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ABSTRACT

A diverse and globally prevalent disegagan malarig(Plasmodium relictunGrassi and
Felett) is transmitted by the introducedwthernhousemosquitq Culex quinquefasciatusay
(Diptera: Culicidaepnd is the primary driver of rapidly declining populations and extinctdns
native Hawaiiarforest birdsThe urgency and severity of the threah&dive Hawaiiarforest
birds has served as the impetus for stuttiasderstand the dynamic contextloé invasion and
establishment of mosquito populations and disgasesmissionnto increasingly higher
elevations in the context afimate changdn recent years, the focus has shifted from
documenting the invasiasf mosquitoes and the decline of the bird populatitmgmnplementing
solutions that have the potential to safeguard the birds from further decline and extinction, such
as landscaptevel mosquito controlHowever, in order teffectively implement these solutions,
robust and detailed mosquito surveillance data is needed, particularly in high elevation forests.
My thesis research leveraged conventional mosquito monitoring methods alongside climate
monitoring and innovative emanmental DNA techniques to enhance mosquito monitoring in
remote sites across the Hawaiian Islands. In my first chapter, | explored-tighréen-cost,
continuous surveillance approach for monitoring adult mosquito populatewakpigcreated
larvd mosquito habitat, and climate suitability conditions for the invasion and establishment of
the avian malaria vectoG. quinquefasciatus i n t wo hi gh el evatl on for
found little evidence of invasion I§y. quinquefasiatuat eithersite,despite suitable climate
conditions for both vector and parasite development presenthalfof the yeayalongside
variable larval habitat between fenced and unfenced sites. In my second chapter, | developed an
environmental DNA assafat target the cytochrome oxidase subunit | (COIl) géarehe

detection ofC. quinquefasciatus aquatic larval habitat.found the primeiprobe set to be



highly efficient inthe detection oknown presence df. quinquefasciatukom lab samples and
performed the foundational steps for the assay to be tested in a field setting as a tool for
detectionMy work emphasizethe importance of continuous monitoring awhtributes to the
continued enhancement of relialaled rigorous methods for monitoritige spatial and temporal
distribution and abundance of mosquito populations, along with environmental conditions for

population establishmetttatarecritical for vector and disease management
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CHAPTER I: MONITORING AND MODELING MOSQUITO
ENCROACHMENTAND AVIAN DISEASE TRANSMISSION INHIGH
ELEVATI ON FORESTS ON HAWAI a4l | SL



ABSTRACT

Warming temperatureassociated with climate changeeexpandinghe distribution of
mosquitoes and the vectborne diseases they transmizian malaria(Plasmodium relictum
Grassi and Felejtia diseas&ransmittedby the invasivesouthern housosquito,Culex
quinquefasciatu$ay(Diptera: Culicidae)has devastatiHawati 6 s nat i vewverther est b
last centuy, with asharpescalaton in population declines the last 20 yearé\s mosquitoes
and diseasencroaclonthe forest birdglastmosquitefreehigh elevatiorrefugia robust
surveillance obothmosquitoes and the conditions that diiweir invasionis key to inform
conservation action that can safeglhird populationsHowever, the cost and labortensity of
monitoring together with the difficulty of access to remote sites limit the frequency and efficacy
of critical monitoring effortsToaddr ess t he chal |l engfaslusedaat e r es
continuous, lowcost approach tmonitoradult mosquito populationgeral pigcreatedarval
habitat andlocal climate conditionacross a 30neter elevational gradieat twohigh
elevationf or est r eser ves dHakaldulreasNasohabWildlife &dfugdbadva i @ i
LaupUhoehoe FAlthowls gassiReeCsagidedesTraps(GATs)had low mosquito
capture efficacy compared to conventional act¥& and gravidraps,l found little evidence of
invasion byC. quinquefasiatuat either sitedespite suitable climate conditions for both vector
and parasite development presever halfof the yearAcrossboth larval surveys and adult
mosquito capturefhiowever, frequenly detectedhe cold-tolerant mosquitoAedes japonicus
TheobaldDiptera: Culicidae)an invasive mosquito species that caédve as a proxy for
invasion ofC. quinquefasciatum a warmer futuref-eral pigcreated larval habitat availability
wasvariable across sites, with significantly lower déeel density in fenced areddy results

demonstrate the interplay between landsdapel drivers of mosquito abundance and disease



transmission usindiverse vector surveillance methodsid these methods could be used to
inform improvedmosquitomonitoringtechniquego promote early detection of mosquito

invasion at remothigh elevatiorsites



INTRODUCTION

TheHawaiianhoneycreepersAves: Drepanidnae)area diverse group of native forest
birds that arexperiencing rapid population declines due to climate chdrgese declines have
coincided with increasingly warmer temperatures actlosgiawaiiarislandsover the last 100
years(Giambelluca et al. 2008, McKenzie et al. 2019, Kag&iveani & Giambelluca 2020)A
primary driver ofthesedecliness avian malariaa diseaseaused byhe parasit€lasmodium
relictum Grassi and Feletiindtransmittedoy theinvasivesouthern house mosquitGulex
quinquefaciatusSay(Diptera: CulicidaeYWarner 1968, LaPointe et al. 2005, Atkinson &
LaPointe 2009)Historically, the steep elevational gradierdsross Hawd have created natural
high elevatiorrefugiawheretemperaturdimited mosquitoes haveot yetbeenestablished
avian disease transmissimlow, and birds could escape the threat of dis@aaBointe et al.
2012. Aswarming temperaturegeepupslopeC. quinquefasciatudistribution and avian
malariadiseasdransmission have moved into formerly disefise upland habitatshrinking
key forest birchabitat,and further endangering an already highly imperiled avifgBeaning et
al. 2002, Ahumada et al. 200Qatastropic effects on the native bird populations across the
Hawaiian Island$iave occurred over the past 20 yeansh increasing trends in population
declinesacross nearlgll the remainindl7 species of honeycreepesadfour speciepredicted
to goextinct within the next0years Paxton et al. 2018 axton et al. 20292

While suitable climate conditions determine broadly where vectoparasite
development are possible, they are not the only environmentaldttabinfluencevector
abundanceThe local establishment of mosquitoes also depends avéiability of larval
habitat(Reiter & LaPointe 2009, McClure et al. 2018pundant larval habitat together with

suitable climate conditions provide the ingredients necessary for mosquitmmvasvet



forestson the Hawaiian Island¢he most importantarval habitas for the avian malaria vector
arerock pools alongntermittent streanbedsand cavitiesim a t i v etreéfarpgCiGotium
spp) created by the foraging of feral piSus scrofd..; Reiter & LaPointe 20091n forests

wi t h pi g s hapuu davitresdilpwittirainwater and leaf litter, leavingtanding water
thatprovide habitator mosquito larva€Goff & van Riper 1980, Stone & Loope 1987, LaPointe
2000).

HakalauForest National Wildlife Refuge (NWR)n Hawail Islandis representative of
thekeyrole that high elevation forests fithr native hawaiian bird preservation and
conservationDespite increasingvian malarigprevalence across the islanékakalauForest
NWR has remained majorstronghold fomative foresbirdsuntil recent years wheggopulation
studieshave begun teshowthe decline of nearly all specjaadicating that conditions at the
refugemay bechanging(Gorressen et al. 200€amp et al. 2010, Paxton et al. 20Kéndall et
al. 2022). Consequently, fothehigh elevatiorforestrefugiathatsustainthelast remaining
populations oH a w & is & infaresi birds like Hakalau Forest NWRmonitoringtherapidly
changingclimate conditionslarval habitat, and mosquito populatiossiecessary for effective
conservation managemeitkinson & LaPointe2009,Samuel et al. 2011, Paxton et al. 2014,
Liao et al. 2017)

Recentclimatemodels indicate that the conditiossitablefor vector developmerdre
alreadypresent acrosd a w @ ikdy high elevatiorrefuges from 5800% of the year, with a
trend moving towads yeairournd temperatur@riven suitability for localized avian malaria
transmissioracross all refuig (Fortini et al. 202Q)The managers of these areas are faced with
thedynamicinteraction betweenlimate chang@andinvasive speciesandthe subsequent

detrimental impacts on native speci®Bnitoring across these systems is costly and fabor



intensive, limiting the frequency and feasibility of tracking the-Boale changes that could
warn of anmminentmosquito invasion, antthe heightenedhreatof disease fobirdsthat such
an invasion would entailThese obstacles resultimfrequentmonitoring an approach thag
particulaty ineffective at capturing the characteristically transient dynamics of mosquito
populations that occur aigh elevationgLaPointe et al. 2016Mosquito surveys are sporadic
and largely determined by funding availability, occurring anywhere from several times per year
to once every several years at a particular Aitbough forest bird surveys occur annuallgays
of data collection are needed to robustly estimate population abundances and, particularly,
population trends (Kendall et al. 20229sulting in a significant lag between when surveys are
conducted, and when the population trends are deterntimeldr currentbird and mosquito
monitoring protocols, mosquito invasiand disease transmissiaould go undetected until it is
too late

To addresshechallengs stateresource manageface | exploredand testec
comprehensivsurveillanceapproacho monitorthe conditiondor theinvasionand
establishmentf diseasecarrying mosquitoes inttwvo high elevatiorforestreserveo n Hawai Qi
Island My study was managelriven and specifically designed to respond to some cfitb®
most prevalent management conceBislding upon studies conducted over the past 20 years
thethreetier surveillanceapproactwas designetb: 1) monitor adultmosquitopopulations
using a lowcost, continuous monitoring methodolo@y determine the distribution déral pig
created larval habitgpatterns of larval occupancgndits persistence on the landscape over
time; and3) assesshe seasonal variation in temperataéowing for modeling of vector and
avian malaria suitability conditionssing local dataln this study, | conductectitical monitoring

effortsto inform a landscaptevel understandingf the conditions fomosquitoinvasion at



transitional zoneswvhile accounting for environmental and managenadffiérences between
sites andconducedexperiments to support improved monitoring protocols for surveillance
efforts that will be of incred@sg importance for the implementation of landscipel mosquito
control across the Hawaiian Islarfds the benefit of native Hawaiian forest bird conservation

(LaPointe et al. 2021

MATERIALS AND METHODS

Studysites
My two primary studysites wereHakalauForestNWR andL a u p U hForedt Reserve
(FR; Figurel)Locat ed on the eastern sl olptasitedfre Mauna K
consideredropical montanavet and mesiéorest, dominated bgld-growthé @h i 6 a
(Metrosideros polymorphaandkoa(Acacia koa trees(Hart 2010 Perroy et al. 2091
LaupChoehoe FR includes nonative trees and shrutsjch agropical ash Fraxinus uhdéj the
dominant canopy speci@ssurvey areaabove 500m with little to no understorySites had
similar temperature regimes witlierage monthly temperaturemngingfrom 11.3C t015.8C
across the study areandanannual cumulative rainfall raimgg from 3,040to 6,350mm
(Giambelluca et al. 2013yVithin Hakalau Forest NWR establishedwo approximately parallel
transectlocated 5 kmapartn t he Pua @dukala (Transect 1A) an
management unitsf the refugebothextending from 1301550 melevation Existing bird
surveytransects exterd from approximately 1650 o the lower fence line of the refu¢Es50
m), and thenewly establishetransects exteradlan additional 3 km below the lower fence line
to access the lower reaches of the reftitpkalau Forest NWHSs an isoated site with extensive
management and fencing, distant from roads and urban develofiraBointe et al. 2016)The

lower reaches of the refuge covershid gh el evati ons f @0i015350m) i sl and



thatl will hereafter refer to as the tratisn zone where the first signs of invasion might be
detectedThe difficulty of access to lower reaches of the refuge makes moniforing
mosquitoest low elevationghallenging and served #se primaryimpetusfor the
establishment of these transects, and the selectiahgbitweight mosquito trapping technology.
A third transect wasstablishe@tmy second sitel. a u p U hRRgappomorimatelyd.5
km awayfrom theclosestHakalau transecPuad U k )aHreaencef C. quinquefasciatusad
been documentedt L a u pRRhandéhérafoee was selected for comparison to Hakalau
Forest NWR(Goff & van Riper 1980l.arish et al. 2005Atkinson et al. 2016 . LaupUhoehoe
is largely unfencevith a high population of feral pigs which may influence the larval habitat
availability at the sitéHess et al2006 LaPointe 2006Murphy et al. 2010Perroy et al. 2021)
In addition, aorestry roadBlair Rd.) passes through the siendcouldserve as corridor of
invasion for mosquitoes into the forest at higher elevations (LaPointe 20@)jansecivas
located50 mfrom theforestry road from 1104506 m elevationandspanne@pproximatelythe
same elevational gradient as the transeitsin Hakalau Forest NWRDue to easier access for
the transect dt a u p U hKkRd bxterdedhe elevational gradient dovam additional 200 m
(1100 n) to allow for the inclusion of lower elevations where higher density mosquito
populationsare more likely teexistOt her study sites on Hawai @i | S
comparative trap efficacy study wefeanakolu (16241 6 45 m) and [R22&1845 Wa & a wa

m).

Adult mosquito surveillance

Overview of trapping methods and approach
I monitoredadult mosquitoessing passiv&iogents GravidAedesTraps (GATs)Due to

the remoteness oy study sitesGATs were selected ad@w-cost, lightweightrapping



alternative since thegreeasy to haul into the field and do not require a paeearce Cilek et

al. 2017a, Cilek et al 201YHdn addition, GATscan be left out for weeks at a time, making them
ideal for trappingn remoteareas and for conducting continuous mosquito monitoring. GATs
employ the same visual and olfactory cues utilized by agtiaad traps, such as thee@ter for
Disease Controlral Prevention (OC) Gravid Trap andrely on an infusion mixture as a lure for
gravid female mosquitoes (Eiras et al. 2014)

Theinfusion mixtureused to attract gravi@. quinquefasciatusosquitoesvas
developed to simulate the nutriemnth, organic larval habitat preferred By quinquefasciatus
mosquitoesDay 2016 LaPointe et al. 2016)his infusionhas been adapted and optimized
maximizecaptursi n H a aRadinte 200q, Harwood et al. 2QX#hd has been
standardrdized for usén gravid traps across the islands (LaPointe et al. 2021 mixtures
made withTimothy hay anda1:1 Yeast Lactalbumin/Hydrolysate EnzymatitR Biomedicals,
Inc., Aurora, Ohio, USA)n water, and istypically preparedive days in advancef trapping to
allow time for thenfusionto matureand reach maximum attractiveneSsce t was not
possible to usthe standargre-brew mixture(five-day maturedat remote field sitesa field
brew mixture was adaptddr the puposes of my studyl'his adaptedield-brew used the same
ingredients as the ptarew; however, it was preparedinmdividual GATs inthe field, as opposed
to five daysbefore the traps were launched and hauled into the field.

Originally designed to attraétedesalbopictusmosquitoes, thpassiveGAT has
documented success in capturldgquinquefasciatu€Cilek et al. 2017a, Cilek et al. 2017)n
Hawaii Island,C. quinquefasciatusave been captured in GAT traps set in nu@eeloped low
elevation areas (DA LaPointe, unpublished data). Howavstudies conducted on the

continental United State§ATs have been showto collect significantly les€.



quinquefasciatusosquitoes tha@DC GravidTraps (Cilek et al. 201§ and BGSentinel 2

CQOz traps Biogents BG CQ; Cilek et al. 2017a)vhich both utilize batterpowered electrical

fans (e, a ct i v.eBGCO: mapsard gonsidered the gektandard fotrappingAedesspp.
mosquitoegFarajollahi et al. 20099ndare baited with a C£&source and often a stinky lure

Sincefield validationand GATefficacyhadn ot been formall,y evaluated
incorporated a field validatiostudyof GATsat low elevation, highdensitymosquitosites |
alsoconductedrap efficacy experiment® compare capture ratbstween active and passive

trapsat middletohi gh el evati on s i twhishcanplememetngéirayadult & i I s
mosquito surveillancat each of my two siteE&ach component of my GAT surveillance and

monitoring approach is described below.

GAT validation at low elevation, high-density mosquito sites

From JuneJuly 2021 rantwo separatéow elevation GAT validation experimesyt
two high-densitymosquitos i t e s | n Hvalidate theldapacity iofdraps tb capt@e
guinquefasciatusnosquitoesl n t he first set of experiments a
(UH Hilo) Main Campus (44 relevatior), | compard capture rateamongthe standargre-
brew (five-day old), the adapted fielorew, and aainwaterdilution treatmentThe standargre-
brew washrewed fivedays prior to the experimeint a five-gallon bucket using 120 g of
Timothy Hay, 12 g othe 1:1Yeast Lactalbumin/Hydrolysate Enzymatic mixtuaadfour
gallons of water, and was straingdor to use to remove hay contentprepared thadapted
field-brew on the dayhatexperiments began by combining the same proportions of ingredients
as the préorew directly in each GAT (15 g Timothy Hay, 1.5 g of the Yiehst
Lactalbumin/Hydrolysate Enzymatic mixtyr@nd 1890 mL (0.5 gallons) of watethe

rainwaterdilution was prepared in the same way as the adapteebiield, and 50 mL of water
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was added to the infusion each day to simulate dilution from raiNfiakk GATs (3 replicates of
each infusion mixture) wermeployed simultaneousiy a Latin sjuare configuration for 13 trap
nights, and a totalampling efforbf 117 total tramights.6Trapni ght sé ref er to th
nights that a single or s enti gaft stor apesf ewa st ol «fhte
effort of sampling baseoin the number of traps multiplied by the numbetra-nights In total
trap-night calculations, trap malfunctions were subtracted fiteotal count.
Thesecond vatiation experiment was conductedla UH Hilo Experimental
Agricultural Farm (77 nelevation) to compare capture ratestbe adaptedield-brewbetween
the first and second weel trapping.l launchedsix sets each of the adapted fibicbw on Week
1 and Week 2simultaneously12 GATSs total, six replicates of each treatment, tiagnights
108 total trapnights). The Week 2 brew was the adapted fibtéw prepared seven days prior to
the experiment to simulate the infusion on the second week after being launchiehsere
left out for an additional sevarap-nightsto evaluate specimen degradatawer 16 trap-nights
simulating the maximum trapping period for monitorindpigih elevatiorsites.
For both validation experiments, mosquiteeecapturedn adhesivesheets within
GATs. The alhesive sheets were checked daily, and mosquito captures were counted, circled,
and identified to species (Darsie 2005). The adhesive sheets were then reattached to the inside of
the trap andedeployed in the fieldf previously captured specimens werissing from the
adhesive sheet, it was documented to inform occurrence of specimen degraddtaih.sited
placed sets of traps atled&0 m apart, with 15 m distance between each treatmedtotated
themdaily to remove placement bias of the taapthe treatmerfbllowing a Latin square design

(Johnson et al. 20b3LaPointe et al. 2021).

Monitoring at Hakalau ForestNWRand LaupUhoehoe FR
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| set atotal of 51 GATSor adult mosquito surveillance along the three elevational
gradienttransectsit Hakalau Forest NWRNndL a u p U hRRd tam tepsat Hakalau Forest
NWR from Septembebecember 2020, and June 202dnuary 2022. From September
December 2020, placed 10GATSs (five stationstwo GATSs per stationpn each of the transects
from 13001550 mat approximately 60 m intervalsh June 2021, addedseven additional
GATSs for a total of 17 traps on each transétie 17 GATS were relocatedl m elevatioal
intervals from 130a.550 m.The distance between each tiaied anplacementvas
determinedrimarily by elevation! conducted mosquito monitorirgL a u p U hFRé&dmo e
July 2021January 2022n July 2021] placedl7 passive GATs at 25 m interval®ng the
elevational gradient from 1100600 m.At both sitesfraps were placerh the shade of
vegetation and covered with tarps ~1 m above the trap to reduce dilutf@irdisionmixture
by heavy rainfall and out of direct sunliglthile still allowing for the trap to be visible by
mosquitoes. These methods were based on Standard Operating Procedures being implemented
across the State of Hawiaand following manufacturérs i n s (Biogerms) liprepared the
adapted fielebrew infusion using water collected on site and checlagabévery 1421 days
This resultedn 9-16 active tramights for each monitoring intervallonitoring intervals were
consistent for theransects at Hakalau FNWR, whidet L a u p U theyaédrenoéten lrigjer
(~21 days) due to limited access to the sitmllected and analyzed adhesocardsfor mosquito
capturesand identified all mosquito captures to spedi@ge trap-nightswere removedrom
each trapping session to accounttfogtime for the infusion mixturéo maturerepresenting the

period that trapsvere functionally attractivedefined agactive trapnights

Comparative trap efficacy
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The efficacyof passiveGATswas aprimary concern fomy study,particularlygiventhe
low mosquitodensityat higher elevatiorsurveysites.To compareapture ratesf passive GATs
against the conventional, industandard active trapsrancomparative trap efficacy
experiments from November 202lovember 2022 across 4 study siesund Hawdi | ILsl and
includingHakalau Forest N\WRL67:1 945 m) , L au p Ul48en) KeanakelR ( 113 3
(162:16 45 m), and (1P2a1246 myVpdredpaasivesATs with the two main
mosquitotrapscommonly employed in Haw@ii by state and feder al res
entities the CDC Gravid Trap and the B&entinel2 CO; Trap Figure 3. These traps are
typically paired within sites ancteoss elevational gradierts captureegglaying andnost
seekingfemalemosquitoesrespectively(LaPointe et al. 2021)

At each site, mosquito sampling stations were locatet5®0mapart Within each
station,| pairedthe activeBG-Sentinel 2 CQand CDC Gravid'raps anglacedpassiveGATs
30-50 m away taeduce potential influendeom paired active trapStationswere placedvithin
areas that may provide habitat for resting mosquitoesthersiandard prdrewinfusion
mixturewas prepareflve days in advance for both CD&avid andGATSs. At Hakalau Forest
NWR, | wasunable to set the tramlongside thd 3031550 m elevational gradient on the two
transectslue todifficulty of access anthe heavy weight of trap#lternativdy, | seteight
mosquito sampling stations from 16719 4 5 m i n tuhiteA tP ulLaa udplEkRhdol eah o e
paired BGSentinel2 COz, CDC GravidandGATs at stations located 50 m elevation from each
other along an elevational gradient from 1113B8 m, approximately 50 m distarfcem Blair
Roadlr an additional trap experiments at Keanako
stations froml621-1645 mand12221245 m respectivelyAll traps were set in the afternoon

(~1400 hours) and checked in the morning (~0700 hours), with a total run time of approximately
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15-18 hoursand a rate of 250 mL Cver minutedelivered via CQcylinders Captured
mosquitoes were identified to species level, collected anthspirator, transferred into a 500 mL
wax paper container with a mesh covering, and taseisferrednto ethanol vials for specimen

preservation.

Haputu tree fern cavity surveys
lconductedhputu tr ee f alongcortiguous floys measuring & m wide x
100 m long(500 nf)to 1) determinecn apudu tree fernrelatmevi ty distri
densitywithin Hakalau Forest NWRacross management unasd between site&) monitor
larval occupancyrendswithin the cavitiesand3)e val uat e hapu6Gu tree fern
and changes over timeor the distribution survey,surveyedacross fenced and unfenced
portions ofHakalau Forest NWHkh the management units of Poial k a | a Hakal au, Ho
and Mauluaand unfenced areasf L a u p U hirotleelumfemcedrpRrtion of Hakalau Forest
NWR dong the longterm survey transectsmontored the identifiech a pu d u forlarval t | e s
occupancyat each site visifevery 24 weeks from MayDecember 2021 Due to the abundance
of h #&ge tefaavities present at Lallpoehoe FR| alsomonitored asubset of 8 cavities
between 1188360m elevationover 11 monthsto track patterns in larval occupan@avity
characteristicsand cavity lifespanThe monitoring of these natural cavities seras a
complementarynethod toesurveyfor the presence of adult mosqujtopulations within the
refuge, in addition teurveillanceconducted usin@GATS.
I surveyech apu@u t r e asindg nodifred staadard protoedis identifying and
characterizinghe age ofthe cavities(Anderson & Stone 1993, LaPointe et2016) | assessed

eachcavity larger thard-inches indiameterfor presence of watdwet/dry) and larvae
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(presence/absencandattributeda subjective age gradéhe age grade was basedaon

standardized set of criteriencludingdresh Gntermediat§ anddldbcategories according to

the level of decomposition of plant materiatneasuredhte dimensions of each cavity (length x

width x height in cm) andtestedthe total waterholding capacity of a subset 8d cavities by

filling the cavity with water(McClure et al. 2018)SincepH and electrical conductivitjuS/cm)

are characterstics of the water that may influence larval development, survival, and/or occupancy
(Burke et al. 2010, Kwasi et al. 2012kubuiwe et al. 202QXor cavities holding watdr

measuredhese valuessing a pH and dtal DissolvedSolids meter(Vivosun) becauseCavities

with water weranspectedor larvaeby extractingthefull water conterg with a turkey baster
andplacing itinto a 250 mL larval dip cufor inspection| inspected wates0 mL at a time to

identify larvae If larvae were present, they wadentified based on morphology in the field,
collectedand reared to adulthoad confirmspecies identification using Darsie (200Bjter

collecting larvaewater was returned to the caviti/the cavity was dry, it wainspected for

evidence oflecomposition in the form abtting or cracking During longterm monitoring at

Laupd h o e h avater ®d® poured intdry cavitiesto determine itheywere stillcapable of

holding water(LaPointe et al. 2016) took aGPS caordinate and photo for all identified
cavitiesAmap of hapudu tree f elakadau EoaestNWRvas thadsinh r i but i
ArcGIS Pro (Version2.9.7) andprovided to thedakalau Forest NWRhanagemergtaff to assist
decisionmakingregarding the manual removal of cavities to reduce mosquito breeding habitat

(seeAppendixC).
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Climate monitoring

Many studies have modeled the population dynamics and organismal responses to
changing climate conditions withthe avian malaria transmission cycle; however, due to local
data limitationsmost studies have created projectitorsmosquito habitat suitability and avian
disease transmissidiy relying on digital elevation models, coarse interpolation, standard lapse
rates, and/or distant climate stations to evaluate temperatures across tiséBslanthg et al.
2002, Ahumada et al. 200daPointe et al. 201Q,iao et al. 2017, Fortini ef.a2020). To fill this
gap,l collectedlocal climate data along an elevational gradient to asstedsvel andseasonal
variability in temperaturand relative humidityelative tothe thermal requirements necessary
for local mosquito vector and aviarataria parasite developmehplacedclimate sensors
(Onset HOBMData Logger MX230)lLalong each of the transects at both saeree100 m
elevation intervalén transitional midle tohigh elevation§1305m, 1405mand 195m+ 5 m)
andmeasured temgratureandrelative humidityat 10minute intervat from August 2021
December 2022n addition, iimate sensors weliastalledwith solar radiation shields (Onset
RS1) 1 m above the groumdshaded areas with similar vegetattorthe degreéhat was

possible, althougthere was some variation @anopy cover and vegetation among sites.

Statisticalanalyss

Adult mosquito surveillance

For GAT validation experimentsused aruskalWallis test to evaluate differences in
C. quinquefasciatusapturesamongbrewtypes | then used dukeyo s Honest Signi fic
Differences (HSDposthoctestfor multiple pairwise comparison® determinef there were
differences among groupisused avlannWhitney-Wilcoxon test to test for differences @

quinquefasciatusaptures between fieldrew trap weekd.fit a generalized linear model &f.
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guinquefasciatusapturesvith a negative binomial distributigffiunction glm.nb in package
MASS) to determi trends in capture rates between treatments d®@ight trapping period
using trapnight, treatmentand the interaction between the two variables as predi€tors
monitoring at Hakalau Forest NWR and L&lp o eRRd ealculatecthe btal number of
mosquito capturesver the total tramights for each sitddue tothehigh number of zero
captures| useda negative binomial generalized linear mixed model to account for
overdispersion and to compare efficacy and detection efficiencp@irap types (function
glmer.nb in package Ime4), with the numbeCofjuinquefasciatusaptured per trapight as a
responsgtrap type as a fixed effednd site as a random effectised an alpha level of .05 for

all statistical tests.

H a p uti@arfern cavity surveys

| summarizedtheids t r i buti on of hapudu tree fern ca\
and sitelevel cavity density per hectateused aMann-Whitney-Wilcoxon testto compare
hapudu c abetivderyfenced and antenced ar@dHakalau Forest NWRNd between
unfenced areas ¢fakalau ForestNWR nd L a u p U husesl BKouskalW/&llis testto
compar e hapud oountsameorgmdnagenment anaserass tige refugdrends in
| arval occupancy sedaratbddbp spécies andecalculated assa peveemtage of
occupied cavities of total available (wet) cavities by month in relation to mean monthly ambient
temperatures (eC). The relative abundance of
precipitation (nm), and cavity age distribution were summarized by md@gharman s
correlation testvas usedo test for correlation between percentage of wet cavities and monthly
precipitation (mm)l also summarizechte r ange and medi an of hapudu

dimensions angbotentialwater holding capacityas well as the means of pH agldctrical
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conductivity (uS/ cm) Véthsereesofgéneralizetireegrmixed cavi ty
modek to evaluate influential variablder cavity pH(Gaussian distributigrfunction Imer in

package Imepdandelectricalconductivity(negative binomial distributigrfunction glmmTMB in

package gimmTMBR with time and cavity age as fixexdfectsand cavitylD as a randoneffect

A series obinomialgeneralizedogistic regression modelgerefit to test for influential

variablesin predictingoccupancypresence/absence Ae. japonicus n hapudu tree fe
cavities(function glm in packagkne4). Fixed effects includechean ambient monthly
temperature (eC), m wvatem volomoercdpacityypH raadiconduativity ( mm)
Hapudu cvwavrentoyeddabandom effead the mixed model due to nesngularity

produced by nearly zero variamén this casel fit the most complex modé&br the experimental

design, removing only terms required to allow a-sorgular fit Barr et al. 2018 Best fitting

models were chosen usiAdaiked information criterionAlIC) for model selectionand all

statistical analyses were performed using R software v.2022.07.2

Climate monitoring

| used local itmate datao calculatemeandaily and monthlyambienttemperaturealong
the transition zone elevational gradient at each(iségl305 m, 1405m, 1505m). | summarized
relative humidity by site anseasonatemperaturerariationby mean monthlgemperatures and
evaluatedhosemeansn the context othedevelopmentathresholdsiecessary for localector
andparaite development o€. quinquefasciais( 9 . @@l jelictum( 1 2 . ; Ahumada et
al. 2004, LaPointe 2010, Fortini et al. 2020domparedemperatures across sites at the same
elevation andbetween elevations along the elevational gradisimg a onavay ANOVA test.|
used gposthoc Tukey HSD test for multiple pairwise comparison to determine differences

among group means.
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Theclimatesuitability analysisvas performedby applyingthe avian malaria suitability
model developed by Fortint al. 2020 tany locally collected temperature dafhe model
definad suitability conditions based on thermal requirements from field amdd#drystudies
usng9 . 9eC as the minimum t hr edaysdtite cdmpleteper at ur e
development o€. quinquefasciatys and 12. 97e¢eC as the minimum th
86.2 degrealays forthe completelevelopment of the avian malaria paraBiteelictum
(Ahumada et al. 2004, LaPointe et al. 2010, Fortini et al. 20#Yreedays, also known as
physiological age, are used to model developmental stages in the context of changing
temperature conditions and are defined by the total number of days rdquidegelopment at
l1leC above the mini mum tBaskepide’ Eminul969, Ahdoewartdae v e | o0 p
& Birch 1973. Based on thermal requirements, for each day that the mean daily temperature
surpassed the temperature threshold for vector and/asifgadevelopment, the difference
between the local daily mean temperature and the temperature thiesbaalculatecand
summed over consecutive days to determine wheauimellativedegreeday requirementvas
metfor vector andor parasitedevelopmentOnce the degreday requirement was met, a
condition of @A Noparasitalietvaehl log mfemrt 0y e ditSauri tarbl e f o
developmenbnlyd , or A Sui t abl paraditalre vied tolp meend too waandat tr
each subsequent dako capture the effect of cold temperatures on stédliecl development,
suboptimal temperaturé®low thetemperaturéhresholdfor 30 days or longeior temperatures
at wWoaldreset thalegreedaycount back to zero (Chao & Ball 1962, Fortini et24120)
resulting in shifting suitability conditions throughout the year

Suitability calculations wer@erformedto find the percentage of days per season and per

year, that suitability conditions were met. Seasons were defifad@aser (MayOctober 202
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and Winter (Jamary-April 2022, NoemberDeember2022)andcalculations were done using
temperature data from 2022 exclusividydetermine suitability trends in a single ydzecause

of the degreelay calculation, the model requirafi b uir ntime to provide an accurate

assessment of suitability conditions, and therefostartedthe model counter in April 2021

Since climate data was not collected frtira stationstLaupJhoehoe FR until Aug.!
daily temperature data was dseom April-August 2022 and retrofitted to 2021 to use as data to

allow the model counter to begin at the same time across all stations.

RESULTS

Adult mosquito surveillance

GAT validation at low elevation high mosquito density site

| captued72 C. quinquefasciatuduring 225total trap-nightsusing GATs baited withhie
stinky waterinfusionsatthe low elevation high-densitymosquitosites Other mosquito species
captured across treatmemicluded Ae. japonicugn = 4 individuals) ande albopictus(n = 117
individuals).After 16 trap-nights there were some instances of previously captured specimens
missing from the sticky cardgely due to predation frorantsor other predatorgresent alow
elevationsites Rain and humidity did nappear to reduce the adhesive power of the sticky
cards, and if cards were exposed to the rain, they recovered the adhesion in subsequent days.

Brew typehada significanteffect onC. quinquefasciatusaptures (X= 8.67,df =2, p
value = 0.013)Thestandard prdérew and thedapted fielebrewcaught significantly mor€.
guinquefasciatuselative totherainwater dilution (pvalue =0.049,0.00B), but there vasno
significantdifference between thetandardre-brew and the adapted fiehew (pvalue =
0.212;Figure3d). Since medians across all treatments were zero due to high zero captures, mean

nightly capture rate and total capture were used to visualize the differences among treatments.
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Theadaptedield-brew had thdighest mean capture rate of 0®.[quinquefasciatuper trap
night, compared to 0.1€. quinquefasciatufor the standard prbrew and 0.0Z.
quinquefasciatuor the rainwater dilution. The adapted fidddew also hadhe highest total
capture (28 individuals.

The best fitting negative binomial modeds the full model (AIC = 102.28), including
trap-night, trap week, anthe interaction betweemap-nightand trap week, with tramight and
the interaction term as significant covariates for predicting trap cagpvesue =0.028,0.044
Rz = 0.343, performing only slightly better than the model including only-iregek (AIC =
103.74). The model demonsesdtthatrap weeksignificantly influenced capture ratesgith the
Week 2brewdemonstrating a higher mean nightly capture rat€faquinquefasciatus
mosquitoexompared to Week. TheWeek 1field-brew showed a weak but positive increase in
C. quinquefasciatusapture rateafter trapnight 5 while theWeek 2field-brew had a higher
mean capture rate, but demonstrated decreasing capturébetrapping period (Figud. For
both treatments, maximum capture rates occurred betweenigtap 69. Although capture
rates were reduced, the Week 2 fibl@éw continued to captut@. quinquefasciatushosquitoes
through trapnight 15. Additionally, the Week 2 brew had an outlier of 20 captures mgéesi
trap-night; however, the analyses wasfpaned with and without the outlier and the trends for

capture rates did not change.

Monitoring at Hakalau ForestNWRand LaupUhoehoe FR

At Hakalau Forest NWRjo mosquitoes were captured in GATs in 5,721-trigts
(Figureb5). Ae japonicuswereobserved flying in the vicinity of trapend along the transediut
werenotcapturedAt L a u p U hFRé 1,928 trap-nights23 mosquitoesvere captured in

GATs (1 C. quinquefasciatus2? Ae. japonicus No mosquitoesverecaptured above 1335 m,
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andasingleC. quinquefasciatusas captured at 1235 wll mosquito captureat LaupJ h o e h o e
FR occurred approximately in the portion of the transect thatiovesr in elevation than the
transects at Hakalau Forest NWR extended (413@D m) No other mosquito species were

captured at either site.

Comparative trap efficacy

During the comparativedp efficacyexperimentacross all traps over(d26 totaltrap-
nights | captured a total of 38. quinquefasciatysand 69Ae. japonicusActive BG CQ traps
(316 totaltrap-nighty outperformed both the active CDC Gravichp (326 totaltrap-nights and
passive GAT(384 totaltrap-nightg, capturing 37C. quinquefasciatu@@7.4% of allC.
guinquefasciatusapturesFigure6). OneC. quinquefasciatusapture was made in the CDC
Gravid Traps, and zero captures were made in the GATSs. Trap type was a significant predictor of
C. quinquefasciatusaptures in the best fitting negative binomial modelluding site as a
random facto(p-value < 0.001R: conditionai= 0.947). For everyC. quinquefasciatusaptured in a
BG CO:trap, only 0.03 were captured wiDC GravidTraps. ForAe. japonicusthe CDC
Gravid Trap had the highest total captsi(e = 57 individuals), outperforming both of the other
traps.During trap efficag experimentspnly oneC. quinquefasciatusmosquitowas captureat
Hakalau Forest NWR 4671 m in an active BG CQrap.At LaupChoehoe, six C.
quinquefasciatusvere captured in B&O; traps below 1215 m, with oreaptureat 1371 m.
SevenAe.japonicuswere captured acrosdi trap typesat L a u puddernl200 o3 of the
total C. quinquefasciatusaptures were made at Keanakolu, which was not ong/¢dng-term

study sites.
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Haputu ¢trtese fern cavi
Ha p u & u distabutiont y

At Hakalau Forest NWR, surveyed a total of 17.95 hectares (ha; 359 pausg)ss the
refuge 13.6 hectares (272 plots) were in the fenced portion of the refuge and 4.35 hectares were
in the unfenced portion of the refuge (87 plols)the btal survey ared found 84total cavities
(4.68 cavities/ha 0.19 SE) providing potential larval habitat. When separated by2irea,
cavities(1.54cavities/la = 0.11 Slwerein the fenced area of the refuge and 63 cavities (14.48
cavities/ha + 0.64 SHEigure7) werein the unfenced ared@he fenced portion of the refuge had
alower hapudu cavityunemedrarad/ 03i52.58, p € @001tFom Juhee
2021 January 202%ightad di t i onal hapu dualaagtheitranseetsinthee r e i d e
unfenced portion of the refuge, indicating the creation of new larval habitat from feral pigs.

At LaupUhlsemhoveyRlR, a total of 0.8 hectares
tree fern cavities (86.25 cavities/ha+4.11 SH).e abundance and density
this site wasignificantly higherthan the unfenced area surveyed at Hakalau Forest NWR
287, pvalue < 0.01)

Additionally, h a peysiaaross thedoamarfagement uoiafthe t vy s ur
fenced portion of Hakalau Forest NWR & Pua 06Uk
significant differencemongunits, with the Honohinaunit havingthe highest mean a p u @ u
cavity density per hectare (5.8and thegreatest number of cavities (18 totahencompared to
t he Hakal au, Ma wnhits(d?= 37a784ddf P 1aludi<iOlO@L) aNo hapudu

cavities were identified in thenitf(Fegore8ed porti o
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Of the 84 cavitiegdentified in the distribution survey6.2%wereclassified a®ld
(64/84), 16.7% asntermediatg14/84),and7.14% adresh(6/84). All (100%)fresh cavities and
64.3%o0f the intermediate cavitiexccurredwithin the fenced portion of the refuge, indicating a
potentialrecentinfiltration by feral pigs Across all cavities at both sites (n = 152), cavity size
was highly variake, with the most variability in the length of the cavity. Cavities ranged from
10-220 cm in length and had a median length of 32.5 cm. The width was less variable, ranging
from 522 cm and a median width of 9.0 cm. Depth ranged frarB dm with a mediamf 2.5
cm.
Larval occupancy trends

During theh a p digtribbution surveyacrossHakalau Forest NWRhere wereno larval
detections of any mosquito spexiln the unfenced portion of Hakalau Forest NWR along
long-term survey transectsmonitored 63 cavities once everydaveeks from MayDecember
2021. No larvalC. quinquefasciatudetections were madahiring this time. Detectionsf Ae.
japonicuswere constently made imsinglei nt er medi at e aged hapudu
unit). Ae. japonicugarvae were first detected in June 2021 and the cavity was occupied
periodically through December 2024 detections in 11 surveyajth absence during heavy
rains in October and Novembérarvaldetectionf Ae. japonicusvere also made periodically
in rock pools in théntermittentstream beds of Hakalau adidiweh streams from July
September 2021.

InL aup Uh o d hisitezl th€ F_me 36 cavities eight times over the duration of 11
months All cavities fell withinareas having mean ambidemperatures that satiefl the
developmental requirements for each speeied were therefore assumed to be labée larval

habitat to bothAe. japonicusandC. quinquefasciatughen holding wated. observed sasonality
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and variation in occupancy of primariye. japonicuswith occurrence of. quinquefasciatus
during thepeak season of the yg@ugustNovember) but across few caviti€s = 2) At each
of the surveysAe. japonicusvere consistently detectedinover® of t he hapudu
holding watemwith peak occupancy in November (Fig@eLarval C. quinquefasiatus
detections were made during the months of August, September and November in a total of two
hapudu cavi ti e-mnhabitmgthewavitysvitie gaponidus c o

Wet cavitieqcavities holding rainwateryere dassified asavailable larval mosagjto
habitat and fluctuated between wet and dry conditions over thelyeaughout the survey
period, the total percentageweét cavities ranged from-00 % (Figurel0) and there was a
significant correlation between precipitation and percentage tofavities § =10, p-value =
0.007), indicatingthatthe availability of larval habitaaindthe persistence of wet cavitiss
correlated with rainfallThe measuregnaximum potential water volume capacity of cavities
ranged from 282200 mL, with anedian capacity of 390 mlhowever cavities were often
observed with a water volume well below their maximum holding cap#&atyities in open
canopy areas exposed to direct sunlight or

opening were often fowd dry, despite still being able to hold water.

Haputu tree fern cavity | ifespan

| identifiedthreefresh,eightintermediate and@old cavities § =21) during my initial

haputu surveys at the LaupUhoehoeorgihaldy si t e

cavities over 1 months for evidence of decomposition and changes in age state to inform
lifespan of each cavity over tin{Eigure11). An additionall5 fresh and intermediatge
cavities were added over the survey pefarda total of 36 cavitieOn average, cavities

identified as fresh lasted2 months (n ) andthe intermediate stage lasted Znonths it =
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19). Of the 10 cavities identified as old at the beginning of the surveys, 8/10 (80%) were still
capable of hinling water at the end of the study, demonstrating a lifespan of greater than 11
months.Over the monitoring period1% (11/3g h a p u & u wera destroyednd could no
longer hold watereither from rotting, crackingr accumulating soil and leaftét. | observed

the full lifespan ofonly one cavity whichtransitioredfrom fresh to rotterover the coursef 10
months.

In addition to age, the physicochemical parameters of the water within the cavities varied
over the study periodhe pHrangeoflmu Gu tree fern cavities acr o:¢
6), with slighty increasing mean pH values as cavities agjed. mean pHor fresh,
intermediate, and old caviti®gas4.45 (+ 0.839), 4.59 (+ 0.647), and 5.06 (+ 0.839), respectively
(Figure 12A) AIC valuessupported three of the candidate models equdéita AIC < 1.6)
including time,cavity age, and both variables togeth€&he model with the lowest AIC (303.4)
includedonly time as a significant predictor, performing only sligttetter than the model
including cavity age (AIC = 304.0), and both time acality age (304.9)The null model and
the model with the interactive effect of time and age were not supported (AIC = 311.7, 311.8,
respectively), suggesting no differentiahsenal effect dependent on cavity affee pH
increased weaklgver time (Figure 2B), but there wasonsiderable varianamongthe pH
values.

The electrical conductivity (uS/cm) within cavitidecreased both over time and as
cavities agedThemedian conductivity ofavitieswas978 (+ 593), 412 (+ 338), and 179 (x175)
uS/cm for fresh, intermedigtand old cavities, respectivefiFigure BBA). The best fitting model
for conductivity (uS/cm) included time and cavity age as predictor varialileawAIC of

1684.5.The null model was included, and all other candidate models had a delta AIC > 2.
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Incident RateRatios &monstrate decreasing trends of conductivity over time and with age,
decreasing by 5% each monttith conductivityvalues of intemediate and old cavities 71% and
84% lower than fresh cavities, respectively (FigusB)L1 note thatte predictive line for fresh
cavities is based on a small sample size from Febiargh.

The best fitting model for predictide. japonicuoccupang i n hapu@u caviti
full model, includingmeaa mbi ent mont hly temperature (eC),
water volume capacity, pH, and conductivithis model was selected as the most complex
model , removing onl y ndoim effechta gdlawtamesingalar fit{Barret D a s
al. 2013). The chances Ak. japonicu® ccur rence within hapudu cavi
decreasing conductivity (p < 0.001), yet were not found to be affected by pH, water volume

capacity, mean monthly teragature, or rainfall.

Climate monitoring

Climateconditions revealedariability in local temperatures throughout the year and
along the elevational gradient. Temperaddee cr eased by an Oawv@xCage of
every 100 m gain in elevation, and decredsed total ofL . 2 6 8 C 0 acogs@B00 m
elevational gradient (1305-4605 m;F2,s00s69= 12524 p-value <0.001). Thesdlifferences were
significant between each pair of elevations/gtue < 0.0Q). | foundasignificant difference
amongmeantemperatures across sites at the same elevdtiond7s= 1171, p-value<0.00L for
1305 m F 2273019= 632.4 p-value< 0.0QL for 1405 m F 2258069= 571.1, p-value<0.00QL for
1505mM. Tukeyds HSD test fshowedhatthé mepnteamperaturagasr i Ssons
significantly different between each pair of sites at each elevativalge < 0.0Q). Based

solely on the temperature thresholdiundthe mean ambient temperatures necessar@.for

27



quinguefasciatugdevelopmentverepresent yearoundacross all elevations (13505 m)
with conditions forP. relictumdevelopmenpresengreater thad6.3% of the yeaacross all
elevationgFigure 14) Drops in temperature below the threshotturredirom November
February at the lowest elevation (1305 m) and Octéipeil at the highest elevation (1505 m).
Annual relative humidity across all sites radgrom 90 to 96 %The transects atakalau Forest
NWR had higheannualrelative humidity(Puadé U k a 958 % £0.21SE, Hakalau = 95.3 % +
0.31 SBcomparedto Lauph o e h 0 e %+R.48 WO . 7

When analyzed individuallggainst developmental thresholds and cumulative degree
days necessary for vector goarasitadevelopmentthe differences imemperatures across sites
at the same elevati@how variation in suitability conditioresnong sitesit the same elevation
(Figurelb). Across all sitestahe lowest elevation otne gradient1305 m mean ambient
temperaturesvere at or above the minimum thermal requirementorelictumdevelopment
yearround, translating to 100% annual suitability for both vectorparedsite development
across the larmtape at these elevatioWhile the lowest temperatures occedlin the winter
months from NovembeWarch, mean ambient temperatureshadippedbelow the 2.97% C
threshold. At the middle elevation timeegradient, 1405 m, observe seasonality ithermal
conditions suitable foavian malarigparasitedevelopmenacross the landscape At Pua O UKk al
and Hakalau withitHakalau Forest NWRvector developmertnly was possible from February
late Jung4 months/year)while themal conditions that support both vector gratasite
development occuedfrom late Junéeebruary (8 months/yeaip contrast e Laup Uhoehoe
at the same elevation, both vector gadasitedevelopmentverepossible yearound resulting
in an additional 4 months of suitability for avian malaria parasite development compared to the

same elevations at Hakalau Forest NV8Rnilar evidenceo f L a u pdUsmaerch toveards
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warmer temperatusavas evident at the highest elevation on ginedient(1505 ). At Pua
0ukal a and,vectokoaly developsnentas supportefom Februaryate August
(5.5 months/yearwith both vecbr andparasitedevelopmenpossiblefrom lateAugust
February (6.5 months/ year ) . FRthe seasom forshatme el ev a
vector ancparasitadevelopmenwvasextended by approximately 2 months, beginning in July and
extending through md-February (8.5 months/year). Similar but less pronounced differences in
temperature and resultiryian malariasuitability conditionsalso occured between sites within
Hakalau Forest NWRndicating the local variation in temperature across botlelthation
gradient and microclimates present across the landscape.

Suitability calculations demonstratehatthe lowest elevationsnthegradient(1305 m)
supporéedboth vector angharasitedevelopmenyearround (00% of the year. Mid elevations
(1405 m)supporedboth vector angharasitedevelopmen61.92%, 63.29%, and100% of the
yearat Pua daukal a, Hak al au, Temperhturésdrarigh dlevagidno e, r e
sites(1505 m)demonstrate suitability for both vector gparasitedevelopment6.3% and
61.64% oftheyeaf or Hak al au arespectivelyu pCluhroi eohucsd y, Laup Uh o
demonstrates a significantly greater percentage of annual suitabiity3& %) than the
transects at Hakalau for m{@i405 m)and high(1505 m)elevations. Given the proximity of
mean temperatures to the developmental threshold temperatures, evdersigdrature
variationscan result in daily suitability changes across sitesaamohgclimate stationsFor
mid-high elevationsthere wasa reduction in suitability for disease developmarit0-20 %

from the simmer(May-October)to winter (NovemberApril) months
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DISCUSSION

Despite the presence of suitablenateconditions for vector development yeaundat
both sites] found minimal evidence of the establishmentha avian malaria vectog,.
guinquefasciatusAlthough the efficacy of th&ATs were relatively low compared to active
traps, the low numbers afosquito captures together with larval surveys are a good indication
thatC. quinquefasciatusxist at low densities at these sites, appear tdhave not yet
established resident populatiohglso found limited feral pigreated larval habitat in fende
areas, suggesting thi@ncing is an effective management measureitigate the creation of
larval habitat but thepersistence of hapu tree fern cavities created fgral pigs may delay the

time it takes fothepositive effects from larvdiabitat reduction to occur.

Adult mosquito surveillance

Extensive trapping effort frompatinuous monitoring over a twyear period using low
cost passive trayevealed little evidence diie establishmerdf C. quinquefasciatushosquitoes
within the two forest refugiaAlthough the efficacy of the traps useéngrelatively low
compared to active trapthe low numbers of mosquito captures are a good indication that
mosquitoes exist at low densities at these sltesestablishmenof Ae.japonicus a cold
tolerant mosquitowas evident at both Hakalau Forest NWR and Lhbpp e hoe FR, wi t h
evi dence a tFRromilapdl suveyhandeadult mosquito captulée first detection
of Ae. japonicud n Hawai @i | s | a had singeargpidly estakiisbed hroaghodt i t
the islands and across elevational gradients (Larish & Savage 2005, Kaufman & Fonseca 2014,
Harwood et al. 2018Ae. japonicusnovement upslopé&nown ceoccurrence witlCulexspp. in
larval habitat, and locavidence of cdhabitationwith C. quinquefasciatusuggest that could

serve as a proxy f&€. quinquefasciatusvasion at these sit¢slardstone & Andreadis 2012,
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Kaufman & Fonseca 2014)he higher numbebf Ae japonicusaandC. quinquefasciatus

captuesat LaughoehoeFR mayhave beetinfluenced bytheproximityo f L au ptdhoeho e
development and roadsaPointe 2008, McClure et al. 2018), as welllashiglrer density of

occupied feral pigcreated larval habitat.

This study, like other intermittent sampling efforts conducted at Hakaleast NWR
sincethe199%9 s, yi el ded f ew mo s thasingleC.qunguefascidtus o n s . Ho\
capturel at Hakalaun aBG COz trapduring the comparative trap efficacy experiment at 1671 m
in November 2021, well above the elevational limits of the-@mg monitoring transectsvas
notable To my knowledge, this wathe first capture inthepperPua O Uk al the por ti on
refugein recent yearswith the only other capture in this management unit occurring at 1313 m
in | ower Pua Gukala during AaglensG / Sept ember 2
quinquefasciatuseggraft denti fi ed i n an ovi plOmin2d0bn trap a
following prevailing winds Freed et al. 2005Past mosquito surveys detected feéw
guinquefasciatumosquitoescross the refugavith most captures associated witlanmade
larval habitafrom ranching activities in the Maulua management unit that were removed in the
199 H.aPointe 2000LaPointe 2016, B LaPoint personal communicatiynSince 2012, no
mosquito surveillance had been conductddaktalau Forest NWRThe passive mosquito
surveillance that began in 2020 asthe first active mosquito monitoring to occur at the refuge
in eight yearsWind dispersalas opposed tan indication that resident mosquito populations
have becomestablishedis a viable hypothesis ftine singleC. quinquefasciatusapture (Freed
2005, Freed and Cann 2Q13&Pointe 2018 however it is difficult to draw conclusions frora
singlecapture emphasizinghe importancef continuousmonitoring. Although monitorig at

low-density sites wapreviously not a prioritytheincreasing threatf mosquito invasion and
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diseasealong with thepotential application of landscapevel mosquito control has increased
the need for extensive trappinghégh elevatiorsites

Results from the trap efficacy experiment suggest that active traps are more efficacious
than passive traps, with interesting spedee®l distinctionsAcross both species, active traps
had signficantly higher capture rates than passive tFp<£. qunquefasciatusthe active BG
COz trap outperformed both the CDC Gravid Trap and GAT, wigonly high elevatiorC.
guinquefasciatusaptureat Hakalau Forest NWRiadein anactive BG CQ trap. The fact that
the onlyC. quinquefasciatusapture occurred in the highest efficacy trap type makes it difficult
to contextualize alongside results from GAA#hough thehigh elevatiorcapturein the active
trapdoes not invalidate the possibility of true zero captures from GATs at lower etesjati
comparative trap efficacy experiments cast doub#bether the zeradsom GATsrepresent
absence of mosquitoes on the landscame@areflecion of low trapping efficacyThese
comparative efficacyesultsare consistent witthose found in other comparative trap efficacy
studiesconductedn the continental United Stajsfiowing the higher efficacy of active traps
compared to GATSs for capturirn@. quinquefasciatufCilek et al. 2017a, Cilek et al. 2017b).
AlthoughGATs are nore convenienand less costlytheefficacy of the passive trapping system
is likely too low to effectively serve as an early warning system for mosquito surveidance
remote sites in HawadAdditional challenges encountered with GATs inaddeduced
adhesiorfrom humidityand high amounts of bycattiat may haveeducedheir overall
efficacy, making them less ideal for trappiagsites with heavy rainfall and high humidity
Interestingly, forAe. pponicusthe CDC Gravid Traps had the highest capture rates of all trap
typesi a result that supports other studies timtedocumentedhe succes®f gravid traps for

capturingAe. japonicugAndreadis et al. 2001, Scott et al. 2001, Falco et al.,2G0%h et al.
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2010).The differences in efficacy among trap typesild be a reflection of habitat variation
between sites, larval habitat availability, @hdphysiologicalstage ofeachspeciest the time

of trapping (i.e.gravid vs. hosseeking). These results are consistent with other trap efficacy
studies performed across the Hawaiian Islandshand key implications for management and
surveillance Despite the BG C&traps being the mosfficacious among trap types, the pairing

of gravid and C@hbaited traps in monitoring programs is considered to be the most effective due
to siteto-site variability (LaPointe et al. 2021) nderstanding the limitations of each trap type is
essential fogenerating the reliable population estimates necessary for vector control.

While ective trapgpresent a more reliable optibm ensure detectigmpartcularly inlow-
density mosquit@reas thesesystems will incur significant costs itmplementcontinuos
monitoring(Dhanique et al. 2017).ufther researchould seek to improve the efficacy of lew
cost, passive trapping techniquesudseatremote sitescrossHawaii. For example,sund has
long been recognized as an important component of mosquitorget®logy(Belton 1994,
Robert 2009Andrés et al. 2020and tapsthat utilize soungdsuch as the Sour@ravid Aedes
Trap (SGAT) and the lsle Aedes Sound Trap @A&T), have increased the efficacy of passive
traps to be equivalent to those of the BG; traps and increased male capture numbers
important for vector control progranmsr Aedesspp.(Johnson et al. 20a8Rohde et al. 2019,
Staunton et al. 203). The augmatation of the passive GAT with sound lures could potentially
enhance mosquito surveillance across the Hawaiian Islands in these remote sites by improving
capture rates, particularly for male mosquit@esjsignificantly reducingbycatchof nontarget
insects(Staunton et al. 2A2. Further studies to improve our understanding of comparative trap
efficacy across the Hawaiian Islands will be critical for the effective applicatidrevaluation

of landscapdevel mosquito control efforts (Atkinson 2016, LaPointe 2021). Additionally,
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monitoring of avian malaria disease prevalence would be a valuable addition to the surveillance

efforts not included within this study (Samuel et al. 2011, LaPein& 2016).

Hapudu ¢tavitese f er n

Available larval habitat is one of the main drivers of mosquito abund&®eer &
LaPointe 2009, McClure et al. 2018) and hapud
of the most important breedingestofC. quinquefasciatus n Hawhaeiréiei hapuéu tr ee
are dominant in the understqi@off & van Riper 1980, LaPointe 2000, Reiter & LaPointe 2007
LaPointe et al. 20)2I foundthat feralpigc r eat ed | ar v al habitat i n th
cavities vasnot abundant acros¢akalau ForestNWRndo® mpar i sons i n hapudu
distributionshowed both withirsite and between site differences between fenced and unfenced
areasAt bothHakalau ForestNWR n d L a u FB, hinfeadecbaeeas had a greater
abundance andsteevel density of hapudu ,duggesegthater n cav
fencescontinue to beffective at reducing larval habitat within the refbkesset al. 200,
LaPointe et al. 2016Yhe densityofhagiu  t r ee f erns within each si
was not accounted for and may be a confounding factor; howegtation among survey sites
was comparable and | do not expect wazhdnge the outcome

Despite the effectiveness of fencjitige long lifespan of cavities (greater than 11 months)
suggests that feral pig activity has a legacy mhay delaythe time it takes for positive effects in
larval habitat reduction from fencingéccurHapu6u cavities were found
persist over timeand are likelyable tosupport viable larval habitat for several monihs
potentiallyyearsafter being createdhlthough full decomposition of newly created cavities was

seen in ader one year, most cavities outlasted the duration of the Sthdynteraction between
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precipitation and the aging of the cavities over time demonsttaeatynamic and ephemeral
characteristics of these habitats onthe landsédpep u Gu cavi ti es are sensi
desiccation, and the increasimgensity and frequency of drought across the state associated
with climate changevill likely influence cavity aging and persistence (Ahumada et al. 2004
Frazier et al. 2022 Furthermore, thepisodicfluctuation of water within these cavities may
negatively impact reproduction @f. quinquefasciatugheeggsof C. quinquefasciatuare not
droughttolerant, like those of\edesspp.,including Aedes japonicysand can dry out whin
hours of larval habitat goingdry maki ng t hem more vulnerable to
cavities(Versteirt et al. 200%arnesi et al. 201%Krupa et al. 20211 In the context ofluctuating
water levelf cavities as larval habitat, dry months at a site whigh density of feral pig
created larval habitat may significantly red@@equinquefasciatuabundancéut notAe.
japonicusabundance

Alongside theexternalstructural changesbservedacross caties over timegshifting
internalphysicochemicatharacteristics of the water within the cawatgo occurredProperties
of larval breeding habitat such as pH and electrical conductivity can influence larval survival,
larval development, and habitat selectionovipositionby adult mosquitoegYee, Kneital &
Juliano 2010Emidi et al. 2017Ukubuiwe et al. 2020 My resuts indicated that pH increased
and conductivity decreased over time and with increasing cavityAitgeughC.
guinquefasciatusandevelop in a wide range of pH conditions, Iptt valuesbelow4.0 slow
larval developmeraind decrease survivorshigwasi et al. 2012Ukubuiwe et al. 2020)This
would suggest thdteshcavities withmore acidigpH levelsmay result in slowed development
or mortality. Indeed, there were no larval detections made in fresh cavities, whilkch cou

potentially reflect a preference for intermediate or old age cavities, and/or compromised larval
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survival in fresh cavities; however, the sample size of fresh cavities was small and there was not

enough data to support this id€iven thatdifferencedn pH values among cavity age®re

small(x 0.61) and mean pH values across all cavity ages were considered 4ciéié.06),

more detailed larval studies across fine scale gradients of acidic pH are needed to explore the

effect of pH on survival and gelopment ofC. quinquefasciatuandAe japonicus
Otherimportantwater quality parametefer larval habitainclude totaldissolved solids

(TDS) and electricatonductivitymeasureswhichare correlateavith and indicate the presence

of organic matter and inorganic salRusydi 2017)HigherTDS and conductivityevels are

associated with polluted or nutriemth waters, preferred b§. quinquefasciatu@Burke et al.

2010, Day 201pandhave beenpositively associatedvith C. quinquefasciatupresencé€Burke

etal. 2010)I n h a p u aldound the highesteanductivity levels in fresh caviti@s/en

the positive association betwe€nquinquefasciatuand high conductivity levels, this could

suggesthatC. quinquefasciats may selectfor freshor intermediateavitieswith higher

conductivity levelsover old cavities; howevel did not have enoug. quinquefasciatus

detectiondo support thiswypothesisAlthough Ae. japonicusre known to occupy diverse larval

habitat, they are generally associated with cleaner watethaminquefasciatugaufman &

Fonseca 2014, Egizi et al. 2014), which may explain their occurrence across intermediate and old

cavities with lower conductity levels.A major limitation tomy study was the small sample size

of freshcavitiesthatwere rareacross the landscapéely due to the rapid decomposition of the

starchy interior once it has been expogetbnger duration studyn an area with higimosquito

density andh larger sample sizcross all cavity agesould be necessary telucidate more

specific trends in thifespan of theseavitiesand their ecologicglrocesses that may influence

larval habitat use and selection of these breedibgdia.
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While few C. quinquefasciatudetections were madAg. japonicusvere consistently
and frequenthdetected acrogsonitoredh a p u & u Rast studiesihaapeculated abouihe
possibility of displacement &. quinquefasciatugy Ae.japonicus(LaPointe et al. 2016)
however evidence fromarval competitiorstudiesbetweenCulexspp. andde. japonicusn the
continental United Statese varied and have not fou@d quinquefasciatut be negatively
impacted byAe. japonicupresencéHardstone & Andreadis 201Rlurrell & Juliano 2013,
Egizi et al. 2011 Althoughmy results cannot inform this hypothedisletectedhe occurrence
of bothAe. japonicusindC. quinquefasciatus the same larval habitatt L aup Uhoehoe
Larval habitat studiesuggest the possibility @. quinquefasciatubaving facilitated the
establishment of\e. japonicushroughmicrobemediated interactionsssociated witthe filter
feeding behavioof C. quinquefasciatusandAe. japonicudvulnerability to microbial conditions
within larval habitat; however, further studies are needed to better understand these interactions
at the local level (Egizi et al. 2014t Hakalau Forest NWRheabsencef C. quinquefasciatus
larval detections anlimited detections ofe. japonicugprovide an optimistic view that although
temperature conditiorarepresentC. quinquefasciatusiosquitoes haveot yet established
resident populations'heseobservationsrealmost identical to those made bgPointeet al.
2016in 1998 and 201, despite the change in climate conditioner the past 20 yearEhese
resultsprovide additional evidendbat the isolation from development and management of
Hakalau Forest NWRemainimportant factorsn its role as a critical forestird refuge
(LaPointe et al. 2016)

The reduction of hapudu cavities as avai

F

a

Hawai 0i Forest Bird Rec o beenciedda bnamporaii SFWS 2003

managemerdctionto reduce local mosquito populat® avian malaria transmissipand
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postpone population declinflsaPointe et al. 2009, Samuel et al. 20H&bbelen et al. 2012,

Liao et al. 2017)As part of this researchahp u @ u t r e eapdard icaordicateywetey m
provided toHakalauForest NWRto support decisioimakingregarding larval habitat source
reducti on; howev er ,onoaetypéiai available lanval halstat in kighr e s ent
el evation forests, and pr eviabathersitegidhotlower on o f
mosquito abundance (Atkinson 20@Gkinson et al. 2016 Therefore Jarval source reduction

must be balanced with the costs, priorities and potential benefits that it can pAd\ddeslike

Hakalau Forest NWR where larval habitat availabilitglieadylimited, source reduction is not

l'i kely to significantly reduce mosquito abund
where the density of feral pigreated larval habitat densitg/high(Hobbelen et al. 2012)n

addition, dternative larval habitats such as rock pools in stream beds are understudied and may

play an important role as corridors for invasion throughout the @tateointe et al. 2006

Climate monitoring

Using lacally collected finescale data across an elevasibgradient at two forest refugia
from 13051505 m,| found that the climate conditiongerepresent yearound for the
development o€. quinquefasciatuacross all elevations, while the conditionsliothvector
and diseasdevelopmenbccured6.5 months out of the yeawen at the highest elevations on
the gradient, and are on the precipice of annual persistemtbermore, the shifting seasonality
in avian malaria disease transmission has become more pronounced over the years and the
increased warming and suitability trends thabserved are consistent with longer historical
trends at Hakalau Forest NWR at similar or higher elevations (Fortihiz220).These results
support extensiviandscape analyses using modekpgproacheavailable to predict climate

conditions across the islantteat suggest increasing occurrence and abund#rce
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quingquefasciatugBenning et al. 2002, Ahumada et @002, Samuel et al. 2011, Liao et al. 2015,
Fortini et al. 202Q)My work additionally leveragedetailed sitespecific climate data generated
from longterm monitoring transects without relying on the use of predictive modeling.

Theresultsof this studyshow the reality of climate conditions present in the-mgh
el evation closed forest bird habitat at Hakal
core forest birdhabitatand reveatransitional zones where we expect to see the first signs of
disease transmission (Benning et al. 2002). Declining population trends in closed forest at the
lower reaches of Hakalau Forest NWR (Kendall et al2p(@gether withsuitability conditions
for the avian malaria parasitadicate the likelihood of diseasewing these declines. Within the
300 m el evation gradient, the average differen
0.2eC) is near t he dppibgepdnd tefimagpby thealntaratonalPanelj ect e
on Climate ChangdPCC)as t he #dAcriti cal threshold that, w
change in the state of a system, often with a
(IPCC 2018). From this varga point, conditions at lower elevations continue to provide a
glimpse into a warmer climate future that is near, with an-gsmg upper elevational limit for
mosquitoes. The lowest reaches of Hakalau Forest NWR sit at@00dnand for some species
of native Hawaiian forest birds that make altitudinal migrations to lower elevations, such as the
0 i & Drepanis coccineathe encroaching proximity of disease is particularly threatening
(Guillaumet et al. 2017).

Beyond the elevational gradient, fisealevariation in temperatusacross the landscape
at the same elevations were evident, suggesting that dynamic factors beyond elevation alone may
influence sitespecific vector and disease conditions. While all climate sensors were placed in

similar shadd habitat with a covered canopy, there were some differences that could not be
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avoided, such as slight changes in canopy cover, and variations in canopy or understory species
dominance that may influence temperatin@wvever, lhese variations anepreserdtive ofthe
microclimateghat occur across the landscape and have been shown to affect mosquito
population dynamics and resting site selectdurdock et al. 2017Sauer et al. 2021).

Due to the proximity of all mean monthly ambient temperatures wikssthar8e C
above or below the minimum thermal requirementpfarasitedevelopment, small changes in
temperature both across the elevation gradient, as well as the landscape, resulted in shifts in
avian malaria state. Although this may trulyrbpresentative of the dynamics of the landscape,
it is also an inherent bias of a threshold based model. Thresnoteraturessed in the model
were derived fronbaboratoryand fieldstudiesthat were conducted over 10 years ago, arsd it
possiblethatphysiological thermal adaptatioasd rapid evolutiomo changingnovel
temperatures may influence threshold temperaflwdsanski et al. 2012,ahondére &
Bonizzoni2022, and therefore may not reflect the most accurate developmental limitations
occurring across the landscape.order to understand the complex dynamics of mosquito and
parasite development in the context of a rapidly changing climate, robust surveillance of adult
and larval mosquito populations alongside fswale climate monitoring wibe necessary,
accompanied by current laboratory studies on evolving spspesfic developmental
thresholds.

I n addition, it 1 s Iimportant to note that
used in the model represent the minimum temperagapaned for development, and not the
optimal developmental temperatures (LaPointe 2010). This suggests that although the minimum
conditions for development are present at these sites, they remain at or below the conditions

deemed necessary for seasonal@nannual persistence 6f quinquefasciatué 1 3. 2e C, 14 . 2
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at 14051505 m, and well below the conditions fogak transmission ¢f. relictum( 1 7e C) f or
most of the year (Benning et al. 2008jteswith limited, episodic transmissiaronsidered
transition zones for avian malaria transmission tavemp er at ur es bet ween 17
low-risk zone encompassarasvitht e mper at ures at or above 13eC
Samuel et al. 2011iven these parameters, Hakalau Foret® and LaupUhoehoe F
remain between the lowsk to transition transmission zonéd.low elevations average
minimum temperaturesere7 . 5 ¢ (at thedigher elevations r eached average | o
These low temperatures are likely importanttailsig development of mosquito larvae and the
avian malarigarasite (LaPointe 2010lthoughP. relictumcan enduréow temperatures of
4eC for a short du,r agx pmns Y rCeh atoo &1 BaC | fl®r6 239 pr
mortality (Garnham 1686). However,as climates warmminimum nightly temperaturesme
increasing most rapidlgt higher elevations, which will likely have consequences for disease
transmission (Kagaw#iviani & Giambelluca 2020).

The accessibility of lowcost temperature data loggers and the creation oftemng
transect s, |l i ke those establ i sheansagporththek al au
collection ofrobust local datéhatcan enhance rediime models by refiningdrecasts and
suitability projections that are sitpecific, accurateandnearreattime for the most critical
forest bird habitat at mifligh elevation refugedata on temperature suitability at these
elevations can also be used to determine when Vecabr abundance may be highest for timing
of landscapdevel mosquito control, larvicide, and monitoring efforts when the risk of malaria
infection is greatest (Fortini et al. 2028 climate and malaria disease modeling continues to
advance, continuoudimate monitoring in atisk forest bird habitat could be an important, {ow

cost component of avian malaria surveillance and early warning systems across the state.
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CONCLUSION

The different sources ohonitoringdata provided by théhreetier surveillanceapproach
in this studypresent a comprehensive view of the landsamade dynamics occurrirgmong
mosquito abundance, suitalglénateconditions, larval habitat availability and sgpecific
characteristicat two criticalhigh elevatiorforest refugia on Hawai i I. §HesesoUWCes Of
information are diverse and each off@tuable relative contributiorfer managemenGiven the
temperature conditionfgrval and adulmosquitoesvere expectetb be more abundant
however the lowcapturenumberssuggesthat several factors beyond temperaturedangng
mosquito abundanc®Vhile temperature conditions present obvious redspononcern evidence
indicates thatve have not yet reached the tipping pointGolquinquefasciatumvasionand
establishmendt these sites. Continuegbustmonitoringand managemeeffortsto collect
climate dataprevent ungulate ingressnd monitor adult mosquitoean help tensure the first
signs of invasiorare detectedn support of the conservation and preservation of native

Hawaiian forest birds in one dieirlastremainingstrongholds n Hawa i @i
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APPENDIXA: Tables

Table 1.1. Avian malariasuitability conditions for Hakalau Forest National Wildlife Refuge and
LaupUhoehoe Forest Reser foetheaummer (Maypdoberlamd ev at i o
winter (NovembetApril) months and totaduring 2022.

Suitable for Suitable for
Not suitable for Culex vector both disease
Seasonal vector or disease  development and vector
Elevation Site Suitability development only development
Hakalau, SUMMER 0% 58.15% 41.85%
Hakalau  \yNTER 0% 49.17% 50.83%
(Cs4)
0, 0, 0,
1505 TOTAL 0% 53.70% 46.30%
_ SUMMER 0% 33.15% 66.85%
LaupUhc . . .
(CS9) WINTER 0% 43.65% 56.35%
TOTAL 0% 38.36% 61.64%
Hakalau, SUMMER 0% 27.17% 72.83%
Pua @0 wNTER 0% 46.41% 53.59%
(CSs2)
TOTAL 0% 36.71% 63.29%
Hakalau, SUMMER 0% 29.89% 70.11%
1405 HZ';S'SU WINTER 0% 46.41% 53.59%
TOTAL 0% 38.08% 61.92%
) SUMMER 0% 0% 100%
LaupUhc
(CS8) WINTER 0% 0% 100%
TOTAL 0% 0% 100%
Hakalau, SUMMER 0% 0% 100%
Pua ' U wNTER 0% 0% 100%
(CS3)
TOTAL 0% 0% 100%
Hakalau, SUMMER 0% 0% 100%
1305 Hakalau  \yNTER 0% 0% 100%
(CS6)
TOTAL 0% 0% 100%
) SUMMER 0% 0% 100%
LaupUhc
(CS 7) WINTER 0% 0% 100%
TOTAL 0% 0% 100%

FIlFlFEFdz tdzh 4" {FEF mpnp Y OtAYIFIGS aSyazNaw
equipment malfunction fronfrebruaryApril 2022
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APPENDIXB: Figures

Mosquito Hakalau
T'raps stream
Laupahochoe Honoli'i
" Forest Reserve stream
Hakalau Climate

Forest A Stations

National
Wildlife
Refuge

s
A wen rpce tA

Kilometer:

Figure 1. Location of study sites on Haviei | s | a n.dLeft) Map of dakélau Forest
National Wi ldlife Refuge an dongtermpukhydranseste For e
alonganelevatioral gradient inHakalau Forest NWRL3001550 m)and LaupUhoehoe F
Reservg1106:1500 m)

A) BG-Sentinel 2 G0, Trap (BG) > % i O BGGrawd AedesTrap (GAD)

Figure 2. Mosquito traps tested in the comparatlve trapefflcacy stijigiogentsSentinel 2
CO: Trap (BG CQ), B) Centers for Disease Control and Prevention (CDC) Gravid TBE(
Gravid), andC) Biogents GravidhedesTrap (GAT)
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Figure 4. MeanCulexquinquefasciatusaptureger trapnight plotted against trapight for
field-brew treatments on Week 1 and Week 2 of trapping. The fitted lines (mean Qightly
qguinquefasciatusaptures) =6.83 + 0.64 tramight + 7.53 fieldbrew Week 2 0.99 trap
night*trap week, slope SE = 3.5;y@alue = 0.019n =108 total trapnighty and the 95% CI of
the lines are shown for each figddew.
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Total Mosquito
Captures

Oo

O1-2

Q3-5

@®6-8

-==- Hapu'u Transects
Honoli'i stream
Hakalau stream

—— Fences
Fenced Area

Laupahoehoe
= Forest Reserve

Hakalau Forest
[ National Wildlife
Refuge

~— Blair Road

Total GAT Mosqguito

Captures
Activetrap- Total trap- C. Ae.

Site Year Trap Period Traps nightsper trap* nights** quingquefasciatus japonicus
Hakalau, Puadikala 2020 September-December 10 57 554 0 0
Hakalau, Hakalau 2020 September-December 8 58 441 0 0

995
Hakalau, Pua@ikala 2021 June-January 2022 17 156 2596 0 0
Hakalau, Hakalau 2021 June-January 2022 16 136 2130 0 0

4726
Laupthoehoe 2021 August-January 2022 17 110 1929 1 22

*5 trap-nights were removed from each trapping session to account for the time for the
infusion to become attractive, defined as active trap-nights
**Total trap-nights = Traps x trap-nights per trap i trap malfunctions

Figure 5. Total mosquito captures across the elevational gradient transefetkaau Forest
NWR (13001550 m) andL a u p a h G €1h0¥E00rRrom September 2020anuary 2022
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s 7 Ae. japonicus 5 Ae. japonicus
1C. quings 0 C. quings i
- = e
BGCO2  CDC Gravid GAT BGCO2  CDC Gravid GAT
Trap type
Total M osquito Captures
C. Ae.
Site/ Elevation  Trap Type Trap Style Trap-Nights quinguefasciatus japonicus
Hakalau Forest BG-Sentinel 2 CO, Active 89 1 0
NWR CDC Gravid Active 83 0 0
(1671-1945M) G avid Aedes Trap (GAT)  Passive 92 0 0
L aunChoehoe FR BG-Sentindl 2 CO, Active 57 6 2
(11%3_ tagam) CDC Gravid Active 47 0 1
Gravid Aedes Trap (GAT) Passive 84 0 4
K eanakolu BG-Sentinel 2 CO, Active 66 30 0
(1621-1645 m) CDC Gravid Active 74 1 3
Gravid Aedes Trap (GAT) Passive 83 0 0
PuBL Watawaia BG-Sentinel 2 CO, Active 104 0 5
(1222-1245 m) CDC Gravid Active 122 0 53
Gravid Aedes Trap (GAT)  Passive 125 0 1

* Trap-nights with trap malfunctions were not included. If there was a malfunction with a certain trap type, data
from other trap types were maintained in the analysis

Figure 6. Comparativerapefficacy experimentresultsfor three trap typeBG-Sentinel2 CQ:
trap(BG), CDC Gravid TragCDC Gravid) andGravid AedesTrap (GAT)with mean (x SE)
mosquito captureger trapnightfor Culex quinquefasciatuandAedes japonicuby trap type.
Numbers above bars are tofalquinquefasciatusaptures by trap type (Toplotal captures by
site forC. quinquefasciatuandAe japonicusin the mmparativerapefficacy experiment on
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Hawai i BGsSentinel@ C®traps, CDC Gravid Trapand GATs between November

2021:November 202ZBottom).

100 4 P < 0.001
®
=
)
a
> 754
7]
c
=
> P<0.001
@
o
=]
>
&
c 25+
% 14.48
=
1.54
O-
Haka\au; Fenced Hakalau: 'Unfenced
Site

I 86.25

Laupéﬁoehoe

Total Plots Total Area Total
Surveyed Surveyed Hapu‘u

Mean Hapu‘u Hapu‘u
Cavity Count  Cavity Density

Site (5mx100 m) (Ha) Cavity Count per Plot per Ha

Hakalau FNWR (all) 359 17.95 84 0.23 4.68

Hakalau: Fenced 272 13.6 21 0.08 1.54

Hakalau: Unfenced 87 4.35 63 0.72 14.48

Laupahoehoe FR 16 0.8 69 431 86.25
Figure7.Mean hapudu cavity defsSk)ingludipgsummdnyaatd ar e ac
from total plots and area surveyedchectaregha) tota | hapudu cavity count,
count per pl ot , an da Numabhens dbove bae vepréesgnt deamcsuntsby per

site, and pvalues are included from pelsbc Tukey HSD test.
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Figure 8 Hapu d u c av i acrsdehced and untencediareasHalkalau Forest
National Wildlife Refugeincluding management units (Péai k al a, Hakal au, Hono
Maulua).
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