi-square= 16.3, df=5, p=0.01). Letters above each bar indicate groups that are significantly different 
(p<0.05) from one another based on a Nemenyi post hoc analysis. 
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Appendix Figure 12: Mean proportions (±SD) of wēkiu bug immatures that were 4th instars captured by sample 
month on Pu‘uhau‘oki. The mean rank proportion of wēkiu bug 4thinstars did not significantly differ between 
sample months (KW chi-square= 7.7, df=5, p=0.2).  

 

 

 

Appendix Figure 13: Mean proportions (±SD) of wēkiu bug immatures that were 5th instars captured by sample 
month. The mean rank proportion of wēkiu bug 5th instars significantly differed between months (KW chi-square= 
18.2, df=5, p= 0.002). Letters above each bar indicate groups that are significantly different (p<0.05) from one 
another based on a Nemenyi post hoc analysis.  
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OBJECTIVE 2: TEST WĒKIU BUG HABITAT ASSOCIATIONS 

For the GLMM model input, cinder cone was divided into 3 elevation sections (top, mid 

and base of cone) using the 10 m DEM layer and a 1 m slope layer in ArcMap. Cone elevation 

section was included in our model because previous studies have suggested that the greatest 

numbers of wēkiu bugs are captured within 50 m elevation of the cinder cones crest (Polhemus 

2001; Englund et al. 2002). The “top” of the cone was defined as the area 35 m below (4113 m) 

the highest elevation (~4148 m) on the cinder cone. Thirty five meters was selected to better 

represent the top elevation section of the cone (if 50 m was used, the “top section” of the south 

slope would be halfway down the cone). The “base” was defined as areas that have slope values 

less than 7o and below 4,113 m elevation, and the “intermediate” section was defined as areas 

with slopes > 7 o and elevations <4,113 m (Figure 9).  

 

 

Appendix Figure 14: Total number of bugs captured for each aspect and cone elevation section. Cone aspect is 
ordered in a clockwise direction from Northwest to Southwest. Bar colors represent three elevation sections of the 
cone; green is the “top”, yellow is the “intermediate”, and red is the “base”. These capture values were the basis for 
the GLMM analysis.  
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Appendix Table 3: Predicted median values and associated interquartile ranges of wēkiu bug capture abundances for 
each variable based on parameter estimates from the GLMM. 

VARIABLES 
EVALUATED 

Variable 
groups 

Predicted  
Median 

Interquartile 
Range 

ASPECT 

Northeast 17.41 29.75 
Northwest 8.53 17.09 
Southeast 1.90 4.56 
Southwest 1.66 3.72 

CONE 
ELEVATION 

SECTION 

Base 3.26 7.91 
Intermediate 5.34 10.92 

Top 14.29 17.40 
 

 

OBJECTIVE 3: DESCRIBE CINDER CONE THERMAL HABITAT CONDITIONS 

Appendix Table 4: Mean monthly maximum (±SD) and mean monthly minimum (±SD) temperatures (Co) by cinder 
cone and substrate layer. All monthly means were derived over a 14-day period except for *January where the mean 
was calculated for a 9-day period. S.VLBA values are displayed as VLBA-Ash, Mid, and Surface and are lightly 
shaded. Pu‘uhau‘oki values are displayed as OKI-Ash, Mid, and Surface. NA represents cinder cone substrate layers 
where loggers were not placed.  

CONE & 
LAYER JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 

VLBA-ASH 
27.1 ±10.0 

1.0 ±2.2 

25.6 ±7.9 

2.2 ±1.4 

20.5 ±7.3 

1.3 ±1.7 

12.8 ±9.7 

-1.8 ±1.8 

21.6 ±6.0 

0.6 ±1.1 

36.9 ±4.0 

1.5 ±1.5 

OKI-ASH 
26.9 ±11.7 

0.1 ±2.3 

20.7 ±5.2 

1.7 ±0.8 

15.4 ±5.0 

0.4 ±1.0 
NA 

20.1 ±6.8 

-0.3 ±1.2 

25.5 ±3.4 

2.7 ±1.3 

VLBA-MID 
33.0 ±7.9 

-1.1 ±1.3 

33.5 ±10.7 

-0.4 ±1.9 

27.7 ±10.8 

-0.7 ±1.3 

19.4 ±13.5 

-4.0 ±1.8 

30.2 ±6.2 

-2.4 ±1.7 

38.3 ±4.2 

-0.3 ±1.9 

OKI-MID 
35.6 ±8.9 

-2.7 ±1.3 

34.6 ±5.4 

-2.4 ±1.2 

26.2 ±8.8 

-1.7 ±1.5 
NA 

32.4 ±7.5 

-5.0 ±2.1 

36.1 ±3.8 

-0.6 ±2.0 

VLBA-SURF 
38.3 ±7.6 

-3.3 ±1.4 

33.9 ±6.5 

-2.7 ±1.6 

35.4 ±6.8 

-2.7 ±1.9 

23.7 ±14.9 

-5.6 ±2.0 

36.6 ±6.7 

-6.2 ±2.5 

42.6 ±4.1 

-3.8 ±2.1 

OKI-SURF 
36.7 ±9.0 

-5.2 ±1.4 

37.3 ±4.7 

-4.0 ± 1.5 

34.4 ±6.1 

-4.2 ±2.0 
NA 

37.5 ±5.8 

-8.5 ±2.3 

43.6 ±4.3 

-6.2 ±2.4 
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Further comparisons were made between the daily minimum and maximum temperatures 

(over the 14-day period) for each substrate layer 1) between sites and, 2) within sites for each 

month using Kruskal-Wallis and Nemenyi post-hoc tests. The PMCMR package was used to 

perform Nemenyi tests in R (Pohlert 2014) and the ‘multcompView’ package was used to obtain 

post-hoc letters (Graves et al. 2015).  
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Appendix Table 5: Mean (± SD) monthly temperature maximums (max) and minimums (min) for ash, middle and surface substrates by site. All monthly means 
were derived over a 14-day period except for *January where the mean was calculated for a 9-day period (See Table 3 for the 14- day logger schedule). Max 
values are lightly shaded. NA represents sites where loggers were not placed.  

  
JUNE 2016 AUGUST OCTOBER *JANUARY APRIL JUNE 2017 

SITE 
 

Ash Mid Surf Ash Mid Surf Ash Mid Surf Ash Mid Surf Ash Mid Surf Ash Mid Surf 

VLBA05 

Max 34.6 
(6.3) 

40.7 
(6.3) 

40.3 
(6.6) 

30.5 
(9.3) 

36.7 
(9.8) 

34.7 
(8.8) 

21.4 
(2.2) 

42.3 
(3.2) 

40.2 
(1.9) 

17.9 
(5.0) 

25.2 
(7.1) 

35.4 
(7.0) 

21.9 
(3.8) 

27.5 
(4.1) 

35.4 
(4.6) 

40.6 
(3.3) 

34.3 
(3.6) 

40.3 
(2.5) 

Min -0.7 
(1.1) 

-2.1 
(1.2) 

-2.8 
(1.1) 

2.0 
(1.0) 

-0.9 
(0.9) 

-1.7 
(0.9) 

3.7 
(0.9) 

-0.7 
(1.2) 

-2.1 
(1.4) 

-0.3 
(1.1) 

-2.7 
(1.8) 

-5.3 
(2.3) 

0.9 
(1.1) 

-2.3 
(1.9) 

-4.9 
(2.4) 

1.6 
(1.4) 

0.1 
(1.5) 

-2.4 
(1.6) 

VLBA10 

Max 33.1 
(8.7) 

29.6 
(7.2) 

34.7 
(7.4) 

19.0 
(2.4) 

20.1 
(3.4) 

31.3 
(3.0) 

11.6 
(2.2) 

16.4 
(2.5) 

26.0 
(3.7) 

0.2 
(0.9) 

3.7 
(4.4) 

2.8 
(3.6) 

13.9 
(2.0) 

26.2 
(4.3) 

33.4 
(5.5) 

33.4 
(2.6) 

38.0 
(2.9) 

40.1 
(3.4) 

Min -0.6 
(1.1) 

-1.6 
(1.0) 

-3.9 
(1.1) 

3.7 
(0.7) 

2.3 
(0.8) 

-3.2 
(2.0) 

0.6 
(0.9) 

-0.5 
(1.8) 

-3.1 
(2.5) 

-3.8 
(1.0) 

-5.8 
(1.4) 

-5.9 
(1.8) 

0.9 
(1.1) 

-2.6 
(1.6) 

-5.9 
(2.4) 

1.3 
(1.8) 

-1.3 
(2.2) 

-4.2 
(2.2) 

VLBA24 

Max 26.0 
(5.8) 

30.6 
(6.6) 

37.0 
(7.5) 

30.4 
(6.2) 

38.8 
(6.5) 

38.2 
(4.4) 

18.5 
(2.3) 

19.5 
(2.8) 

34.5 
(3.9) 

10.8 
(5.6) 

13.7 
(6.3) 

21.7 
(8.4) 

25.8 
(4.4) 

31.6 
(6.0) 

35.1 
(3.7) 

38.1 
(2.2) 

42.4 
(3.5) 

47.3 
(3.1) 

Min 1.6 
(1.4) 

-0.2 
(1.0) 

-2.4 
(1.4) 

0.8 
(1.0) 

-1.7 
(1.4) 

-3.1 
(1.7) 

0.3 
(0.7) 

-0.7 
(1.0) 

-3.3 
(2.0) 

-2.5 
(0.8) 

-3.8 
(1.0) 

-5.5 
(1.2) 

0.3 
(1.2) 

-2.8 
(1.5) 

-7.2 
(2.2) 

1.8 
(1.5) 

-0.6 
(2.0) 

-4.5 
(2.2) 

VLBA25 

Max 14.9 
(3.5) 

31.2 
(6.5) 

41.0 
(8.1) 

22.6 
(4.8) 

38.4 
(8.6) 

31.6 
(6.0) 

30.7 
(2.9) 

32.7 
(2.4) 

41.0 
(2.9) 

22.5 
(6.1) 

34.8 
(8.0) 

34.8 
(7.2) 

24.8 
(4.3) 

35.4 
(6.1) 

42.3 
(8.5) 

35.4 
(3.7) 

33.6 
(2.3) 

42.8 
(2.6) 

Min 3.9 
(1.1) 

-0.7 
(0.9) 

-3.9 
(1.2) 

2.5 
(0.9) 

-1.4 
(1.0) 

-3.0 
(1.3) 

0.8 
(1.3) 

-0.9 
(1.3) 

-2.5 
(1.4) 

-0.4 
(1.0) 

-3.8 
(1.8) 

-5.8 
(2.7) 

0.3 
(1.1) 

-2.1 
(1.8) 

-6.9 
(2.5) 

1.2 
(1.5) 

0.5 
(1.6) 

-4.1 
(1.9) 

Oki03 

Max 19.6 
(4.8) 

30.4 
(8.7) 

29.9 
(7.8) 

26.9 
(4.6) 

39.6 
(4.7) 

39.4 
(2.7) 

14.1 
(1.5) 

34.0 
(2.3) 

39.2 
(4.5) NA NA NA 16.2 

(1.9) 
36.4 
(5.6) 

40.9 
(5.4) 

21.7 
(1.6) 

37.8 
(2.3) 

43.7 
(2.3) 

Min 0.8 
(1.4) 

-3.4 
(1.1) 

-5.4 
(1.2) 

1.0 
(0.7) 

-2.7 
(1.0) 

-4.8 
(1.0) 

1.5 
(0.7) 

-2.5 
(1.6) 

-4.4 
(2.1) NA NA NA 0.8 

(1.1) 
-6.6 
(2.4) 

-9.7 
(2.8) 

3.4 
(1.3) 

-0.2 
(1.6) 

-7.0 
(2.6) 

Oki17 

Max 26.2 
(7.0) 

35.8 
(9.4) 

38.9 
(8.9) 

18.7 
(3.9) 

34.5 
(4.8) 

35.3 
(6.3) 

23.2 
(3.2) 

35.0 
(3.6) 

38.6 
(4.1) NA NA NA 27.7 

(4.5) 
32.6 
(5.7) 

40.6 
(5.4) 

26.3 
(2.8) 

37.5 
(4.3) 

44.9 
(6.9) 

Min 0.2 
(1.2) 

-3.0 
(1.3) 

-6.0 
(1.5) 

1.7 
(0.7) 

-2.5 
(1.1) 

-3.6 
(1.5) 

-0.01 
(1.0) 

-1.6 
(1.3) 

-4.5 
(1.7) NA NA NA -0.01 

(1.3) 
-3.5 
(1.8) 

-8.4 
(2.1) 

2.5 
(1.4) 

-1.9 
(2.3) 

-6.9 
(2.6) 

Oki25 

Max 43.0 
(8.9) 

34.5 
(5.5) 

37.4 
(8.8) 

20.5 
(3.6) 

33.9 
(5.0) 

34.6 
(3.5) 

12.0 
(1.0) 

16.4 
(1.8) 

27.6 
(2.3) NA NA NA 12.7 

(1.9) 
23.4 
(3.3) 

33.0 
(3.7) 

29.0 
(2.3) 

34.8 
(3.8) 

42.2 
(3.0) 

Min -2.9 
(1.5) 

-2.5 
(1.1) 

-4.9 
(1.4) 

1.5 
(0.9) 

-2.6 
(1.3) 

-3.3 
(1.8) 

-0.3 
(0.6) 

-1.6 
(1.6) 

-4.3 
(2.3) NA NA NA -0.9 

(0.5) 
-5.4 
(1.7) 

-8.1 
(2.1) 

2.3 
(1.6) 

-0.6 
(1.9) 

-6.0 
(2.0) 

Oki34 

Max 19.0 
(4.6) 

41.8 
(8.1) 

40.6 
(7.2) 

16.7 
(2.0) 

30.4 
(2.7) 

40.1 
(2.9) 

12.4 
(1.2) 

19.4 
(1.5) 

32.2 
(3.8) NA NA NA 23.9 

(3.8) 
37.1 
(5.8) 

35.5 
(4.5) 

25.1 
(2.1) 

34.3 
(3.6) 

43.6 
(3.4) 

Min 2.1 
(1.6) 

-1.9 
(1.2) 

-4.7 
(1.3) 

2.5 
(0.4) 

-1.7 
(1.3) 

-4.1 
(1.3) 

0.6 
(0.6) 

-1.3 
(1.3) 

-3.7 
(2.2) NA NA NA -1.1 

(0.5) 
-4.5 
(1.4) 

-8.0 
(2.2) 

2.8 
(0.8) 

0.4 
(1.6) 

-4.9 
(1.9) 
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Between Cinder Cone Sites 

Appendix Table 6: Nemenyi post hoc results for between site Kruskal Wallis comparisons of mean monthly 
maximum (max) and minimum (min) temperatures for the ash layer (Appendix Table 6A) mid-layer (Appendix Table 
6B), and surface substrates (Appendix Table 6C) for each sample month. The letters associated with each site 
(VLBA05-Oki34) indicate sites that are significantly different (p<0.05) from one another for that sample month and 
temp (Max or Min) based on the Nemenyi post hoc analysis. Kruskal Wallis Chi- square values (KW Chi2), degrees 
of freedom (KW df), and p-values (KW p-value) are also displayed for each sample month and temperature. All 
monthly means were derived over a 14-day period except for *January where the mean was calculated for a 9-day 
period (See Table 3 for the 14-day logger schedule). Max temperature values are lightly shaded. NA represents sites 
where loggers were not placed. Sensor depths varied by month (See Table 1 for ash and mid-layer sensor depths). 

Appendix Table 6A: Ash 

ASH 
LAYER 

JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 
Max Min Max Min Max Min Max Min Max Min Max Min 

VLBA05 cd bc ab ab bcd b ab a bc a d ab 
VLBA10 cd bc c c ab ac c b a a bcd b 
VLBA24 ac ad b a bcd ac ac b c ac d ab 
VLBA25 b d abc bc d ac b a c ac cd b 
Oki03 ab ab ab a ab ab NA NA ab a a a 
Oki17 ac ab c ab cd c NA NA c abc ab ab 
Oki25 d c ac ab ab c NA NA a bc abc ab 
Oki34 ab ad c bc ab ac NA NA bc b a ab 
KW Chi 74.5 79.0 54.6 58.9 95.5 58.5 26.5 26.1 78.7 41.0 95.8 21.4 
KW-df 7 7 7 7 7 7 3 3 7 7 7 7 
KW-p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.003 

 

Appendix Table 6B: Mid-layer 

MID 
LAYER 

JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 
Max Min Max Min Max Min Max Min Max Min Max Min 

VLBA05 b abcd ab bc a ab ab a bc c abc a 
VLBA10 a bcd c c b b c b bc c c a 
VLBA24 a d a ab bc ab ac ab ab c bc a 
VLBA25 a cd ab ab ac ab b ab a c d a 
Oki03 a a a a a a NA NA a a abc a 
Oki17 ab ab ab ab a ab NA NA ab bc abcd a 
Oki25 ab ab ab ab b ab NA NA c ab abd a 
Oki34 b abcd bc ab bc ab NA NA a abc ad a 
KW Chi 34.2 53.2 51.1 54.4 96.5 16.8 27.4 13.0 53.4 45.1 47.9 14.8 
KW-df 7 7 7 7 7 7 3 3 7 7 7 7 
KW-p-value <0.001 <0.001 <0.001 <0.001 <0.001 0.02 <0.001 0.005 <0.001 <0.001 <0.001 0.04 

 

 



 

85 
 

Appendix Table 6C: Surface 

SURF 
LAYER 

JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 
Max Min Max Min Max Min Max Min Max Min Max Min 

VLBA05 b c abc b bc b a a abc c c b 
VLBA10 ab bc c ab d ab b a bc bc c ab 
VLBA24 ab c ab ab abd ab ab a abc abc b ab 
VLBA25 b bc c ab c ab a a a abc ac ab 
Oki03 a ab ab a abc a NA NA a a abc a 
Oki17 ab a abc a abc a NA NA ab ab ab a 
Oki25 ab ab ac ab d ab NA NA c ab ac a 
Oki34 b ab b a ad ab NA NA abc abc abc ab 
KW Chi 22.8 52.4 40.2 31.0 78.9 20.5 25.1 0.7 33.7 29.2 36.3 38.8 
KW-df 7 7 7 7 7 7 3 3 7 7 7 7 
KW-p-value 0.002 <0.001 <0.001 <0.001 <0.001 0.005 <0.001 0.88 <0.001 <0.001 <0.001 <0.001 
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Appendix Figure 15: Mean maximum (A) and minimum (B) ash layer temperatures (±SD) for each month by site on S.VLBA. Each color represents an 
individual logger site (VLBA05, VLBA10, VLBA24, VLBA25) with dashed lines representing sites in glassy volcanic (GlassyVol) and solid lines represent sites 
in Hematite minerals. Symbols represent the topographic aspect of the logger site (NE, SW). All monthly means were derived over a 14-day period except for 
*January where the mean was calculated for a 9-day period (See Table 3 for the 14-day logger schedule). Sensor depths varied by month (See Table 1 for ash 
layer sensor depths). 
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Appendix Figure 16: Mean maximum (A) and minimum (B) mid-layer temperatures (±SD) for each month by site on S.VLBA. Each color represents an 
individual logger site (VLBA05, VLBA10, VLBA24, VLBA25) with dashed lines representing sites in glassy volcanic (GlassyVol) and solid lines represent sites 
in Hematite minerals. Symbols represent the topographic aspect of the logger site (NE, SW). All monthly means were derived over a 14-day period except for 
*January where the mean was calculated for a 9-day period (See Table 3 for the 14-day logger schedule). Sensor depths varied by month (See Table 1 for mid-
layer sensor depths). 
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Appendix Figure 17: Mean maximum (A) and minimum (B) surface temperatures (±SD) for each month by site on S.VLBA. Each color represents an individual 
logger site (VLBA05, VLBA10, VLBA24, VLBA25) with dashed lines representing sites in glassy volcanic (GlassyVol) and solid lines represent sites in 
Hematite minerals. Symbols represent the topographic aspect of the logger site (NE, SW). All monthly means were derived over a 14-day period except for 
*January where the mean was calculated for a 9-day period (See Table 3 for the 14-day logger schedule).  

 

B) A) 



 

89 
 

 

Appendix Figure 18: Mean maximum (A) and minimum (B) ash layer temperatures (±SD) for each month by site on Pu‘uhau‘oki. Each color represents an 
individual logger site (Oki03, Oki17, Oki25, Oki34) with dashed lines representing sites in glassy volcanic (GlassyVol) and solid lines represent sites in Hematite 
minerals. Symbols represent the topographic aspect of the logger site (N, NE, S, SW). All monthly means were derived over a 14-day period (See Table 3 for the 
14- day logger schedule). Loggers were not placed on Pu‘uhau‘oki in January. Sensor depths varied by month (See Table 1 for ash layer sensor depths). 
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Appendix Figure 19: Mean maximum (A) and minimum (B) mid-layer temperatures (±SD) for each month by site on Pu‘uhau‘oki. Each color represents an 
individual logger site (Oki03, Oki17, Oki25, Oki34) with dashed lines representing sites in glassy volcanic (GlassyVol) and solid lines represent sites in Hematite 
minerals. Symbols represent the topographic aspect of the logger site (N, NE, S, SE). All monthly means were derived over a 14-day period (See Table 3 for the 
14-day logger schedule). Loggers were not placed on Pu‘uhau‘oki in January. Sensor depths varied by month (See Table 1 for mid-layer sensor depths). 
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Appendix Figure 20: Mean maximum (A) and minimum (B) surface temperatures (±SD) for each month by site on Pu‘uhau‘oki. Each color represents an 
individual logger site (Oki03, Oki17, Oki25, Oki34) with dashed lines representing sites in glassy volcanic (GlassyVol) and solid lines represent sites in Hematite 
minerals. Symbols represent the topographic aspect of the logger site (N, NE, S, SW). All monthly means were derived over a 14-day period (See Table 3 for the 
14-day logger schedule). Loggers were not placed on Pu‘uhau‘oki in January.  
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Within Cinder Cone Sites 

Appendix Table 7: Nemenyi post hoc results of within site Kruskal Wallis comparisons of mean monthly maximum 
(max) and minimum (min) temperatures between the ash, mid and surface layers for logger sites on S.VLBA; 
VLBA05 (Appendix Table 7A), VLBA10 (Appendix Table 7B), VLBA24 (Appendix Table 7C) and VLBA25 
(Appendix Table 7D). The letters associated with each substrate layer (ash, mid, surf) indicate groups that are 
significantly different (p<0.05) from one another for that sample month and temp (Max or Min) based on the 
Nemenyi post hoc analysis. Kruskal Wallis Chi- square values (KW Chi2), degrees of freedom (KW df), and p-
values (KW p-value) are also displayed for each sample month and temperature. All monthly means were derived 
over a 14-day period except for *January where the mean was calculated for a 9-day period (See Table 3 for the 14- 
day logger schedule). Max temperature values are shaded.  

Appendix Table 7A: VLBA05 -SW aspect of S.VLBA in hematite minerals. 

VLBA05 
 

JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 
Max Min Max Min Max Min Max Min Max Min Max Min 

Ash a a a a a a a a a a a a 
Mid b ab b b b b ab ab b b b a 
Surf ab b ab b b b b b c b ab b 
KW Chi2 8.7 14.9 6.2 28.6 28.8 29.8 15.9 17.0 27.4 27.7 9.1 22.5 
KW-df 2 2 2 2 2 2 2 2 2 2 2 2 
KW-p-value 0.01 0.001 0.04 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.01 <0.001 

 

Appendix Table 7B: VLBA10- NE aspect of S.VLBA in glassy volcanic minerals.  

VLBA10 
JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a a a 
Mid a a a b b a a b b b b a 
Surf a b b c c b a b b b b b 
KW Chi2 3.3 27.0 27.8 33.3 34.0 17.7 3.1 10.5 31.7 30.8 24.8 22.5 
KW-df 2 2 2 2 2 2 2 2 2 2 2 2 
KW-p-value 0.2 <0.001 <0.001 <0.001 <0.001 <0.001 0.2 0.01 <0.001 <0.001 <0.001 <0.001 

 

Appendix Table 7C: VLBA24- NE aspect of S.VLBA in hematite minerals.  

VLBA24 
JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a a a 
Mid ab b b b a a ab ab b b a a 
Surf b c b b b c b b b c b b 
KW Chi2 15.1 29.8 14.8 25.4 28.2 26.3 6.7 17.4 18.7 32.2 25.9 27.3 
KW-df 2 2 2 2 2 2 2 2 2 2 2 2 
KW-p-value <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.04 <0.001 <0.001 <0.001 <0.001 <0.001 
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Appendix Table 7D: VLBA25- SW aspect of S.VLBA in glassy volcanic minerals. 

VLBA25 
JUNE2016 AUGUST OCTOBER *JANUARY APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a a a 
Mid b b b b a b b b b a a a 
Surf b c b b b b b b b b b b 
KW Chi2 30.0 36.1 20.2 31.6 27.8 21.8 10.8 17.7 23.9 28.3 26.8 25.0 
KW-df 2 2 2 2 2 2 2 2 2 2 2 2 
KW-p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 

 

 

Appendix Table 8: Nemenyi post hoc results of within site Kruskal Wallis comparisons of mean monthly maximum 
(max) and minimum (min) temperatures between the ash layer, mid-layer and surface substratesfor logger sites on 
Pu‘uhau‘oki; Oki03 (Appendix Table 8A), Oki17 (Appendix Table 8B), Oki25 (Appendix Table 8C), Oki34 
(Appendix Table 8D). The letters associated with each substrate layer (ash, mid, surf) indicate groups that are 
significantly different (p<0.05) from one another for that sample month and temp (Max or Min) based on the 
Nemenyi post hoc analysis. Kruskal Wallis Chi- square values (KW Chi2), degrees of freedom (KW df), and p-
values (KW p-value) are also displayed for each sample month and temperature. All monthly means were derived 
over a 14-day period (See Table 3 for the 14-day logger schedule). Max temperature values are shaded.  

Appendix Table 8A: Oki03- S aspect of Pu‘uhau‘oki in hematite minerals.  

Oki03 
JUNE2016 AUGUST OCTOBER APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a 
Mid b b b b b b b b b b 
Surf b c b c b b b b c c 
KW Chi2 14.2 33.2 25.2 35.0 31.9 30.3 29.0 31.0 34.7 35.0 
KW-df 2 2 2 2 2 2 2 2 2 2 
KW-p-value 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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Appendix Table 8B: Oki17- SW aspect of Pu‘uhau‘oki in hematite minerals. 

Oki17 
JUNE2016 AUGUST OCTOBER APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a 
Mid b b b b b a a b b b 
Surf b c b b b b b c b c 
KW Chi2 13.5 34.2 26.8 29.4 29.4 26.8 22.2 33.3 30.8 32.2 
KW-df 2 2 2 2 2 2 2 2 2 2 
KW-p-value 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 

Appendix Table 8C: Oki25- NE aspect of Pu‘uhau‘oki in hematite minerals.  

Oki25 
JUNE2016 AUGUST OCTOBER APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a 
Mid b a b b b a b b b a 
Surf ab b b b c b c b c b 
KW Chi2 8.2 16.1 27.5 27.8 35.9 23.8 34.9 31.6 30.7 30.4 
KW-df 2 2 2 2 2 2 2 2 2 2 
KW-p-value 0.02 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 

Appendix Table 8D: Oki34- the N aspect of Pu‘uhau‘oki in glassy volcanic minerals.  

Oki34 
JUNE2016 AUGUST OCTOBER APRIL JUNE2017 

Max Min Max Min Max Min Max Min Max Min 
Ash a a a a a a a a a a 
Mid b b b b b b b b b b 
Surf b c c c c b b c c c 
KW Chi2 27.0 34.3 36.3 33.0 34.5 27.9 22.8 32.8 34.5 31.5 
KW-df 2 2 2 2 2 2 2 2 2 2 
KW-p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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Appendix Figure 21: Mean maximum (Max) and minimum (Min) substrate layer temperatures (±SD) by month for sites VLBA10 (A), VLBA24 (B), VLBA05 
(C), and VLBA25 (D). Temperatures for the ash layer is shown in blue, mid-layer temperatures in green, and surface temperatures are shown in red. Maximum 
temperatures are represented by the triangle symbol and minimum temperatures are shown as circles. All monthly means were derived over a 14-day period (See 
Table 3 for the 14-day logger schedule). Sensor depths varied by month (See Table 1 for ash and mid-layer sensor depths). 

B) A) 

D) C) 
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Appendix Figure 22: Mean maximum (Max) and minimum (Min) substrate layer temperatures (±SD) by month for sites Oki03 (A), Oki17 (B), Oki25 (C), and 
Oki34 (D). Temperatures for ash layer is shown in blue, mid-layer temperatures in green, and surface temperatures are shown in red. Maximum temperatures are 
represented by the triangle symbol and minimum temperatures are shown as circles. All monthly means were derived over a 14-day period (See Table 3 for the 
14-day logger schedule). Sensor depths varied by month (See Table 1 for ash and mid-layer sensor depths).

B) A) 

D) C) 
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Degree Days 

Total degree day accumulations were calculated (using the DD equation in Methods, 

Data Analysis, Objective 3 section) by site over the 14-day period (Table 3) and the 4 to 5 day 

trapping period for each sample month.  

 

Appendix Table 9: Total degree day accumulation over a 14-day period for each cinder cone site by month. 
*January’s total degree day accumulation was over a 9-day period. NA represents sites where loggers were not 
placed. Sites on the north slopes are lightly shaded. VLBA10 was covered with snow during the 9-day period, and 
VLBA24 was covered with snow for a few days.  

SITE JUNE 
2016 

AUGUST OCTOBER *JANUARY APRIL JUNE 
2017 

VLBA05 84.2 82.2 89.6 45.9 77.1 110.4 
VLBA10 87.7 72.5 39.3 0.0 70.4 114.0 
VLBA24 91.8 90.6 63.0 17.1 83.7 111.9 
VLBA25 81.5 84.1 88.6 48.3 86.2 101.5 
Oki03 66.5 87.8 78.8 NA 89.1 109.6 
Oki17 82.1 73.8 79.8 NA 88.8 106.8 
Oki25 99.4 84.1 45.5 NA 70.7 112.9 
Oki34 102.1 87.6 51.1 NA 88.5 110.1 

 

 

Appendix Table 10: Total degree day accumulation over the entire trapping period by site on Pu‘uhau‘oki. Sites on 
the north slopes are shaded. For each sample month, traps were left out between 3-4 days. For this reason, some 
months include 4 days of total degree day accumulation (includes the date traps were placed and date retrieved) and 
others include 5 days. The number of days for each month is denoted below the sample month in parenthesis (n=5). 
January is not included because loggers were not placed in that sample month.  

SLOPE SITE JUNE2016 
(n=5) 

AUGUST 
(n=4) 

OCTOBER 
(n=4) 

APRIL 
(n=5) 

JUNE2017 
(n=5) 

South 
Oki03 15.2 28.4 23.2 31.4 37.8 
Oki17 23.0 24.9 23.0 31.4 35.9 

North 
Oki25 28.1 25.9 14.0 21.7 38.9 
Oki34 28.7 26.1 14.6 28.5 38.2 
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