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 ABSTRACT 
 

A diverse and globally prevalent disease, avian malaria (Plasmodium relictum Grassi and 

Feletti) is transmitted by the introduced southern house mosquito, Culex quinquefasciatus Say 

(Diptera: Culicidae) and is the primary driver of rapidly declining populations and extinctions of 

native Hawaiian forest birds. The urgency and severity of the threat to native Hawaiian forest 

birds has served as the impetus for studies to understand the dynamic context of the invasion and 

establishment of mosquito populations and disease transmission into increasingly higher 

elevations in the context of climate change. In recent years, the focus has shifted from 

documenting the invasion of mosquitoes and the decline of the bird populations, to implementing 

solutions that have the potential to safeguard the birds from further decline and extinction, such 

as landscape-level mosquito control. However, in order to effectively 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 environmental DNA techniques to enhance mosquito monitoring in 

remote sites across the Hawaiian Islands. In my first chapter, I explored a three-tier, low-cost, 

continuous surveillance approach for monitoring adult mosquito populations, feral pig-created 

larval mosquito habitat, and climate suitability conditions for the invasion and establishment of 

the avian malaria vector, C. quinquefasciatus, in two high elevation forests on Hawaiʻi Island. I 

found little evidence of invasion by C. quinquefasiatus at either site, despite suitable climate 

conditions for both vector and parasite development present over half of the year, alongside 

variable larval habitat between fenced and unfenced sites. In my second chapter, I developed an 

environmental DNA assay that targets the cytochrome oxidase subunit I (COI) gene for the 

detection of C. quinquefasciatus in aquatic larval habitat. I found the primer-probe set to be 
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highly efficient in the detection of known presence of C. quinquefasciatus from lab samples and 

performed the foundational steps for the assay to be tested in a field setting as a tool for 

detection. My work emphasizes the importance of continuous monitoring and contributes to the 

continued enhancement of reliable and rigorous methods for monitoring the spatial and temporal 

distribution and abundance of mosquito populations, along with environmental conditions for 

population establishment that are critical for vector and disease management. 
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ABSTRACT 
 

Warming temperatures associated with climate change are expanding the distribution of 

mosquitoes and the vector-borne diseases they transmit. Avian malaria (Plasmodium relictum 

Grassi and Feletti), a disease transmitted by the invasive southern house mosquito, Culex 

quinquefasciatus Say (Diptera: Culicidae), has devastated Hawaiʻi’s native forest birds over the 

last century, with a sharp escalation in population declines in the last 20 years. As mosquitoes 

and disease encroach on the forest birds’ last mosquito-free high elevation refugia, robust 

surveillance of both mosquitoes and the conditions that drive their invasion is key to inform 

conservation action that can safeguard bird populations. However, the cost and labor-intensity of 

monitoring together with the difficulty of access to remote sites limit the frequency and efficacy 

of critical monitoring efforts. To address the challenges state resource manager’s face, I used a 

continuous, low-cost approach to monitor adult mosquito populations, feral pig-created larval 

habitat, and local climate conditions across a 300-meter elevational gradient at two high 

elevation forest reserves on the island of Hawaiʻi: Hakalau Forest National Wildlife Refuge and 

Laupāhoehoe Forest Reserve. Although passive Gravid Aedes Traps (GATs) had low mosquito 

capture efficacy compared to conventional active CO2 and gravid traps, I found little evidence of 

invasion by C. quinquefasiatus at either site, despite suitable climate conditions for both vector 

and parasite development present over half of the year. Across both larval surveys and adult 

mosquito captures, however, I frequently detected the cold-tolerant mosquito, Aedes japonicus 

Theobald (Diptera: Culicidae), an invasive mosquito species that could serve as a proxy for 

invasion of C. quinquefasciatus in a warmer future. Feral pig-created larval habitat availability 

was variable across sites, with significantly lower site-level density in fenced areas. My results 

demonstrate the interplay between landscape-level drivers of mosquito abundance and disease 
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transmission using diverse vector surveillance methods, and these methods could be used to 

inform improved mosquito monitoring techniques to promote early detection of mosquito 

invasion at remote high elevation sites. 
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INTRODUCTION 
 

The Hawaiian honeycreepers (Aves: Drepanidinae) are a diverse group of native forest 

birds that are experiencing rapid population declines due to climate change. These declines have 

coincided with increasingly warmer temperatures across the Hawaiian Islands over the last 100 

years (Giambelluca et al. 2008, McKenzie et al. 2019, Kagawa-Viviani & Giambelluca 2020). A 

primary driver of these declines is avian malaria, a disease caused by the parasite Plasmodium 

relictum Grassi and Feletti and transmitted by the invasive southern house mosquito, Culex 

quinquefasciatus Say (Diptera: Culicidae; Warner 1968, LaPointe et al. 2005, Atkinson & 

LaPointe 2009). Historically, the steep elevational gradients across Hawaiʻi have created natural 

high elevation refugia where temperature-limited mosquitoes have not yet been established, 

avian disease transmission is low, and birds could escape the threat of disease (LaPointe et al. 

2012). As warming temperatures creep upslope, C. quinquefasciatus distribution and avian 

malaria disease transmission have moved into formerly disease-free upland habitats, shrinking 

key forest bird habitat, and further endangering an already highly imperiled avifauna (Benning et 

al. 2002, Ahumada et al. 2004). Catastrophic effects on the native bird populations across the 

Hawaiian Islands have occurred over the past 20 years, with increasing trends in population 

declines across nearly all the remaining 17 species of honeycreepers, and four species predicted 

to go extinct within the next 10 years (Paxton et al. 2018, Paxton et al. 2022).   

While suitable climate conditions determine broadly where vector and parasite 

development are possible, they are not the only environmental factors that influence vector 

abundance. The local establishment of mosquitoes also depends on the availability of larval 

habitat (Reiter & LaPointe 2009, McClure et al. 2018). Abundant larval habitat together with 

suitable climate conditions provide the ingredients necessary for mosquito invasion. In wet 
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forests on the Hawaiian Islands, the most important larval habitats for the avian malaria vector 

are rock pools along intermittent stream beds and cavities in native hapuʻu tree ferns (Cibotium 

spp.) created by the foraging of feral pigs (Sus scrofa L.; Reiter & LaPointe 2009). In forests 

with pigs and hapuʻu, hapuʻu cavities fill with rainwater and leaf litter, leaving standing water 

that provide habitat for mosquito larvae (Goff & van Riper 1980, Stone & Loope 1987, LaPointe 

2000).  

Hakalau Forest National Wildlife Refuge (NWR) on Hawaiʻi Island is representative of 

the key role that high elevation forests fill for native hawaiian bird preservation and 

conservation. Despite increasing avian malaria prevalence across the islands, Hakalau Forest 

NWR has remained a major stronghold for native forest birds until recent years where population 

studies have begun to show the decline of nearly all species, indicating that conditions at the 

refuge may be changing (Gorressen et al. 2009, Camp et al. 2010, Paxton et al. 2014, Kendall et 

al. 2022). Consequently, for the high elevation forest refugia that sustain the last remaining 

populations of Hawaiʻi’s native forest birds, like Hakalau Forest NWR, monitoring the rapidly 

changing climate conditions, larval habitat, and mosquito populations is necessary for effective 

conservation management (Atkinson & LaPointe 2009, Samuel et al. 2011, Paxton et al. 2014, 

Liao et al. 2017). 

Recent climate models indicate that the conditions suitable for vector development are 

already present across Hawaiʻi’s key high elevation refuges from 50-90% of the year, with a 

trend moving towards year-round temperature-driven suitability for localized avian malaria 

transmission across all refugia (Fortini et al. 2020). The managers of these areas are faced with 

the dynamic interaction between climate change and invasive species, and the subsequent 

detrimental impacts on native species. Monitoring across these systems is costly and labor-
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intensive, limiting the frequency and feasibility of tracking the fine-scale changes that could 

warn of an imminent mosquito invasion, and the heightened threat of disease for birds that such 

an invasion would entail. These obstacles result in infrequent monitoring, an approach that is 

particularly ineffective at capturing the characteristically transient dynamics of mosquito 

populations that occur at high elevations (LaPointe et al. 2016). Mosquito surveys are sporadic 

and largely determined by funding availability, occurring anywhere from several times per year 

to once every several years at a particular site. Although forest bird surveys occur annually, years 

of data collection are needed to robustly estimate population abundances and, particularly, 

population trends (Kendall et al. 2022), resulting in a significant lag between when surveys are 

conducted, and when the population trends are determined. Under current bird and mosquito 

monitoring protocols, mosquito invasion and disease transmission would go undetected until it is 

too late. 

To address the challenges state resource managers face, I explored and tested a 

comprehensive surveillance approach to monitor the conditions for the invasion and 

establishment of disease-carrying mosquitoes into two high elevation forest reserves on Hawaiʻi 

Island. My study was manager-driven and specifically designed to respond to some of the sites’ 

most prevalent management concerns. Building upon studies conducted over the past 20 years, 

the three-tier surveillance approach was designed to: 1) monitor adult mosquito populations 

using a low-cost, continuous monitoring methodology; 2) determine the distribution of feral pig-

created larval habitat, patterns of larval occupancy, and its persistence on the landscape over 

time; and 3) assess the seasonal variation in temperature, allowing for modeling of vector and 

avian malaria suitability conditions using local data. In this study, I conducted critical monitoring 

efforts to inform a landscape-level understanding of the conditions for mosquito invasion at 
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transitional zones, while accounting for environmental and management differences between 

sites, and conducted experiments to support improved monitoring protocols for surveillance 

efforts that will be of increasing importance for the implementation of landscape-level mosquito 

control across the Hawaiian Islands for the benefit of native Hawaiian forest bird conservation 

(LaPointe et al. 2021).  

 

MATERIALS AND METHODS 
 

Study sites 

My two primary study sites were Hakalau Forest NWR and Laupāhoehoe Forest Reserve 

(FR; Figure 1). Located on the eastern slope of Mauna Kea on Hawaiʻi Island, both sites are 

considered tropical montane wet and mesic forest, dominated by old-growth ‘ōhi‘a 

(Metrosideros polymorpha) and koa (Acacia koa) trees (Hart 2010, Perroy et al. 2021). 

Laupāhoehoe FR includes non-native trees and shrubs, such as tropical ash (Fraxinus uhdei), the 

dominant canopy species in survey areas above 1500 m with little to no understory. Sites had 

similar temperature regimes with average monthly temperatures ranging from 11.3°C to 15.8°C 

across the study area, and an annual cumulative rainfall ranging from 3,040 to 6,350 mm 

(Giambelluca et al. 2013). Within Hakalau Forest NWR, I established two approximately parallel 

transects located 5 km apart in the Pua ʻĀkala (Transect 1A) and Hakalau (Transect 8A) 

management units of the refuge, both extending from 1300-1550 m elevation. Existing bird 

survey transects extended from approximately 1650 m to the lower fence line of the refuge (1550 

m), and the newly established transects extended an additional 3 km below the lower fence line 

to access the lower reaches of the refuge. Hakalau Forest NWR is an isolated site with extensive 

management and fencing, distant from roads and urban development (LaPointe et al. 2016).  The 

lower reaches of the refuge cover mid-high elevations for the island of Hawaiʻi (1200-1550 m) 
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that I will hereafter refer to as the transition zone, where the first signs of invasion might be 

detected. The difficulty of access to lower reaches of the refuge makes monitoring for 

mosquitoes at low elevations challenging and served as the primary impetus for the 

establishment of these transects, and the selection of a lightweight mosquito trapping technology. 

A third transect was established at my second site, Laupāhoehoe FR, approximately 9.5 

km away from the closest Hakalau transect (Pua ‘Ākala). Presence of C. quinquefasciatus had 

been documented at Laupāhoehoe FR, and therefore, was selected for comparison to Hakalau 

Forest NWR (Goff & van Riper 1980, Larish et al. 2005, Atkinson et al. 2016). Laupāhoehoe FR 

is largely unfenced with a high population of feral pigs which may influence the larval habitat 

availability at the site (Hess et al. 2006, LaPointe 2006, Murphy et al. 2010, Perroy et al. 2021). 

In addition, a forestry road (Blair Rd.) passes through the site, and could serve as a corridor of 

invasion for mosquitoes into the forest at higher elevations (LaPointe 2008). The transect was 

located 50 m from the forestry road from 1100-1505 m elevation and spanned approximately the 

same elevational gradient as the transects within Hakalau Forest NWR. Due to easier access for 

the transect at Laupāhoehoe FR, I extended the elevational gradient down an additional 200 m 

(1100 m) to allow for the inclusion of lower elevations where higher density mosquito 

populations are more likely to exist. Other study sites on Hawaiʻi Island included for the 

comparative trap efficacy study were Keanakolu (1621-1645 m) and Puʻu Waʻawaʻa (1222-1245 

m). 

 

Adult mosquito surveillance 

Overview of trapping methods and approach 

 
I monitored adult mosquitoes using passive Biogents Gravid Aedes Traps (GATs). Due to 

the remoteness of my study sites, GATs were selected as a low-cost, lightweight trapping 
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alternative since they are easy to haul into the field and do not require a power source (Cilek et 

al. 2017a, Cilek et al 2017b). In addition, GATs can be left out for weeks at a time, making them 

ideal for trapping in remote areas, and for conducting continuous mosquito monitoring. GATs 

employ the same visual and olfactory cues utilized by active gravid traps, such as the Center for 

Disease Control and Prevention (CDC) Gravid Trap, and rely on an infusion mixture as a lure for 

gravid female mosquitoes (Eiras et al. 2014).  

The infusion mixture used to attract gravid C. quinquefasciatus mosquitoes was 

developed to simulate the nutrient-rich, organic larval habitat preferred by C. quinquefasciatus 

mosquitoes (Day 2016, LaPointe et al. 2016). This infusion has been adapted and optimized to 

maximize captures in Hawaiʻi (LaPointe 2000, Harwood et al. 2018) and has been 

standardardized for use in gravid traps across the islands (LaPointe et al. 2021). The mixture is 

made with Timothy hay and a 1:1 Yeast Lactalbumin/Hydrolysate Enzymatic (MP Biomedicals, 

Inc., Aurora, Ohio, USA) in water, and is typically prepared five days in advance of trapping to 

allow time for the infusion to mature and reach maximum attractiveness. Since it was not 

possible to use the standard pre-brew mixture (five-day matured) at remote field sites, a field-

brew mixture was adapted for the purposes of my study. This adapted field-brew used the same 

ingredients as the pre-brew; however, it was prepared in individual GATs in the field, as opposed 

to five days before the traps were launched and hauled into the field.  

Originally designed to attract Aedes albopictus mosquitoes, the passive GAT has 

documented success in capturing C. quinquefasciatus (Cilek et al. 2017a, Cilek et al. 2017b). On 

Hawaii Island, C. quinquefasciatus have been captured in GAT traps set in more developed low 

elevation areas (DA LaPointe, unpublished data). However, in studies conducted on the 

continental United States, GATs have been shown to collect significantly less C. 
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quinquefasciatus mosquitoes than CDC Gravid Traps (Cilek et al. 2017b) and BG-Sentinel 2 

CO2 traps (Biogents; BG CO2; Cilek et al. 2017a), which both utilize battery-powered electrical 

fans (i.e., “active traps”). BG CO2 traps are considered the gold-standard for trapping Aedes spp. 

mosquitoes (Farajollahi et al. 2009) and are baited with a CO2 source and often a stinky lure. 

Since field validation and GAT efficacy had not been formally evaluated in Hawaiʻi, I 

incorporated a field validation study of GATs at low elevation, high-density mosquito sites. I 

also conducted trap efficacy experiments to compare capture rates between active and passive 

traps at middle to high elevation sites around Hawaiʻi Island, which complemented ongoing adult 

mosquito surveillance at each of my two sites. Each component of my GAT surveillance and 

monitoring approach is described below. 

 

GAT validation at low elevation, high-density mosquito sites 

From June-July 2021, I ran two separate low elevation GAT validation experiments at 

two high-density mosquito sites in Hilo, Hawaiʻi to validate the capacity of traps to capture C. 

quinquefasciatus mosquitoes. In the first set of experiments at the University of Hawaiʻi at Hilo 

(UH Hilo) Main Campus (44 m elevation), I compared capture rates among the standard pre-

brew (five-day old), the adapted field-brew, and a rainwater dilution treatment. The standard pre-

brew was brewed five days prior to the experiment in a five-gallon bucket using 120 g of 

Timothy Hay, 12 g of the 1:1 Yeast Lactalbumin/Hydrolysate Enzymatic mixture, and four 

gallons of water, and was strained prior to use to remove hay contents. I prepared the adapted 

field-brew on the day that experiments began by combining the same proportions of ingredients 

as the pre-brew directly in each GAT (15 g Timothy Hay, 1.5 g of the 1:1 Yeast 

Lactalbumin/Hydrolysate Enzymatic mixture, and 1890 mL (0.5 gallons) of water). The 

rainwater dilution was prepared in the same way as the adapted field-brew, and 50 mL of water 
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was added to the infusion each day to simulate dilution from rainfall. Nine GATs (3 replicates of 

each infusion mixture) were deployed simultaneously in a Latin square configuration for 13 trap-

nights, and a total sampling effort of 117 total trap-nights. ‘Trap-nights’ refer to the number of 

nights that a single or set of traps was left out, while ‘total trap-nights’ refer to the corrected 

effort of sampling based on the number of traps multiplied by the number of trap-nights. In total 

trap-night calculations, trap malfunctions were subtracted from the total count. 

The second validation experiment was conducted at the UH Hilo Experimental 

Agricultural Farm (77 m elevation) to compare capture rates of the adapted field-brew between 

the first and second week of trapping. I launched six sets each of the adapted field-brew on Week 

1 and Week 2, simultaneously (12 GATs total, six replicates of each treatment, nine trap-nights, 

108 total trap-nights). The Week 2 brew was the adapted field-brew prepared seven days prior to 

the experiment to simulate the infusion on the second week after being launched. All traps were 

left out for an additional seven trap-nights to evaluate specimen degradation over 16 trap-nights, 

simulating the maximum trapping period for monitoring at high elevation sites.  

For both validation experiments, mosquitoes were captured on adhesive sheets within 

GATs. The adhesive 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 and redeployed in the field. If previously captured specimens went missing from the 

adhesive sheet, it was documented to inform occurrence of specimen degradation. At both sites I 

placed sets of traps atleast 150 m apart, with 15 m distance between each treatment, and rotated 

them daily to remove placement bias of the trap on the treatment following a Latin square design 

(Johnson et al. 2018b, LaPointe et al. 2021). 

 

Monitoring at Hakalau Forest NWR and Laupāhoehoe FR 
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I set a total of 51 GATs for adult mosquito surveillance along the three elevational 

gradient transects at Hakalau Forest NWR and Laupāhoehoe FR. I ran traps at Hakalau Forest 

NWR from September-December 2020, and June 2021-January 2022. From September-

December 2020, I placed 10 GATs (five stations, two GATs per station) on each of the transects 

from 1300-1550 m at approximately 60 m intervals. In June 2021, I added seven additional 

GATs for a total of 17 traps on each transect. The 17 GATS were relocated at 15 m elevational 

intervals from 1300-1550 m. The distance between each trap varied and placement was 

determined primarily by elevation. I conducted mosquito monitoring at Laupāhoehoe FR from 

July 2021-January 2022. In July 2021, I placed 17 passive GATs at 25 m intervals along the 

elevational gradient from 1100-1500 m. At both sites, traps were placed in the shade of 

vegetation and covered with tarps ~1 m above the trap to reduce dilution of the infusion mixture 

by heavy rainfall and out of direct sunlight, while still allowing for the trap to be visible by 

mosquitoes. These methods were based on Standard Operating Procedures being implemented 

across the State of Hawaiʻi and following manufacturer’s instructions (Biogents). I prepared the 

adapted field-brew infusion using water collected on site and checked traps every 14-21 days. 

This resulted in 9-16 active trap-nights for each monitoring interval. Monitoring intervals were 

consistent for the transects at Hakalau FNWR, while at Laupāhoehoe FR they were often longer 

(~21 days) due to limited access to the site. I collected and analyzed adhesive cards for mosquito 

captures, and identified all mosquito captures to species. Five trap-nights were removed from 

each trapping session to account for the time for the infusion mixture to mature, representing the 

period that traps were functionally attractive, defined as ‘active trap-nights’.  

  

Comparative trap efficacy 
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The efficacy of passive GATs was a primary concern for my study, particularly given the 

low mosquito density at higher elevation survey sites. To compare capture rates of passive GATs 

against the conventional, industry-standard active traps, I ran comparative trap efficacy 

experiments from November 2021-November 2022 across 4 study sites around Hawaiʻi Island, 

including Hakalau Forest NWR (1671-1945 m), Laupāhoehoe FR (1133-1488 m), Keanakolu 

(1621-1645 m), and Puʻu Waʻawaʻa (1222-1245 m). I paired passive GATs with the two main 

mosquito traps commonly employed in Hawaiʻi by state and federal research and vector control 

entities: the CDC Gravid Trap and the BG-Sentinel 2 CO2 Trap (Figure 2). These traps are 

typically paired within sites and across elevational gradients to capture egg-laying and host-

seeking female mosquitoes, respectively (LaPointe et al. 2021). 

At each site, mosquito sampling stations were located 50-150 m apart. Within each 

station, I paired the active BG-Sentinel 2 CO2 and CDC Gravid Traps and placed passive GATs 

30-50 m away to reduce potential influence from paired active traps. Stations were placed within 

areas that may provide habitat for resting mosquitoes, and the standard pre-brew infusion 

mixture was prepared five days in advance for both CDC Gravid and GATs. At Hakalau Forest 

NWR, I was unable to set the traps alongside the 1300-1550 m elevational gradient on the two 

transects due to difficulty of access and the heavy weight of traps. Alternatively, I set eight 

mosquito sampling stations from 1671-1945 m in the Pua ʻĀkala unit. At Laupāhoehoe FR, I 

paired BG-Sentinel 2 CO2, CDC Gravid and GATs at stations located 50 m elevation from each 

other along an elevational gradient from 1133-1488 m, approximately 50 m distance from Blair 

Road. I ran additional trap experiments at Keanakolu and Puʻu Waʻawaʻa and placed trap 

stations from 1621-1645 m and 1222-1245 m, respectively. All 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 hours, and a rate of 250 mL CO2 per minute delivered via CO2 cylinders. Captured 

mosquitoes were identified to species level, collected with an aspirator, transferred into a 500 mL 

wax paper container with a mesh covering, and later transferred into ethanol vials for specimen 

preservation. 

 

Hapuʻu tree fern cavity surveys 

I conducted hapuʻu tree fern cavity surveys along contiguous plots measuring 5 m wide x 

100 m long (500 m2) to 1) determine hapuʻu tree fern cavity distribution and relative 

density within Hakalau Forest NWR, across management units, and between sites, 2) monitor 

larval occupancy trends within the cavities, and 3) evaluate hapuʻu tree fern cavity characteristics 

and changes over time. For the distribution survey, I surveyed across fenced and unfenced 

portions of Hakalau Forest NWR in the management units of Pua ‘Ākala, Hakalau, Honohina, 

and Maulua, and unfenced areas of Laupāhoehoe FR. In the unfenced portion of Hakalau Forest 

NWR along the long-term survey transects, I monitored the identified hapuʻu cavities for larval 

occupancy at each site visit (every 2-4 weeks from May-December 2021). Due to the abundance 

of hapuʻu tree fern cavities present at Laupāhoehoe FR, I also monitored a subset of 36 cavities 

between 1185-1360 m elevation over 11 months to track patterns in larval occupancy, cavity 

characteristics, and cavity lifespan. The monitoring of these natural cavities served as a 

complementary method to survey for the presence of adult mosquito populations within the 

refuge, in addition to surveillance conducted using GATs. 

I surveyed hapuʻu tree fern cavities using modified standard protocols for identifying and 

characterizing the age of the cavities (Anderson & Stone 1993, LaPointe et al. 2016). I assessed 

each cavity larger than 4-inches in diameter for presence of water (wet/dry) and larvae 
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(presence/absence) and attributed a subjective age grade. The age grade was based on a 

standardized set of criteria, including ‘fresh’, ‘intermediate’, and ‘old’ categories according to 

the level of decomposition of plant material. I measured the dimensions of each cavity (length x 

width x height, in cm) and tested the total water-holding capacity of a subset of 30 cavities by 

filling the cavity with water (McClure et al. 2018). Since pH and electrical conductivity (uS/cm) 

are characterstics of the water that may influence larval development, survival, and/or occupancy 

(Burke et al. 2010, Kwasi et al. 2012, Ukubuiwe et al. 2020), for cavities holding water I 

measured these values using a pH and Total Dissolved Solids meter (Vivosun) because. Cavities 

with water were inspected for larvae by extracting the full water contents with a turkey baster 

and placing it into a 250 mL larval dip cup for inspection. I inspected water 50 mL at a time to 

identify larvae. If larvae were present, they were identified based on morphology in the field, 

collected and reared to adulthood to confirm species identification using Darsie (2005). After 

collecting larvae, water was returned to the cavity. If the cavity was dry, it was inspected for 

evidence of decomposition in the form of rotting or cracking. During long-term monitoring at 

Laupāhoehoe FR, water was poured into dry cavities to determine if they were still capable of 

holding water (LaPointe et al. 2016). I took a GPS coordinate and photo for all identified 

cavities. A map of hapuʻu tree fern cavity distribution across Hakalau Forest NWR was made in 

ArcGIS Pro (Version 2.9.1) and provided to the Hakalau Forest NWR management staff to assist 

decision-making regarding the manual removal of cavities to reduce mosquito breeding habitat 

(see Appendix C).   
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Climate monitoring 

Many studies have modeled the population dynamics and organismal responses to 

changing climate conditions within the avian malaria transmission cycle; however, due to local 

data limitations, most studies have created projections for mosquito habitat suitability and avian 

disease transmission by relying on digital elevation models, coarse interpolation, standard lapse 

rates, and/or distant climate stations to evaluate temperatures across the islands (Benning et al. 

2002, Ahumada et al. 2004, LaPointe et al. 2010, Liao et al. 2017, Fortini et al. 2020). To fill this 

gap, I collected local climate data along an elevational gradient to assess site-level and seasonal 

variability in temperature and relative humidity relative to the thermal requirements necessary 

for local mosquito vector and avian malaria parasite development. I placed climate sensors 

(Onset HOBO Data Logger MX2301) along each of the transects at both sites at three 100 m 

elevation intervals in transitional middle to high elevations (1305 m, 1405 m and 1505 m ± 5 m) 

and measured temperature and relative humidity at 10-minute intervals from August 2021-

December 2022. In addition, climate sensors were installed with solar radiation shields (Onset 

RS1) 1 m above the ground in shaded areas with similar vegetation to the degree that was 

possible, although there was some variation in canopy cover and vegetation among sites.  

 

Statistical analysis 

 
Adult mosquito surveillance 

For GAT validation experiments, I used a Kruskal-Wallis test to evaluate differences in 

C. quinquefasciatus captures among brew types. I then used a Tukey’s Honest Significant 

Differences (HSD) post-hoc test for multiple pair-wise comparisons to determine if there were 

differences among groups. I used a Mann-Whitney-Wilcoxon test to test for differences in C. 

quinquefasciatus captures between field-brew trap weeks. I fit a generalized linear model of C. 
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quinquefasciatus captures with a negative binomial distribution (function glm.nb in package 

MASS) to determine trends in capture rates between treatments over a 9-night trapping period, 

using trap-night, treatment, and the interaction between the two variables as predictors. For 

monitoring at Hakalau Forest NWR and Laupāhoehoe FR, I calculated the total number of 

mosquito captures over the total trap-nights for each site. Due to the high number of zero 

captures, I used a negative binomial generalized linear mixed model to account for 

overdispersion and to compare efficacy and detection efficiency among trap types (function 

glmer.nb in package lme4), with the number of C. quinquefasciatus captured per trap-night as a 

response, trap type as a fixed effect, and site as a random effect. I used an alpha level of .05 for 

all statistical tests.  

 

Hapuʻu tree fern cavity surveys 

I summarized the distribution of hapuʻu tree fern cavities by mean cavity count per plot 

and site-level cavity density per hectare. I used a Mann-Whitney-Wilcoxon test to compare 

hapuʻu cavity counts between fenced and unfenced areas at Hakalau Forest NWR and between 

unfenced areas of Hakalau Forest NWR and Laupāhoehoe FR. I used a Kruskal-Wallis test to 

compare hapuʻu tree fern cavity counts among management units across the refuge. Trends in 

larval occupancy of hapuʻu cavities were separated by species and calculated as a percentage of 

occupied cavities of total available (wet) cavities by month in relation to mean monthly ambient 

temperatures (˚C). The relative abundance of wet/dry cavities relative to mean monthly 

precipitation (mm), and cavity age distribution were summarized by month. Spearman’s 

correlation test was used to test for correlation between percentage of wet cavities and monthly 

precipitation (mm). I also summarized the range and median of hapuʻu tree fern cavity 

dimensions and potential water holding capacity, as well as the means of pH and electrical 
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conductivity (uS/cm) values for hapuʻu cavity water. I fit a series of generalized linear mixed 

models to evaluate influential variables for cavity pH (Gaussian distribution; function lmer in 

package lme4) and electrical conductivity (negative binomial distribution; function glmmTMB in 

package glmmTMB), with time and cavity age as fixed effects and cavity ID as a random effect. 

A series of binomial generalized logistic regression models were fit to test for influential 

variables in predicting occupancy (presence/absence) of Ae. japonicus in hapuʻu tree fern 

cavities (function glm in package lme4). Fixed effects included mean ambient monthly 

temperature (˚C), mean monthly rainfall (mm), water volume capacity, pH, and conductivity. 

Hapuʻu cavity ID was removed as a random effect in the mixed model due to non-singularity 

produced by nearly zero variance. In this case, I fit the most complex model for the experimental 

design, removing only terms required to allow a non-singular fit (Barr et al. 2013). Best fitting 

models were chosen using Akaike’s information criterion (AIC) for model selection, and all 

statistical analyses were performed using R software v.2022.07.2 

 

Climate monitoring 

I used local climate data to calculate mean daily and monthly ambient temperatures along 

the transition zone elevational gradient at each site (i.e.,1305 m, 1405 m, 1505 m). I summarized 

relative humidity by site and seasonal temperature variation by mean monthly temperatures and 

evaluated those means in the context of the developmental thresholds necessary for local vector 

and parasite development of C. quinquefasciatus (9.9˚C) and P. relictum (12.97˚C; Ahumada et 

al. 2004, LaPointe 2010, Fortini et al. 2020). I compared temperatures across sites at the same 

elevation and between elevations along the elevational gradient using a one-way ANOVA test. I 

used a post-hoc Tukey HSD test for multiple pairwise comparison to determine differences 

among group means. 
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The climate suitability analysis was performed by applying the avian malaria suitability 

model developed by Fortini et al. 2020 to my locally collected temperature data. The model 

defined suitability conditions based on thermal requirements from field and laboratory studies 

using 9.9˚C as the minimum threshold temperature and 179 degree-days for the complete 

development of C. quinquefasciatus, and 12.97˚C as the minimum threshold temperature and 

86.2 degree-days for the complete development of the avian malaria parasite P. relictum 

(Ahumada et al. 2004, LaPointe et al. 2010, Fortini et al. 2020). Degree-days, 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 required for development at 

1˚C above the minimum temperature for development (Baskerville & Emin 1969, Andrewartha 

& Birch 1973). Based on thermal requirements, for each day that the mean daily temperature 

surpassed the temperature threshold for vector and/or parasite development, the difference 

between the local daily mean temperature and the temperature threshold was calculated and 

summed over consecutive days to determine when the cumulative degree-day requirement was 

met for vector and/or parasite development. Once the degree-day requirement was met, a 

condition of “Not suitable for vector or parasite development”, “Suitable for Culex vector 

development only”, or “Suitable for both vector and parasite development” was attributed to 

each subsequent day. To capture the effect of cold temperatures on stalled larval development, 

suboptimal temperatures below the temperature threshold for 30 days or longer, or temperatures 

at 0˚C would reset the degree-day count back to zero (Chao & Ball 1962, Fortini et al. 2020), 

resulting in shifting suitability conditions throughout the year.  

Suitability calculations were performed to find the percentage of days per season and per 

year, that suitability conditions were met. Seasons were defined as Summer (May-October 2022) 



 20 

and Winter (January-April 2022, November-December 2022) and calculations were done using 

temperature data from 2022 exclusively to determine suitability trends in a single year. Because 

of the degree-day calculation, the model required a “burn-in” time to provide an accurate 

assessment of suitability conditions, and therefore, I started the model counter in April 2021. 

Since climate data was not collected from the stations at Laupāhoehoe FR until August 2021, 

daily temperature data was used from 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 sites 

 

I captured 72 C. quinquefasciatus during 225 total trap-nights using GATs baited with the 

stinky water infusions at the low elevation, high-density mosquito sites. Other mosquito species 

captured across treatments included Ae. japonicus (n = 4 individuals) and Ae. albopictus (n = 117 

individuals). After 16 trap-nights, there were some instances of previously captured specimens 

missing from the sticky cards likely due to predation from ants or other predators present at low 

elevation sites. Rain and humidity did not appear 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 type had a significant effect on C. quinquefasciatus captures (X2 = 8.67, df = 2, p-

value = 0.013). The standard pre-brew and the adapted field-brew caught significantly more C. 

quinquefasciatus relative to the rainwater dilution (p-value = 0.049, 0.003), but there was no 

significant difference between the standard pre-brew and the adapted field-brew (p-value = 

0.212; Figure 3). 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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The adapted field-brew had the highest mean capture rate of 0.67 C. quinquefasciatus per trap-

night, compared to 0.17 C. quinquefasciatus for the standard pre-brew and 0.02 C. 

quinquefasciatus for the rainwater dilution. The adapted field-brew also had the highest total 

captures (28 individuals).  

The best fitting negative binomial model was the full model (AIC = 102.28), including 

trap-night, trap week, and the interaction between trap-night and trap week, with trap-night and 

the interaction term as significant covariates for predicting trap captures (p-value = 0.028, 0.044, 

R2 = 0.343), performing only slightly better than the model including only trap-week (AIC = 

103.74). The model demonstrated that trap week significantly influenced capture rates, with the 

Week 2 brew demonstrating a higher mean nightly capture rate for C. quinquefasciatus 

mosquitoes compared to Week 1. The Week 1 field-brew showed a weak but positive increase in 

C. quinquefasciatus capture rates after trap-night 5, while the Week 2 field-brew had a higher 

mean capture rate, but demonstrated decreasing captures over the trapping period (Figure 4). For 

both treatments, maximum capture rates occurred between trap-nights 6-9. Although capture 

rates were reduced, the Week 2 field-brew continued to capture C. quinquefasciatus mosquitoes 

through trap-night 15. Additionally, the Week 2 brew had an outlier of 20 captures in a single 

trap-night; however, the analyses was performed with and without the outlier and the trends for 

capture rates did not change. 

 

 

Monitoring at Hakalau Forest NWR and Laupāhoehoe FR 

At Hakalau Forest NWR, no mosquitoes were captured in GATs in 5,721 trap-nights 

(Figure 5). Ae. japonicus were observed flying in the vicinity of traps and along the transects but 

were not captured. At Laupāhoehoe FR in 1,929 trap-nights 23 mosquitoes were captured in 

GATs (1 C. quinquefasciatus, 22 Ae. japonicus). No mosquitoes were captured above 1335 m, 
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and a single C. quinquefasciatus was captured at 1235 m. All mosquito captures at Laupāhoehoe 

FR occurred approximately in the portion of the transect that was lower in elevation than the 

transects at Hakalau Forest NWR extended (1100-1300 m). No other mosquito species were 

captured at either site. 

 

Comparative trap efficacy 

During the comparative trap efficacy experiment, across all traps over 1,026 total trap-

nights, I captured a total of 38 C. quinquefasciatus, and 69 Ae. japonicus. Active BG CO2 traps 

(316 total trap-nights) outperformed both the active CDC Gravid Trap (326 total trap-nights) and 

passive GAT (384 total trap-nights), capturing 37 C. quinquefasciatus (97.4% of all C. 

quinquefasciatus captures; Figure 6). One C. quinquefasciatus capture was made in the CDC 

Gravid Traps, and zero captures were made in the GATs. Trap type was a significant predictor of 

C. quinquefasciatus captures in the best fitting negative binomial model, including site as a 

random factor (p-value < 0.001, R2 Conditional = 0.941). For every C. quinquefasciatus captured in a 

BG CO2 trap, only 0.03 were captured with CDC Gravid Traps. For Ae. japonicus, the CDC 

Gravid Trap had the highest total captures (n = 57 individuals), outperforming both of the other 

traps. During trap efficacy experiments, only one C. quinquefasciatus mosquito was captured at 

Hakalau Forest NWR at 1671 m in an active BG CO2 trap. At Laupāhoehoe, six C. 

quinquefasciatus were captured in BG CO2 traps below 1215 m, with one capture at 1371 m. 

Seven Ae. japonicus were captured across all trap types at Laupāhoehoe under 1200 m. 30 of the 

total C. quinquefasciatus captures were made at Keanakolu, which was not one of my long-term 

study sites. 
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Hapuʻu tree fern cavities 

 

Hapuʻu cavity distribution 

At Hakalau Forest NWR, I surveyed a total of 17.95 hectares (ha; 359 plots) across 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 plots). In the total survey area, I found 84 total cavities 

(4.68 cavities/ha ± 0.19 SE) providing potential larval habitat. When separated by area, 21 

cavities (1.54 cavities/ha ± 0.11 SE) were in the fenced area of the refuge and 63 cavities (14.48 

cavities/ha ± 0.64 SE; Figure 7) were in the unfenced area. The fenced portion of the refuge had 

a lower hapuʻu cavity count compared to the unfenced areas (W = 8152.5, p < 0.001). From June 

2021- January 2023, eight additional hapuʻu cavities were identified along the transects in the 

unfenced portion of the refuge, indicating the creation of new larval habitat from feral pigs.  

At Laupāhoehoe FR, I surveyed a total of 0.8 hectares (16 plots) and identified 69 hapuʻu 

tree fern cavities (86.25 cavities/ha ± 4.11 SE). The abundance and density of hapuʻu cavities at 

this site was significantly higher than the unfenced area surveyed at Hakalau Forest NWR (W = 

287, p-value < 0.01). 

Additionally, hapuʻu tree fern cavity surveys across the four management units of the 

fenced portion of Hakalau Forest NWR (Pua ‘Ākala, Hakalau, Honohina, Maulua) showed a 

significant difference among units, with the Honohina unit having the highest mean hapuʻu 

cavity density per hectare (5.81) and the greatest number of cavities (18 total) when compared to 

the Hakalau, Maulua, and Pua ʻĀkala units (X2 = 37.724, df = 3, p-value < 0.001). No hapuʻu 

cavities were identified in the fenced portion of the Pua ʻĀkala or Hakalau units (Figure 8).  
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Of the 84 cavities identified in the distribution survey, 76.2% were classified as old 

(64/84), 16.7% as intermediate (14/84), and 7.14% as fresh (6/84).  All (100%) fresh cavities and 

64.3% of the intermediate cavities occurred within the fenced portion of the refuge, indicating a 

potential recent infiltration by feral pigs. Across all cavities at both sites (n = 152), cavity size 

was highly variable, 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 5-22 cm and a median width of 9.0 cm. Depth ranged from 1-13 cm with a median of 2.5 

cm.   

Larval occupancy trends 

During the hapuʻu distribution survey across Hakalau Forest NWR, there were no larval 

detections of any mosquito species. In the unfenced portion of Hakalau Forest NWR along my 

long-term survey transects, I monitored 63 cavities once every 2-4 weeks from May-December 

2021. No larval C. quinquefasciatus detections were made during this time. Detections of Ae. 

japonicus were consistently made in a single intermediate aged hapuʻu cavity (1408 m, Hakalau 

unit). Ae. japonicus larvae were first detected in June 2021 and the cavity was occupied 

periodically through December 2021 (4 detections in 11 surveys) with absence during heavy 

rains in October and November. Larval detections of Ae. japonicus were also made periodically 

in rock pools in the intermittent stream beds of Hakalau and ʻĀwehi streams from July-

September 2021.  

In Laupāhoehoe FR, I visited the same 36 cavities eight times over the duration of 11 

months. All cavities fell within areas having mean ambient temperatures that satisfied the 

developmental requirements for each species, and were therefore assumed to be available larval 

habitat to both Ae. japonicus and C. quinquefasciatus when holding water. I observed seasonality 
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and variation in occupancy of primarily Ae. japonicus, with occurrence of C. quinquefasciatus 

during the peak season of the year (August-November), but across few cavities (n = 2). At each 

of the surveys, Ae. japonicus were consistently detected in over 50 % of the hapuʻu cavities 

holding water with peak occupancy in November (Figure 9). Larval C. quinquefasciatus 

detections were made during the months of August, September and November in a total of two 

hapuʻu cavities and were found co-inhabiting the cavity with Ae. japonicus. 

Wet cavities (cavities holding rainwater) were classified as available larval mosquito 

habitat and fluctuated between wet and dry conditions over the year. Throughout the survey 

period, the total percentage of wet cavities ranged from 0 - 90 % (Figure 10) and there was a 

significant correlation between precipitation and percentage of wet cavities (S = 10, p-value = 

0.007), indicating that the availability of larval habitat and the persistence of wet cavities is 

correlated with rainfall. The measured maximum potential water volume capacity of cavities 

ranged from 25-2200 mL, with a median capacity of 390 mL; however, cavities were often 

observed with a water volume well below their maximum holding capacity. Cavities in open 

canopy areas exposed to direct sunlight or with growth of hapuʻu fronds above the cavity 

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

 

Hapuʻu tree fern cavity lifespan 

I identified three fresh, eight intermediate and 10 old cavities (n = 21) during my initial 

hapuʻu surveys at the Laupāhoehoe study site in February 2022. I monitored these original 21 

cavities over 11 months for evidence of decomposition and changes in age state to inform 

lifespan of each cavity over time (Figure 11). An additional 15 fresh and intermediate-age 

cavities were added over the survey period for a total of 36 cavities. On average, cavities 

identified as fresh lasted 1-2 months (n = 7) and the intermediate stage lasted 2-5 months (n = 



 26 

19). Of the 10 cavities identified as old at the beginning of the surveys, 8/10 (80%) were still 

capable of holding water at the end of the study, demonstrating a lifespan of greater than 11 

months. Over the monitoring period, 31% (11/36) hapuʻu cavities were destroyed and could no 

longer hold water, either from rotting, cracking, or accumulating soil and leaf litter. I observed 

the full lifespan of only one cavity, which transitioned from fresh to rotten over the course of 10 

months. 

In addition to age, the physicochemical parameters of the water within the cavities varied 

over the study period. The pH range of hapuʻu tree fern cavities across all ages was acidic (pH 4-

6), with slightly increasing mean pH values as cavities aged. The mean pH for fresh, 

intermediate, and old cavities was 4.45 (± 0.839), 4.59 (± 0.647), and 5.06 (± 0.839), respectively 

(Figure 12A). AIC values supported three of the candidate models equally (delta AIC < 1.6) 

including time, cavity age, and both variables together. The model with the lowest AIC (303.4) 

included only time as a significant predictor, performing only slightly better than the model 

including cavity age (AIC = 304.0), and both time and cavity 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 differential seasonal effect dependent on cavity age. The pH 

increased weakly over time (Figure 12B), but there was considerable variance among the pH 

values.  

The electrical conductivity (uS/cm) within cavities decreased both over time and as 

cavities aged. The median conductivity of cavities was 978 (± 593), 412 (± 338), and 179 (±175) 

uS/cm for fresh, intermediate, and old cavities, respectively (Figure 13A).  The best fitting model 

for conductivity (uS/cm) included time and cavity age as predictor variables with an AIC of 

1684.5. The null model was included, and all other candidate models had a delta AIC > 2. 
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Incident Rate Ratios demonstrated decreasing trends of conductivity over time and with age, 

decreasing by 5% each month, with conductivity values of intermediate and old cavities 71% and 

84% lower than fresh cavities, respectively (Figure 13B). I note that the predictive line for fresh 

cavities is based on a small sample size from February-March. 

The best fitting model for predicting Ae. japonicus occupancy in hapuʻu cavities was the 

full model, including mean ambient monthly temperature (˚C), mean monthly rainfall (mm), 

water volume capacity, pH, and conductivity. This model was selected as the most complex 

model, removing only the hapuʻu cavity ID as a random effect to allow a non-singular fit (Barr et 

al. 2013). The chances of Ae. japonicus occurrence within hapuʻu cavities increased with 

decreasing conductivity (p < 0.001), yet were not found to be affected by pH, water volume 

capacity, mean monthly temperature, or rainfall. 

 
 

Climate monitoring 

Climate conditions revealed variability in local temperatures throughout the year and 

along the elevational gradient. Temperatures decreased by an average of 0.63˚C (± 0.2˚C) per 

every 100 m gain in elevation, and decreased by a total of 1.26˚C (± 0.2˚C) across the 300 m 

elevational gradient (1305 m-1505 m; F2,800569 = 12524, p-value < 0.001). These differences were 

significant between each pair of elevations (p-value < 0.001). I found a significant difference 

among mean temperatures across sites at the same elevation (F 2,269475 = 1171, p-value <0.001 for 

1305 m; F 2,273019 = 632.4, p-value < 0.001 for 1405 m; F 2,258069 = 571.1, p-value <0.001 for 

1505 m). Tukey’s HSD test for multiple comparisons showed that the mean temperature was 

significantly different between each pair of sites at each elevation (p-value < 0.001). Based 

solely on the temperature thresholds, I found the mean ambient temperatures necessary for C. 
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quinquefasciatus development were present year-round across all elevations (1305-1505 m), 

with conditions for P. relictum development present greater than 46.3% of the year across all 

elevations (Figure 14). Drops in temperature below the threshold occurred from November-

February at the lowest elevation (1305 m) and October-April at the highest elevation (1505 m). 

Annual relative humidity across all sites ranged from 90 to 96 %. The transects at Hakalau Forest 

NWR had higher annual relative humidity (Pua ‘Ākala = 95.6 % ± 0.21 SE, Hakalau = 95.3 % ± 

0.31 SE) compared to Laupāhoehoe FR (90.7 % ± 0.48 SE). 

When analyzed individually against developmental thresholds and cumulative degree-

days necessary for vector and parasite development, the differences in temperatures across sites 

at the same elevation show variation in suitability conditions among sites at the same elevation 

(Figure 15). Across all sites at the lowest elevation on the gradient, 1305 m, mean ambient 

temperatures were at or above the minimum thermal requirement for P. relictum development 

year-round, translating to 100% annual suitability for both vector and parasite development 

across the landscape at these elevations. While the lowest temperatures occurred in the winter 

months from November-March, mean ambient temperatures rarely dipped below the 12.97˚C 

threshold. At the middle elevation on the gradient, 1405 m, I observed seasonality in thermal 

conditions suitable for avian malaria parasite development across the landscape. At Pua ‘Ākala 

and Hakalau within Hakalau Forest NWR, vector development only was possible from February-

late June (4 months/year), while thermal conditions that support both vector and parasite 

development occurred from late June-February (8 months/year). In contrast, at Laupāhoehoe FR 

at the same elevation, both vector and parasite development were possible year-round, resulting 

in an additional 4 months of suitability for avian malaria parasite development compared to the 

same elevations at Hakalau Forest NWR. Similar evidence of Laupāhoehoe’s tendency towards 
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warmer temperatures was evident at the highest elevation on the gradient (1505 m). At Pua 

‘Ākala and Hakalau sites, vector only development was supported from February-late August 

(5.5 months/year), with both vector and parasite development possible from late August-

February (6.5 months/year). At the same elevation at Laupāhoehoe FR, the season for both 

vector and parasite development was extended by approximately 2 months, beginning in July and 

extending through mid-February (8.5 months/year). Similar but less pronounced differences in 

temperature and resulting avian malaria suitability conditions also occurred between sites within 

Hakalau Forest NWR, indicating the local variation in temperature across both the elevation 

gradient and microclimates present across the landscape.  

Suitability calculations demonstrated that the lowest elevations on the gradient (1305 m) 

supported both vector and parasite development year-round (100 % of the year).  Mid elevations 

(1405 m) supported both vector and parasite development 61.92 %, 63.29 %, and 100 % of the 

year at Pua ʻĀkala, Hakalau, and Laupāhoehoe, respectively. Temperatures from high elevation 

sites (1505 m) demonstrate suitability for both vector and parasite development 46.3 % and 

61.64 % of the year for Hakalau and Laupāhoehoe, respectively. Curiously, Laupāhoehoe 

demonstrates a significantly greater percentage of annual suitability (+ 24-38 %) than the 

transects at Hakalau for mid (1405 m) and high (1505 m) elevations. Given the proximity of 

mean temperatures to the developmental threshold temperatures, even slight temperature 

variations can result in daily suitability changes across sites and among climate stations. For 

mid-high elevations, there was a reduction in suitability for disease development of 10-20 % 

from the summer (May-October) to winter (November-April) months. 
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DISCUSSION 
 

 Despite the presence of suitable climate conditions for vector development year-round at 

both sites, I found minimal evidence of the establishment of the avian malaria vector, C. 

quinquefasciatus. Although the efficacy of the GATs were relatively low compared to active 

traps, the low numbers of mosquito captures together with larval surveys are a good indication 

that C. quinquefasciatus exist at low densities at these sites, and appear to have not yet 

established resident populations. I also found limited feral pig-created larval habitat in fenced 

areas, suggesting that fencing is an effective management measure to mitigate the creation of 

larval habitat, but the persistence of hapuʻu tree fern cavities created by feral pigs may delay the 

time it takes for the positive effects from larval habitat reduction to occur. 

 

Adult mosquito surveillance 
 

Extensive trapping effort from continuous monitoring over a two-year period using low-

cost passive traps revealed little evidence of the establishment of C. quinquefasciatus mosquitoes 

within the two forest refugia. Although the efficacy of the traps used were relatively low 

compared to active traps, the low numbers of mosquito captures are a good indication that 

mosquitoes exist at low densities at these sites. The establishment of Ae. japonicus, a cold-

tolerant mosquito, was evident at both Hakalau Forest NWR and Laupāhoehoe FR, with more 

evidence at Laupāhoehoe FR from larval surveys and adult mosquito captures. The first detection 

of Ae. japonicus on Hawaiʻi Island was in 2003 and it has since rapidly established throughout 

the islands and across elevational gradients (Larish & Savage 2005, Kaufman & Fonseca 2014, 

Harwood et al. 2018). Ae. japonicus movement upslope, known co-occurrence with Culex spp. in 

larval habitat, and local evidence of co-habitation with C. quinquefasciatus suggest that it could 

serve as a proxy for C. quinquefasciatus invasion at these sites (Hardstone & Andreadis 2012, 
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Kaufman & Fonseca 2014). The higher number of Ae japonicus and C. quinquefasciatus 

captures at Laupāhoehoe FR may have been influenced by the proximity of Laupāhoehoe to 

development and roads (LaPointe 2008, McClure et al. 2018), as well as the higher density of 

occupied feral pig-created larval habitat. 

This study, like other intermittent sampling efforts conducted at Hakalau Forest NWR 

since the 1990’s, yielded few mosquito detections. However, the single C. quinquefasciatus 

captured at Hakalau in a BG CO2 trap during the comparative trap efficacy experiment at 1671 m 

in November 2021, well above the elevational limits of the long-term monitoring transects, was 

notable. To my knowledge, this was the first capture in the upper Pua ‘Ākala portion of the 

refuge in recent years, with the only other capture in this management unit occurring at 1313 m 

in lower Pua ʻĀkala during August/September 2012 (LaPointe 2016), and one C. 

quinquefasciatus egg raft identified in an oviposition trap at Pua ʻĀkala at 1900 m in 2001, 

following prevailing winds (Freed et al. 2005). Past mosquito surveys detected few C. 

quinquefasciatus mosquitoes across the refuge, with most captures associated with man-made 

larval habitat from ranching activities in the Maulua management unit that were removed in the 

1990’s (LaPointe 2000, LaPointe 2016, DA LaPointe personal communication). Since 2012, no 

mosquito surveillance had been conducted at Hakalau Forest NWR. The passive mosquito 

surveillance that I began in 2020 was the first active mosquito monitoring to occur at the refuge 

in eight years. Wind dispersal, as opposed to an indication that resident mosquito populations 

have become established, is a viable hypothesis for the single C. quinquefasciatus capture (Freed 

2005, Freed and Cann 2013, LaPointe 2016); however, it is difficult to draw conclusions from a 

single capture, emphasizing the importance of continuous monitoring. Although monitoring at 

low-density sites was previously not a priority, the increasing threat of mosquito invasion and 
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disease, along with the potential application of landscape-level mosquito control has increased 

the need for extensive trapping at high elevation sites. 

Results from the trap efficacy experiment suggest that active traps are more efficacious 

than passive traps, with interesting species-level distinctions. Across both species, active traps 

had signficantly higher capture rates than passive traps. For C. quinquefasciatus, the active BG 

CO2 trap outperformed both the CDC Gravid Trap and GAT, with the only high elevation C. 

quinquefasciatus capture at Hakalau Forest NWR made in an active BG CO2 trap. The fact that 

the only C. quinquefasciatus capture occurred in the highest efficacy trap type makes it difficult 

to contextualize alongside results from GATs. Although the high elevation capture in the active 

trap does not invalidate the possibility of true zero captures from GATs at lower elevations, 

comparative trap efficacy experiments cast doubt on whether the zeros from GATs represent 

absence of mosquitoes on the landscape or are a reflection of low trapping efficacy. These 

comparative efficacy results are consistent with those found in other comparative trap efficacy 

studies conducted on the continental United States, showing the higher efficacy of active traps 

compared to GATs for capturing C. quinquefasciatus (Cilek et al. 2017a, Cilek et al. 2017b). 

Although GATs are more convenient and less costly, the efficacy of the passive trapping system 

is likely too low to effectively serve as an early warning system for mosquito surveillance at 

remote sites in Hawaiʻi. Additional challenges encountered with GATs included reduced 

adhesion from humidity and high amounts of bycatch that may have reduced their overall 

efficacy, making them less ideal for trapping at sites with heavy rainfall and high humidity. 

Interestingly, for Ae. japonicus the CDC Gravid Traps had the highest capture rates of all trap 

types – a result that supports other studies that have documented the success of gravid traps for 

capturing Ae. japonicus (Andreadis et al. 2001, Scott et al. 2001, Falco et al. 2002, Larish et al. 
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2010). The differences in efficacy among trap types could be a reflection of habitat variation 

between sites, larval habitat availability, and the physiological stage of each species at the time 

of trapping (i.e., gravid vs. host-seeking). These results are consistent with other trap efficacy 

studies performed across the Hawaiian Islands and have key implications for management and 

surveillance. Despite the BG CO2 traps being the most efficacious among trap types, the pairing 

of gravid and CO2-baited traps in monitoring programs is considered to be the most effective due 

to site-to-site variability (LaPointe et al. 2021). Understanding the limitations of each trap type is 

essential for generating the reliable population estimates necessary for vector control. 

While active traps present a more reliable option to ensure detection, particularly in low-

density mosquito areas, these systems will incur significant costs to implement continuous 

monitoring (Dhanique et al. 2017). Further research could seek to improve the efficacy of low-

cost, passive trapping techniques for use at remote sites across Hawaiʻi. For example, sound has 

long been recognized as an important component of mosquito sensory ecology (Belton 1994, 

Robert 2009, Andrés et al. 2020) and traps that utilize sound, such as the Sound-Gravid Aedes 

Trap (SGAT) and the Male Aedes Sound Trap (MAST), have increased the efficacy of passive 

traps to be equivalent to those of the BG CO2 traps, and increased male capture numbers 

important for vector control programs for Aedes spp. (Johnson et al. 2018a, Rohde et al. 2019, 

Staunton et al. 2021b). The augmentation 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 mosquitoes, and significantly reducing bycatch of non-target 

insects (Staunton et al. 2021). Further studies to improve our understanding of comparative trap 

efficacy across the Hawaiian Islands will be critical for the effective application and evaluation 

of landscape-level 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, LaPointe et al. 2016). 

 

Hapuʻu tree fern cavities 
 

Available larval habitat is one of the main drivers of mosquito abundance (Reiter & 

LaPointe 2009, McClure et al. 2018) and hapuʻu tree fern cavities have long been considered one 

of the most important breeding sites of C. quinquefasciatus in Hawaiʻi where hapuʻu tree ferns 

are dominant in the understory (Goff & van Riper 1980, LaPointe 2000, Reiter & LaPointe 2007, 

LaPointe et al. 2012). I found that feral pig-created larval habitat in the form of hapuʻu tree fern 

cavities was not abundant across Hakalau Forest NWR and comparisons in hapuʻu cavity 

distribution showed both within-site and between site differences between fenced and unfenced 

areas. At both Hakalau Forest NWR and Laupāhoehoe FR, unfenced areas had a greater 

abundance and site-level density of hapuʻu tree fern cavities than fenced areas, suggesting that 

fences continue to be effective at reducing larval habitat within the refuge (Hess et al. 2010, 

LaPointe et al. 2016). The density of hapuʻu tree ferns within each site relative to hapuʻu cavities 

was not accounted for and may be a confounding factor; however, vegetation among survey sites 

was comparable and I do not expect would change the outcome.  

Despite the effectiveness of fencing, the long lifespan of cavities (greater than 11 months) 

suggests that feral pig activity has a legacy that may delay the time it takes for positive effects in 

larval habitat reduction from fencing to occur. Hapuʻu cavities were found to age rapidly, but 

persist over time, and are likely able to support viable larval habitat for several months to 

potentially years after being created. Although full decomposition of newly created cavities was 

seen in under one year, most cavities outlasted the duration of the study. The interaction between 
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precipitation and the aging of the cavities over time demonstrates the dynamic and ephemeral 

characteristics of these habitats on the landscape. Hapuʻu cavities are sensitive to drought and 

desiccation, and the increasing intensity and frequency of drought across the state associated 

with climate change will likely influence cavity aging and persistence (Ahumada et al. 2004, 

Frazier et al. 2022). Furthermore, the episodic fluctuation of water within these cavities may 

negatively impact reproduction of C. quinquefasciatus. The eggs of C. quinquefasciatus are not 

drought-tolerant, like those of Aedes spp., including Aedes japonicus, and can dry out within 

hours of larval habitat going dry, making them more vulnerable to the desiccation of hapuʻu 

cavities (Versteirt et al. 2009, Farnesi et al. 2015, Krupa et al. 2021). In the context of fluctuating 

water levels of cavities as larval habitat, dry months at a site with a high density of feral pig-

created larval habitat may significantly reduce C. quinquefasciatus abundance but not Ae. 

japonicus abundance. 

Alongside the external structural changes observed across cavities over time, shifting 

internal physicochemical characteristics of the water within the cavity also occurred. Properties 

of larval breeding habitat such as pH and electrical conductivity can influence larval survival, 

larval development, and habitat selection for oviposition by adult mosquitoes (Yee, Kneital & 

Juliano 2010, Emidi et al. 2017, Ukubuiwe et al. 2020). My results indicated that pH increased 

and conductivity decreased over time and with increasing cavity age. Although C. 

quinquefasciatus can develop in a wide range of pH conditions, low pH values below 4.0 slow 

larval development and decrease survivorship (Kwasi et al. 2012, Ukubuiwe et al. 2020). This 

would suggest that fresh cavities with more acidic pH levels may result in slowed development 

or mortality. Indeed, there were no larval detections made in fresh cavities, which could 

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 idea. Given that differences in pH values among cavity ages were 

small (± 0.61) and mean pH values across all cavity ages were considered acidic (4.45-5.06), 

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

effect of pH on survival and development of C. quinquefasciatus and Ae. japonicus.  

Other important water quality parameters for larval habitat include total dissolved solids 

(TDS) and electrical conductivity measures, which are correlated with and indicate the presence 

of organic matter and inorganic salts (Rusydi 2017). Higher TDS and conductivity levels are 

associated with polluted or nutrient-rich waters, preferred by C. quinquefasciatus (Burke et al. 

2010, Day 2016) and have been positively associated with C. quinquefasciatus presence (Burke 

et al. 2010). In hapuʻu cavities, I found the highest conductivity levels in fresh cavities. Given 

the positive association between C. quinquefasciatus and high conductivity levels, this could 

suggest that C. quinquefasciatus may select for fresh or intermediate cavities with higher 

conductivity levels over old cavities; however, I did not have enough C. quinquefasciatus 

detections to support this hypothesis. Although Ae. japonicus are known to occupy diverse larval 

habitat, they are generally associated with cleaner water than C. quinquefasciatus (Kaufman & 

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

cavities with lower conductivity levels. A major limitation to my study was the small sample size 

of fresh cavities that were rare across the landscape, likely due to the rapid decomposition of the 

starchy interior once it has been exposed. A longer duration study in an area with high mosquito 

density and a larger sample size across all cavity ages would be necessary to elucidate more 

specific trends in the lifespan of these cavities and their ecological processes that may influence 

larval habitat use and selection of these breeding habitats. 
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While few C. quinquefasciatus detections were made, Ae. japonicus were consistently 

and frequently detected across monitored hapuʻu cavities. Past studies have speculated about the 

possibility of displacement of C. quinquefasciatus by Ae. japonicus (LaPointe et al. 2016), 

however, evidence from larval competition studies between Culex spp. and Ae. japonicus in the 

continental United States are varied and have not found C. quinquefasciatus to be negatively 

impacted by Ae. japonicus presence (Hardstone & Andreadis 2012, Murrell & Juliano 2013, 

Egizi et al. 2014). Although my results cannot inform this hypothesis, I detected the occurrence 

of both Ae. japonicus and C. quinquefasciatus in the same larval habitat at Laupāhoehoe FR. 

Larval habitat studies suggest the possibility of C. quinquefasciatus having facilitated the 

establishment of Ae. japonicus through microbe-mediated interactions associated with the filter 

feeding behavior of C. quinquefasciatus and Ae. japonicus’ vulnerability to microbial conditions  

within larval habitat; however, further studies are needed to better understand these interactions 

at the local level (Egizi et al. 2014). At Hakalau Forest NWR, the absence of C. quinquefasciatus 

larval detections and limited detections of Ae. japonicus provide an optimistic view that although 

temperature conditions are present, C. quinquefasciatus mosquitoes have not yet established 

resident populations. These observations are almost identical to those made by LaPointe et al. 

2016 in 1998 and 2012, despite the change in climate conditions over the past 20 years. These 

results provide additional evidence that the isolation from development and management of 

Hakalau Forest NWR remain important factors in its role as a critical forest bird refuge 

(LaPointe et al. 2016). 

The reduction of hapuʻu cavities as available larval breeding habitat appears in the 

Hawai’i Forest Bird Recovery Plan (USFWS 2003) and has been cited as an important 

management action to reduce local mosquito populations, avian malaria transmission, and 
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postpone population declines (LaPointe et al. 2009, Samuel et al. 2011, Hobbelen et al. 2012, 

Liao et al. 2017). As part of this research, hapuʻu tree fern cavity maps and coordinates were 

provided to Hakalau Forest NWR to support decision-making regarding larval habitat source 

reduction; however, hapuʻu cavities represent only one type of available larval habitat in high 

elevation forests, and previous reduction of hapuʻu tree fern cavities at other sites did not lower 

mosquito abundance (Atkinson 2000, Atkinson et al. 2016). Therefore, larval source reduction 

must be balanced with the costs, priorities and potential benefits that it can provide. At sites like 

Hakalau Forest NWR where larval habitat availability is already limited, source reduction is not 

likely to significantly reduce mosquito abundance, as compared to sites like Laupāhoehoe FR 

where the density of feral pig-created larval habitat density is high (Hobbelen et al. 2012). In 

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

play an important role as corridors for invasion throughout the state (LaPointe et al. 2016). 

 

Climate monitoring 
 

Using locally collected fine-scale data across an elevational gradient at two forest refugia 

from 1305-1505 m, I found that the climate conditions were present year-round for the 

development of C. quinquefasciatus across all elevations, while the conditions for both vector 

and disease development occurred 6.5 months out of the year even at the highest elevations on 

the gradient, and are on the precipice of annual persistence. Furthermore, the shifting seasonality 

in avian malaria disease transmission has become more pronounced over the years and the 

increased warming and suitability trends that I observed are consistent with longer historical 

trends at Hakalau Forest NWR at similar or higher elevations (Fortini et al. 2020). These results 

support extensive landscape analyses using modeling approaches available to predict climate 

conditions across the islands that suggest increasing occurrence and abundance of C. 
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quinquefasciatus (Benning et al. 2002, Ahumada et al. 2004, Samuel et al. 2011, Liao et al. 2015, 

Fortini et al. 2020). My work additionally leverages detailed site-specific climate data generated 

from long-term monitoring transects without relying on the use of predictive modeling.  

The results of this study show the reality of climate conditions present in the mid-high 

elevation closed forest bird habitat at Hakalau Forest NWR and Laupāhoehoe FR that represent 

core forest bird habitat and reveal transitional 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 al. 2022), together with suitability conditions 

for the avian malaria parasite indicate the likelihood of disease driving these declines. Within the 

300 m elevation gradient, the average difference in mean ambient temperature of 1.26˚C (± 

0.2˚C) is near the 1.5˚C temperature projected ‘tipping point’, defined by the International Panel 

on Climate Change (IPCC) as the “critical threshold that, when exceeded, can lead to significant 

change in the state of a system, often with an understanding that the change is irreversible,” 

(IPCC 2018). From this vantage point, conditions at lower elevations continue to provide a 

glimpse into a warmer climate future that is near, with an ever-rising upper elevational limit for 

mosquitoes. The lowest reaches of Hakalau Forest NWR sit around 1200 m and for some species 

of native Hawaiian forest birds that make altitudinal migrations to lower elevations, such as the 

ʻiʻiwi (Drepanis coccinea), the encroaching proximity of disease is particularly threatening 

(Guillaumet et al. 2017).  

Beyond the elevational gradient, fine-scale variation in temperatures across the landscape 

at the same elevations were evident, suggesting that dynamic factors beyond elevation alone may 

influence site-specific vector and disease conditions. While all climate sensors were placed in 

similar shaded 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 temperature; however, these variations are representative of the 

microclimates that occur across the landscape and have been shown to affect mosquito 

population dynamics and resting site selection (Murdock et al. 2017, Sauer et al. 2021).  

Due to the proximity of all mean monthly ambient temperatures within less than 3˚C 

above or below the minimum thermal requirement for parasite development, small changes in 

temperature both across the elevation gradient, as well as the landscape, resulted in shifts in 

avian malaria state. Although this may truly be representative of the dynamics of the landscape, 

it is also an inherent bias of a threshold based model. Threshold temperatures used in the model 

were derived from laboratory and field studies that were conducted over 10 years ago, and it is 

possible that physiological thermal adaptations and rapid evolution to changing, novel 

temperatures may influence threshold temperatures (Urbanski et al. 2012, Lahondère & 

Bonizzoni 2022), and therefore may not reflect the most accurate developmental limitations 

occurring across the landscape. In 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 fine-scale climate monitoring will be necessary, 

accompanied by current laboratory studies on evolving species-specific developmental 

thresholds. 

In addition, it is important to note that the threshold temperatures of 9.9˚C and 12.97˚C 

used in the model represent the minimum temperature required 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 and/or annual persistence of C. quinquefasciatus (13.2˚C, 14.2˚C) 
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at 1405-1505 m, and well below the conditions for peak transmission of P. relictum (17˚C) for 

most of the year (Benning et al. 2002). Sites with limited, episodic transmission considered 

transition zones for avian malaria transmission have temperatures between 17 and 13˚C, and the 

low-risk zone encompasses areas with temperatures at or above 13˚C (Benning et al. 2002, 

Samuel et al. 2011). Given these parameters, Hakalau Forest NWR and Laupāhoehoe FR still 

remain between the low-risk to transition transmission zones. At low elevations average 

minimum temperatures were 7.5˚C, and at the higher elevations, reached average lows of 5˚C. 

These low temperatures are likely important in stalling development of mosquito larvae and the 

avian malaria parasite (LaPointe 2010). Although P. relictum can endure low temperatures of 

4˚C for a short duration (Chao & Ball 1962), exposure to 12˚C  for a prolonged period can cause 

mortality (Garnham 1966). However, as climates warm, minimum nightly temperatures are 

increasing most rapidly at higher elevations, which will likely have consequences for disease 

transmission (Kagawa-Viviani & Giambelluca 2020). 

The accessibility of low-cost temperature data loggers and the creation of long-term 

transects, like those established at Hakalau Forest NWR and Laupāhoehoe FR, can support the 

collection of robust local data that can enhance real-time models by refining forecasts and 

suitability projections that are site-specific, accurate, and near real-time for the most critical 

forest bird habitat at mid-high elevation refuges. Data on temperature suitability at these 

elevations can also be used to determine when local vector abundance may be highest for timing 

of landscape-level mosquito control, larvicide, and monitoring efforts when the risk of malaria 

infection is greatest (Fortini et al. 2020). As climate and malaria disease modeling continues to 

advance, continuous climate monitoring in at-risk forest bird habitat could be an important, low-

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

The different sources of monitoring data provided by the three-tier surveillance approach 

in this study present a comprehensive view of the landscape-scale dynamics occurring among 

mosquito abundance, suitable climate conditions, larval habitat availability and site-specific 

characteristics at two critical high elevation forest refugia on Hawaiʻi Island.  These sources of 

information are diverse and each offer valuable relative contributions for management. Given the 

temperature conditions, larval and adult mosquitoes were expected to be more abundant; 

however, the low capture numbers suggest that several factors beyond temperature are driving 

mosquito abundance. While temperature conditions present obvious reason for concern, evidence 

indicates that we have not yet reached the tipping point for C. quinquefasciatus invasion and 

establishment at these sites. Continued robust monitoring and management efforts to collect 

climate data, prevent ungulate ingress, and monitor adult mosquitoes can help to ensure the first 

signs of invasion are detected, in support of the conservation and preservation of native 

Hawaiian forest birds in one of their last remaining strongholds in Hawaiʻi.  
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APPENDIX A: Tables 
 
Table 1.1. Avian malaria suitability conditions for Hakalau Forest National Wildlife Refuge and 

Laupāhoehoe Forest Reserve along the elevational gradient for the summer (May-October) and 

winter (November-April) months, and total during 2022. 

 

Elevation Site 

Seasonal 

Suitability 

Not suitable for 

vector or disease 

development 

Suitable for 

Culex vector 

development 

only 

Suitable for 

both disease 

and vector 

development 

1505 

Hakalau, 

Hakalau 

(CS4) 

SUMMER 0% 58.15% 41.85% 

WINTER 0% 49.17% 50.83% 

TOTAL 0% 53.70% 46.30% 

Laupāhoehoe 

(CS9) 

SUMMER 0% 33.15% 66.85% 

WINTER 0% 43.65% 56.35% 

TOTAL 0% 38.36% 61.64% 

1405 

Hakalau, 

Pua ʻĀkala 

(CS2) 

SUMMER 0% 27.17% 72.83% 

WINTER 0% 46.41% 53.59% 

TOTAL 0% 36.71% 63.29% 

Hakalau, 

Hakalau 

(CS5) 

SUMMER 0% 29.89% 70.11% 

WINTER 0% 46.41% 53.59% 

TOTAL 0% 38.08% 61.92% 

Laupāhoehoe 

(CS8) 

SUMMER 0% 0% 100% 

WINTER 0% 0% 100% 

TOTAL 0% 0% 100% 

1305 

Hakalau, 

Pua 'Ākala 

(CS3) 

SUMMER 0% 0% 100% 

WINTER 0% 0% 100% 

TOTAL 0% 0% 100% 

Hakalau, 

Hakalau 

(CS6) 

SUMMER 0% 0% 100% 

WINTER 0% 0% 100% 

TOTAL 0% 0% 100% 

Laupāhoehoe 

(CS 7) 

SUMMER 0% 0% 100% 

WINTER 0% 0% 100% 

TOTAL 0% 0% 100% 

*Hakalau Pua 'Ākala 1505 m climate sensor was excluded from the analysis due to missing data from an 
equipment malfunction from February-April 2022 
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APPENDIX B: Figures 

 

 
Figure 1. Location of study sites on Hawaiʻi Island, Hawaiʻi. (Left) Map of Hakalau Forest 

National Wildlife Refuge and Laupāhoehoe Forest Reserve. (Right) Long-term survey transects 

along an elevational gradient in Hakalau Forest NWR (1300-1550 m) and Laupāhoehoe Forest 

Reserve (1100-1500 m). 

 
 

 
Figure 2. Mosquito traps tested in the comparative trap efficacy study: A) Biogents-Sentinel 2 

CO2 Trap (BG CO2), B) Centers for Disease Control and Prevention (CDC) Gravid Trap (CDC 

Gravid), and C) Biogents Gravid Aedes Trap (GAT). 

  

B) CDC Gravid Trap (CDC-Gravid) C) BG Gravid Aedes Trap (GAT)A) BG-Sentinel 2 CO2 Trap (BG)
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Figure 3. The Gravid Aedes Trap (GAT) validation experiment at University of Hawaiʻi at Hilo, 

Hawaiʻi demonstrated differences in Culex quinquefasciatus captures among treatment types (X2 

= 8.67, df = 2, p-value = 0.013), including p-values for post-hoc Tukey HSD test; A) Mean 

Culex quinquefasciatus captures per trap-night by treatment. Bars represent ± SE; B) Total 

mosquito captures by treatment (n = 117 trap-nights). 

 

 
 

Figure 4. Mean Culex quinquefasciatus captures per trap-night plotted against trap-night for 

field-brew treatments on Week 1 and Week 2 of trapping. The fitted lines (mean nightly C. 

quinquefasciatus captures) = -6.83 + 0.64 trap-night + 7.53 field-brew Week 2 - 0.99 trap-

night*trap week, slope SE = 3.5, p-value = 0.019, n = 108 total trap-nights) and the 95% CI of 

the lines are shown for each field-brew. 
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Figure 5. Total mosquito captures across the elevational gradient transects at Hakalau Forest 

NWR (1300-1550 m) and Laupahōehōe FR (1100-1500 m) from September 2020-January 2022. 

Total GAT Mosquito 

Captures

Site Year Trap Period Traps

Active trap-

nights per trap*

Total trap-

nights**

C. 

quinquefasciatus

Ae. 

japonicus

Hakalau, Pua ‘Ākala 2020 September-December 10 57 554 0 0

Hakalau, Hakalau 2020 September-December 8 58 441 0 0

995

Hakalau, Pua ʻĀkala 2021 June-January 2022 17 156 2596 0 0

Hakalau, Hakalau 2021 June-January 2022 16 136 2130 0 0

4726

Laupāhoehoe 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 – trap malfunctions
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Figure 6. Comparative trap efficacy experiment results for three trap types: BG-Sentinel 2 CO2 

trap (BG), CDC Gravid Trap (CDC Gravid), and Gravid Aedes Trap (GAT) with mean (± SE) 

mosquito captures per trap-night for Culex quinquefasciatus and Aedes japonicus by trap type. 

Numbers above bars are total C. quinquefasciatus captures by trap type (Top). Total captures by 

site for C. quinquefasciatus and Ae. japonicus in the comparative trap efficacy experiment on 

Total Mosquito Captures

Site / Elevation Trap Type Trap Style Trap-Nights

C. 

quinquefasciatus

Ae. 

japonicus

Hakalau Forest 

NWR 

(1671-1945 m)

BG-Sentinel 2 CO2 Active 89 1 0

CDC Gravid Active 83 0 0

Gravid Aedes Trap (GAT) Passive 92 0 0

Laupāhoehoe FR 

(1133-1488 m)

BG-Sentinel 2 CO2 Active 57 6 2

CDC Gravid Active 47 0 1

Gravid Aedes Trap (GAT) Passive 84 0 4

Keanakolu     

(1621-1645 m)

BG-Sentinel 2 CO2 Active 66 30 0

CDC Gravid Active 74 1 3

Gravid Aedes Trap (GAT) Passive 83 0 0

Puʻu Waʻawaʻa 

(1222-1245 m)

BG-Sentinel 2 CO2 Active 104 0 5

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
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Hawaiʻi Island for BG-Sentinel 2 CO2 traps, CDC Gravid Traps, and GATs between November 

2021-November 2022 (Bottom). 

 

Figure 7. Mean hapuʻu cavity density per hectare across sites (± SE), including summary data 

from total plots and area surveyed in hectares (ha), total hapuʻu cavity count, mean hapuʻu cavity 

count per plot, and hapuʻu cavity density per ha. Numbers above bars represent mean counts by 

site, and p-values are included from post-hoc Tukey HSD test. 
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Figure 8. Hapuʻu cavity distribution across fenced and unfenced areas at Hakalau Forest 

National Wildlife Refuge, including management units (Pua ‘Ākala, Hakalau, Honohina, 

Maulua). 
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Figure 9. Occupancy (%) of Culex quinquefasciatus and Aedes japonicus in hapuʻu cavities 

holding water at the Laupāhoehoe FR site alongside mean monthly ambient temperatures (˚C) 

throughout the year (2022). (A) Mean ambient temperatures by month in 2022 (solid red line). 

Dotted lines indicate developmental threshold lines for Culex quinquefasciatus development 

(9.9˚C) and avian malaria parasite development (Plasmodium relictum; 12.97˚C). (B) Percent 

occupancy of C. quinquefasciatus and Ae. japonicus in hapuʻu cavities during 2022, based on the 

number of occupied wet cavities. Data were not collected in the months of April, May, October 

and December (ND). Number of available (wet) cavities among a maximum of 36 monitored 

cavities is shown beneath the month on the x-axis. 
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Figure 10. Precipitation trends and relative abundance of wet and dry hapuʻu cavities by month 

at the Laupāhoehoe study site. A) Monthly precipitation data from the NWS HydroNet-UaNet 

Laupāhoehoe Station (499 m; Hawaiʻi Climate Data Portal, Longman et al. In preparation); B) 

Relative abundance of hapuʻu cavity condition (wet/dry) by month. Data were not collected in 

the months of April, May, October, and December (ND). 
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Figure 11. Relative abudance for distribution of original 21 hapuʻu tree fern cavity ages over 

time, including fresh, intermediate, old, and rotten/destroyed as classified according to standard 

age grading criteria from February 2022 – January 2023 (Anderson & Stone 1993, LaPointe et 

al. 2016).  
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Figure 12. Measured pH values of hapuʻu cavity water. (A) The pH values of hapuʻu cavities by 

age (fresh, intermediate, old). Mean values are represented by the black dot, median values are 

represented by the black line in the boxplot, outliers are represented by red dots, and error bars 

represent ± SE. (B) The pH values of water in hapuʻu cavities plotted against time (months of the 

survey period). Data points represent the measured pH values across all cavity ages. The fitted 

line (pH = 4.06 + 0.08 month, slope SE = 0.32; p-value = 0.08; N cavities = 30) represents the 

model with the lowest AIC value, including hapuʻu cavity ID as a random effect and time as a 

predictor. The shaded area shows the 95% confidence interval of the line. The marginal R2, 

representing the variance explained by the fixed effect (time) was 0.096, and the conditional R2, 

representing the variance explained by the full model (fixed and random effects) was 0.357. 
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Figure 13. Electrical conductivity (uS/cm) values of hapuʻu cavity water. (A) Electrical 

conductivity values of hapuʻu cavity water by age (fresh, intermediate, old). Mean values are 

represented by the black dot, median values are represented by the black line in the boxplot, 

outliers are represented by red dots, and error bars represent ± SE. (B)The conductivity of water 

in hapuʻu cavities plotted by age against time (months of the survey period). Data points 

represent the measured conductivity values across all cavity ages. The fitted line (conductivity = 

1615.3 + 0.95 x month + 0.29 x age[intermediate] + 0.16 x age[old]; p-value = 0.035; N cavities = 

30) includes hapuʻu cavity ID as a random effect, and the shaded area shows the 95% confidence 

interval of the line. The marginal R2, representing the variance explained by the fixed effect 

(time) was 0.32, and the conditional R2, representing the variance explained by the full model 

(fixed and random effects) was 0.57. 
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Figure 14. Observed mean monthly temperatures across the transition zone elevational gradient 

(1305, 1405, 1505 m) by site (A) Pua ‘Ākala, Hakalau Forest National Wildlife Refuge; (B) 

Hakalau, Hakalau Forest NWR; (C) Laupāhoehoe Forest Reserve. Dotted lines indicate the 

minimum temperature thresholds for the development of the avian malaria vector, Culex 

quinquefasciatus (9.9˚C, orange), and the avian malaria parasite, Plasmodium relictum (12.97˚C, 

red).  
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Figure 15. Year-round trends for suitability of vector and parasite development across the mid-

high transition zone elevational gradient (1305 m, 1405 m, 1505m) at Hakalau Forest National 

Wildlife Refuge and Laupāhoehoe Forest Reserve. Data missing from the Pua ‘Ākala climate 

sensor at 1505 m is due to an equipment malfunction. 
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APPENDIX C: Supplementary Materials 
 

 
 

Figure S1 1. Hapuʻu Tree Fern Cavity Maps for Hakalau Forest National Wildlife Refuge 

(Transects 1A-14). 
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Figure S1 2. Hapuʻu cavity maps for Hakalau Forest National Wildlife Refuge (Transect 1A & 

8A).  
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Figure S1 3. Mean monthly temperatures across the transition zone elevational gradient (1305, 

1405, 1505 m). Mean monthly temperatures were averaged across elevations between sites and 

evaluated against the developmental thresholds for the avian malaria vector, Culex 

quinquefasciatus, and parasite, Plasmodium relictum. 9.9˚C was used as the minimum 

temperature threshold for Culex development, and 12.97˚C was used as the minimum 

temperature threshold for avian malaria development.  

  

Elevation Year Month

Mean 

temperature 

(˚C)

SD  

across 

stations 

(˚C) Elevation Year Month

Mean 

temperature 

(˚C)

SD across 

stations 

(˚C) Elevation Year Month

Mean 

temperature 

(˚C)

SD  

across 

stations 

(˚C)

Apr 11.7 0.28 Apr 12.2 0.08 Apr 12.8 0.34

May 13.2 0.38 May 13.7 0.01 May 14.3 0.51

Jun 13.2 0.39 Jun 13.8 0.08 Jun 14.6 0.59

Jul 14.3 0.09 Jul 15.1 0.10 Jul 15.7 0.44

Aug 13.9 0.30 Aug 14.8 0.15 Aug 15.4 0.22

Sep 13.7 0.11 Sep 14.4 0.17 Sep 15.0 0.29

Oct 12.9 0.18 Oct 13.5 0.19 Oct 14.2 0.28

Nov 12.7 0.35 Nov 13.0 0.41 Nov 13.9 0.68

Dec 12.2 0.44 Dec 12.7 0.29 Dec 13.1 0.34

Jan 11.3 0.23 Jan 11.9 0.09 Jan 12.8 0.26

Feb 11.3 0.46 Feb 11.7 0.29 Feb 12.6 0.24

Mar 12.5 0.27 Mar 13.0 0.25 Mar 13.7 0.29

Apr 13.0 0.24 Apr 13.5 0.19 Apr 14.0 0.27

May 13.3 0.12 May 14.1 0.16 May 14.6 0.31

Jun 13.4 0.55 Jun 14.2 0.34 Jun 14.8 0.43

Jul 14.1 0.26 Jul 14.9 0.17 Jul 15.5 0.36

Aug 14.0 0.42 Aug 14.8 0.31 Aug 15.5 0.43

Sep 14.3 0.46 Sep 15.2 0.44 Sep 15.8 0.49

Oct 14.5 0.20 Oct 15.2 0.21 Oct 15.9 0.27

Nov 12.5 0.16 Nov 13.2 0.19 Nov 13.9 0.21

Dec 12.0 0.30 Dec 12.7 0.13 Dec 13.5 0.23

1305

2021

2022

1405

2021

2022

1505

2021

2022
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Figure S1 4. Monthly maximum, average, and minimum site temperatures across all climate 

stations. Average, maximum and minimum monthly temperatures for each individual climate 

station. Seasonal temperature variation at 9 locations across 2 sites from April 2021-August 

2022, relative to temperature suitability threshold conditions for Culex quinquefasciatus 

development and the avian malaria parasite (Plasmodium relictum) development. 
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LONG-TERM MOSQUITO MONITORING PROTOCOL: HAKALAU FOREST 

NATIONAL WILDLIFE REFUGE 
 

Given the low capture rates of mosquito surveillance at Hakalau Forest NWR from 2020-2022 

using passive GAT trap technologies, we have designed a monitoring protocol using the BG 

Sentinel-2 CO2 trap to support early detection of potential climate change-related mosquito 

invasion into the refuge. However, it should be noted that the low frequency and low number of 

traps is likely too small to detect fine-scale changes in mosquito abundance at the site; and a 

much higher frequency and quanity of traps would be preferred, if resources allow. 

 

Trap Schedule 

Run traps for at least 2 nights once per month during the non-peak mosquito season (January-

April), and at least 2 trap-nights every 2 weeks during peak mosquito season (May-December). 

For example, launch traps Friday, check Saturday morning, reset Saturday night, check, and take 

down Sunday morning. Run traps for more trap-nights if possible.  CO2 tanks should last for ~7 

trap-nights if turned off and on each night/day, or if the CO2 timer is being used to automate this 

process.  The batteries should last 5-6 nights if turned off and on each night/day. 

 

Trap Design 

Six BG Sentinel-2 CO2 traps will be set at the lower fence line of the bird survey transects at 

Transect 1A & 8A (~1550 m) in the Pua ‘Ākala and Hakalau tracts of the refuge.  

 

Three traps will be placed at the lower fence of each transect.  Launching and checking traps will 

likely require atleast 3 hours per day (One-way: 30 minutes drive to the upper fence line, 1-hour 

hike to lower fence line; Round-trip: 3+ hours/day per transect; 6 hours total). If running for 2 

trap-nights, traps should be hiked into each transect Friday morning and launched.  They could 

run straight for 2 nights and be checked and collected on Sunday morning.  

 

Alternatively, traps can be launched along the road to each transect to reduce time and effort for 

carrying equipment to lower sites (~3 hours round trip to launch traps on both transects). In 

addition, this allows for them to be easily turned off and on each night and morning. 

 

Logistics 

Trapping will occur once per month (if not more) and trap sessions will be run for 2-5 trap-

nights. Traps will need to be manually turned off and on to preserve battery power until we can 

identify a way to automate the power.  This may be solved with the use of solar batteries and 

panels through the charge controller.  CO2 tanks should last for ~7 days and will use automatic 

timers to turn off and on the CO2. Traps would be checked daily and programmed to stop 

emitting CO2 during the day.  

 

Given this design, we would be able to monitor year-round (8-12 times/year; 40-60 trap-

nights/year) and could do more consistent monitoring in the summer season (May-November), 

depending on the availability of students/technicians. 
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CHAPTER 2: DETECTING A TRACE: DEVELOPMENT AND VALIDATION 

OF AN ENVIRONMENTAL DNA ASSAY TO MONITOR LARVAL 

MOSQUITO POPULATIONS OF CULEX QUINQUEFASCIATUS IN HAWAIʻI 
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ABSTRACT 
 

Mosquito population monitoring and the early identification of invasion into high 

elevation forests is critical to safeguarding remaining native Hawaiian forest birds. Conventional 

mosquito surveillance methods are cost and labor-intensive, and differences in trap efficacy and 

site-to-site variability create opportunities for the development of innovative and complementary 

methods that can enhance the likelihood of detection of cryptic mosquito populations. 

Environmental DNA (eDNA) is a non-invasive surveillance tool that can detect trace DNA of a 

target species in water, soil, and air. The application of eDNA is particularly relevant in high 

elevation forests where traditional mosquito monitoring methods are challenging due to seasonal, 

low density mosquito populations. In this study, I took the first steps to develop an efficient 

eDNA assay to detect Culex quinquefasciatus, the primary vector of avian malaria, in larval 

mosquito habitat found throughout Hawaiʻi. First, I designed a species-specific assay based on 

the amplification of a 300 base-pair fragment from the cytochrome oxidase subunit I (COI) gene 

and confirmed the specificity of the assay with PCR amplifications and a melt curve analysis. 

Next, I tested the sensitivity of the assay using real-time quantitative PCR (qPCR) and eDNA-

positive detections of serial dilutions of input DNA. To validate these experiments, I conducted 

laboratory experiments to determine if the known presence of C. quinquefasciatus could be 

detected in samples from filtered water. My results demonstrated the primer-probe set to be high-

efficiency and suggest that eDNA survey techniques have the potential to support early detection 

of C. quinquefasciatus invasions by quantifying trace larval mosquito DNA in environmental 

water samples. Further field validation is necessary as a final step for this project to allow for 

application of this tool in the field. The refinement of the eDNA assay will augment the toolbox 
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of techniques for estimating mosquito abundance and distribution together with conservation 

measures that can aid in preventing extinctions of Hawaiʻi’s native forest birds. 
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INTRODUCTION 
 

Mosquito population monitoring is critical to understanding the dynamics of invasions of 

mosquito species around the world, and the associated risk for the diseases they transmit as a 

threat to public health and conservation (Chandrasegaran et al. 2020). In Hawaiʻi over the past 

nearly 200 years, extinction and population declines of native Hawaiian forest birds have been 

primarily driven by avian malaria, caused by the parasite Plasmodium relictum, and vectored by 

the invasive southern house mosquito, Culex quinquefasciatus (Warner 1968, LaPointe et al. 

2005, Atkinson & LaPointe 2009). Rising temperatures associated with climate change are 

expanding the habitable range for mosquitoes locally and encroaching on habitat that has 

previously served as disease-free refugia for the birds (Benning et al. 2002, Ahumada et al. 2004, 

Fortini et al. 2015, Fortini et al. 2020). The expanding threat of avian disease along with 

significant advances towards the local implementation of Wolbachia-based population 

suppression for landscape-level mosquito control, have increased the need for robust mosquito 

surveillance across the Hawaiian Islands (Caragata et al. 2016, National Park Service 2022, 

Paxton et al. 2022).  

 The early identification of the invasion of avian disease-carrying mosquitoes into high 

elevation forests is critical to safeguarding remaining native Hawaiian forest bird populations 

and effective vector management (Atkinson & LaPointe 2009, Paxton et al. 2022). Detailed 

mosquito population information is necessary to determine the level and localities of impending 

threats to native birds, as well as to guide the timing, location, and quanitity for application of 

mosquito control options, such as releases for incompatible insect technique (Caragata et al. 

2016, Vorsino et al. 2022) and local larvicide (LaPointe et al. 2021), as well as to determine 

efficacy of these control methods (Lambrechts et al. 2016). Unfortunately, mosquito monitoring 
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is challenging, especially in areas of invasion in mid-high elevation forests where low-densities 

of mosquitoes may reduce detection probabilities (Samuel et al. 2011, LaPointe et al. 2016, 

Yackel Adams et al. 2021).  

 Conventional mosquito surveillance techniques, such as adult mosquito trapping and 

larval field surveys, are cost and labor-intensive, and present challenges that can compromise the 

reliability of accurate monitoring data (Kaufman et al. 2014, Schneider et al. 2016, LaPointe et 

al. 2021). While adult mosquito trapping can provide the information necessary to understand the 

abundance and distribution of mosquitoes across the landscape, trapping has varying levels of 

efficacy depending on the target species, trap type, and site-to-site variability in trap performance 

(Farajollahi et al. 2009, LaPointe et al. 2021). The highest efficacy traps require battery power 

and a carbon dioxide source that can be both difficult to acquire and transport, particularly in 

remote sites where surveillance is most needed. The identification and surveillance of available 

larval habitat is another effective approach for monitoring emergent mosquito populations 

(Reiter & LaPointe 2007, Reiter & LaPointe 2009, McClure et al. 2018); however, the technical 

knowledge necessary to correctly identify larval mosquitoes by species, and the diverse, cryptic 

life stages of larvae, particularly in early instar stages, makes occupancy and species detection 

challenging (Silver 2008, Walton et al. 1999). Larval surveillance entails the identification of the 

immature developmental life stages of mosquitoes, including eggs, larvae, and pupae, which can 

be hard to detect, particularly in the preferred turbid, nutrient-rich larval habitat associated with 

C. quinquefasciatus (Reiter 1983, Walton et al. 1999, Silver 2008, Day 2016). In addition, 

standard larval dipping may not be suitable for small larval habitats or those with dense 

vegetation, and depending on technique can lead to false negatives, especially in larger aquatic 

habitats due to the evasive behavior of larval and pupal mosquitoes (Knight 1964, Robert et al. 
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2002). Furthermore, once larvae have been collected, morphological-based species identification 

is based on subtle differences that can require a high-level of expertise for correct, reliable 

taxonomic identification (Majaneva et al. 2018, Sakata et al. 2022). 

 Complimentary molecular surveillance techniques, such as environmental DNA (eDNA) 

analysis, can enhance the efficacy of monitoring and complement traditional mosquito 

monitoring techniques (Rees et al. 2014, Schneider et al. 2016, Odero et al. 2018). eDNA is a 

non-invasive surveillance tool that has emerged to meet the needs of population monitoring of 

taxa through the detection of shed cells or small, degraded fragments of genomic DNA within 

the environment (i.e., in air, soil, water; Taberlet et al. 2012, Barnes & Turner 2016). eDNA has 

been used to monitor rare species and characterize biodiversity across diverse taxa and can be 

especially useful in the early detection of invasive species (Wilcox et al. 2013, Goldberg et al. 

2016, Schneider et al. 2016). The application of eDNA for mosquito monitoring involves 

sampling water from larval habitat to determine the presence of trace mosquito DNA. Mosquito 

surveillance using eDNA techniques has demonstrated higher detection probabilities than 

traditional surveillance methods with relative ease, even at large scales (Schneider et al. 2016), 

and in the context of Hawaiʻi, can contribute monitoring information important for management 

action and ecosystem conservation (Wilcox et al. 2013, Minamoto et al. 2021). With improved 

detection targeting immature mosquito life stages, eDNA techniques are complimentary to adult 

mosquito monitoring approaches, and can be applied as a preliminary surveillance method with 

reduced cost and labor investments, followed by traditional survey methods in the case of 

positive detections (Schneider et al. 2016, Krol et al. 2019). 

 Mosquito surveillance using eDNA has been developed, tested and applied for the 

detection of Aedes albopictus, Aedes japonicus, Aedes koreicus, Anopheles gambiae, and Culex 
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pipiens pallens from water samples using real-time qPCR assays and eDNA metabarcoding 

(Schneider et al. 2016, Oderto et al. 2018, Sakata et al. 2022); however, these techniques have 

not yet been adapted for C. quinquefasciatus, the primary vector for avian malaria (LaPointe et 

al. 2005), for monitoring efforts across Hawaiʻi. The objective of this study was to develop and 

validate a species-specific eDNA assay that can be used to detect C. quinquefasciatus in diverse 

aquatic larval mosquito habitat across the landscape. The assay is intended to be of particular use 

in high elevation forests where traditional mosquito monitoring methods may provide challenges 

due to seasonally abundant, low-density mosquito populations (Atkinson & LaPointe 2009, 

LaPointe et al. 2016). The lightweight sampling methodology was adapted to address the 

challenges associated with surveillance at remote sites that can only be accessed by helicopter 

and hiking, which precludes regular implementation of monitoring activities. In this study, I used 

an in silico and in vitro approach, along with locally relevant filtration and extraction protocols, 

to develop and validate a foundational, reliable eDNA assay that can be used for field monitoring 

of mosquitoes across the islands of Hawaiʻi.   

 

MATERIALS AND METHODS 
 

Sample Collection 
 

Control samples and total DNA extractions 

Genomic DNA (gDNA) used as a control for the validation of the C. quinquefasciatus 

specific eDNA assay was extracted from the abdomen and/or thorax of adult mosquitoes from a 

laboratory-reared colony of mosquitoes originating from egg rafts collected in Volcano, Hawaiʻi. 

Mosquitoes were reared at 28˚C, 70-80% relative humidity, and a 12:12 hour light:dark cycle 

and maintained on a 3% sucrose solution. Additional reference gDNA from non-target mosquito 

species (Ae. aegypti, Ae. albopictus, Ae. japonicus, Ae. vexans, and Wy. mitchellii) was extracted 
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from wild-type mosquitoes trapped in BG-Sentinel 2 CO2 traps (Biogents) and Center for 

Disease Control and Prevention (CDC) Gravid traps.  Total gDNA extractions were performed 

using the DNeasy® Blood & Tissue Kit (Qiagen, Hilden, Germany), following manufacturer’s 

instructions. DNA quality and concentration was measured using a NanoDrop® ND-1000 UV-

Vis Spectrophotometer and Qubit™ 4 Fluorometer (Invitrogen). 

Sample collection for in vitro testing 

Water samples used for in vitro validation were collected from larval trays from the 

laboratory-reared colony. Larvae were reared in plastic trays (20 x 18 x 4 cm) under controlled 

insectary conditions and fed TetraMin® fish food. All water samples were collected using a 

modified protocol from National Park Service (NPS) CALeDNA. Water was filtered using a 60 

mL Luer-Lok Latex Free Syringe (Reorder No. 309653), Re-Usable Syringe Filter Holders 

(Sartorius Stedim Biotech, Order No. 16517 E) and Whatman 25 mm diameter glass microfiber 

filters (0.7-micron pore size, GE Healthcare Life Sciences; CAT No. 1825-025). For in vitro 

samples, 50 mL of water was collected at 0-4 cm depth from varying larval densities (85 - 150 

larvae and pupae) for detection probability testing. Following filtration, the filter was removed 

from the holder using disposable forceps, folded in half twice, and placed in a 1.5 mL vial with 

ethanol. Forceps were sterilized in a 50 % bleach solution, passed through a three-step serial 

rinse of distilled water, dipped in ethanol and flamed between sample handling. All samples were 

placed in a 1.5 mL vial with absolute ethanol and stored at -20˚C until extractions were 

performed.  

Sample collection for in situ testing 

Water samples used for in situ validation were collected from aquatic larval habitat in 

Kīpahulu Valley in Haleakalā National Park on Maui, Hawaiʻi (Figure 2.1). Samples were 
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filtered on-site for immediate preservation to eliminate challenges with DNA degradation 

associated with transportation and preservation of water samples (Majaneva et al. 2018). Water 

was filtered in 50 mL portions until water was no longer able to pass through the filter and total 

volumes varied based on the organic material and sediment present in the water (ranging from 3-

500 mL). The volume of water successfully filtered was recorded for each sample, along with 

habitat and substrate type, larval presence, larval stage, source dimension, area in water column 

filtered, and species identification based on morphology (Gallagher et al. 1982, Farajollahi & 

Price 2013). One to three biological replicates were taken from each sample site at a depth of 0-5 

cm. Water samples were collected from hapuʻu tree fern cavities (Cibotium spp.), pig wallows, 

and rock pools in intermittent stream beds. Samples were stored in 1.5 mL vials in absolute 

ethanol or Longmire’s buffer at ambient temperature for the duration of field trips (1 - 10 days) 

and were frozen at -20˚C upon return to the field station until DNA extractions were performed. 

A negative control taken from distilled water was incorporated into all sample collections to 

determine incidence of contamination. Although field samples were collected, the validation was 

not performed using field samples within this study, and is a future step in the validation process. 

 

Contamination control 

Laboratory and field sample collection protocols were established to minimize the 

potential for contamination and were rigorously followed for sample collection in both the field 

and the lab. For each sample collected, a new sealed collection kit was used. Collection kits were 

prepared in sterile conditions and included disposable nitrile gloves, disposable forceps, pre-

loaded sterile filter holders, a 1.5 mL pre-filled vial of absolute ethanol or Longmire’s buffer, 

and a sterile syringe. Filter holders and syringes were cleaned with Alconox® detergent, soaked 

in a 50% bleach solution overnight, and rinsed thoroughly using distilled water between 
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sampling (Kemp & Smith 2005, Champlot et al. 2010). Low retention filter tips were used for 

sample preparation and gloves were changed in the event of contact with potential sources of 

contamination. Forceps used for sample preparation were soaked in 50% bleach for 1 min, rinsed 

in a three-step serial rinse of distilled water, dipped in ethanol and flamed between sample 

preparations. All DNA extractions were carried out in a separate building and dedicated 

laboratory space for low-quantity samples, separated from areas with high quantity DNA 

extraction and handling of PCR products to avoid cross-contamination (Taberlet, Waits & 

Luikart 1999). Equipment and benchtops within the workspace were wiped down with 10% 

bleach prior to and following sample handling and extractions. 

Primer Design & In silico Validation 

I started the primer validation process by working with a preliminary primer-probe set 

previously developed for C. quinquefasciatus that amplified a 154-base pair (bp) fragment of the 

mitochondrial DNA (mtDNA) 5’-end region of the cytochrome oxidase subunit I gene (COI; 

Hebert et al. 2003) but had not yet been tested. Since the DNA found in water samples was likely 

degraded or in low concentrations, mtDNA was selected as an amplification target because of the 

greater number of template copies relative to nuclear DNA (Mills et al. 2000). The original 

primer-probe set consisted of the forward primer (Cq 214F; 5’-

TAGGAGCTCCAGATATGGCC-3’, the reverse primer (Cq 326R; 5’-

CTGTTCCAGATGAAAGAGGGG-3’, and a TaqMan hydrolysis probe (Cq 292P; 5’-56-

FAM/TTC AAG TAG/ ZEN/TTT AGT AGA AAA TGG AGC TGG GAC TGG/3IABkFQ/-3’), 

utilizing FAM as the fluorescent dye. During the first steps of optimization and validation of the 

original primer-probe set, I obtained cross-amplification of non-target mosquito species in 

Hawaiʻi. As a result of the lack of specificity for C. quinquefasciatus in the original primer-probe 
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set, likely due to a high degree of conservation in the forward priming region across Culicidae, 

the forward primer was re-designed for validation and optimization. Therefore, three alternative 

forward primers (named 23F, 64F, 67F) were designed to pair with the original reverse primer 

and hydrolysis probe, and the optimal pair was selected based upon primer efficiency and lack of 

cross-amplification with co-occurring mosquito species. Primers were evaluated for dimers, 

secondary structures, and appropriate melting temperature using the OligoAnalyzer Tool, and 

were manually evaluated for GC % content. 

To assess the degree of conservation of the COI gene region for C. quinquefasciatus, 20 

COI gene sequences for C. quinquefasciatus were downloaded from the National Center for 

Biotechnology Information (NCBI: https://www.ncbi. nlm.nih.gov; Barcode of Life Data 

Systems) from regions around the world to capture global diversity and potential polymorphisms 

within the target region of the COI gene in the species. Primer-BLAST was used to determine 

primer options, followed by an in silico validation of the eDNA assay to assess specificity for C. 

quinquefasciatus based on sequence conservation to identify potential species-specific cross-

amplifications The DNA sequences of the C. quinquefasciatus target were compared to non-

target taxa, including i) closely related, co-occurring species, ii) closely related and 

geographically distinct species, and iii) distantly related, co-occurring species (Thalinger et al. 

2021). The COI region was downloaded for all Culicidae Family organisms known to occur 

across the Hawaiian Islands to test for potential cross-amplification, including Aedes aegypti, 

Aedes albopictus, Aedes japonicus, Aedes vexans, and Wyeomyia mitchellii (Leong & Grace 

2009; see Appendix A for Multiple Sequence Alignment Table). Also included in the analysis 

was one representative species occurring in Hawaiʻi, or a closely related species if the COI 

sequence was not available, from each of the families within the Infraorder Culicimorpha 
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(Ceratopogonidae, Chironomidae, Thaumaleidae, Simuliidae, Dixidae, Corethrellidae, and 

Chaoboridae). One representative from each of the Infraorders Tipulomorpha (crane flies, 

Family Tipulidae) and Psychodomorpha (moth flies, sandflies, Family Psychodidae) that are 

most closely related to Culicomorpha (mosquitoes, blackflies), and fall within the Nematocera 

Suborder (Wiegmann et al. 2011) were included in the analysis. Additionally, other species 

commonly found in similar habitat within more distantly related families were included, such as 

Bibionomorpha (march flies, fungus gnats), Megalagrion blackburni (Blackburn’s Hawaiian 

Damselfly, Order Odonata, Family Coenagrionidae), and Microvelia sp. (species with COI 

sequence available, most closely related to Hawaiian pond bug; Order Hemiptera, Family 

Veliidae). Outgroup species included mammals, human (Homo sapiens), cow (Bos taurus), pig 

(Sus scrofa), goat (Capra hircus), mouflon sheep (Ovis aries musimon), and amphibians (Puerto 

Rican Coquí, Eleutherodactylus coqui).  

An additional primer-probe set was developed for the cold-tolerant, co-occurring invasive 

mosquito, Ae. japonicus. Ae. japonicus was selected in addition to C. quinquefasciatus because 

of co-occurrence in larval habitat, and it represents the main species within the Culicidae family 

that may be present in water samples. Sequences for Ae. japonicus were also downloaded from 

GenBank to assess conservation of the COI region and global diversity. For Ae. japonicus, the 

COI region was amplified with the forward primer (Aj 326F; 5’-

GGATGAACTGTTTATCCTCCCC-3’ and the reverse primer (Aj 431R; 5’-

CTAAAATTGAGGAAATCCCGG-3’. The probe for Ae. japonicus (Aj 360P; 5’-5HEX/CTG 

CTC ATG/ZEN/CAG GAG CTT CAG TAG ATT TAA/3IABkFQ/-3’) utilized HEX as the 

fluorescent dye.  
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Environmental DNA Extractions 
 

eDNA sample extractions from glass microfiber filters were performed following a 

modified protocol from Minamoto 2019 using the DNEasy® Blood and Tissue Kit (Qiagen).  

After sample collection, filters were removed from storage using sterile forceps and individually 

placed in a 1.5 mL vial (Eppendorf™ DNA LoBind Microcentrifuge Tubes). The 1.5 mL vial 

was covered with a KimWipe™ (Kimberly-Clark Professional) and placed under a fume hood to 

dry at ambient temperature for 30 mins. Once the filter was dried, 400 uL of AL buffer and 40 

uL of Proteinase K from the Qiagen DNeasy kit were pipetted directly onto the filter, followed 

by incubation on a heat block incubator/rocker for 1 hour at 55˚C. After heating, 220 uL of TE 

buffer was added to the solution, left to incubate for 1 min and centrifuged for 3 mins at 3000 g. 

Remaining liquid was squeezed from the filter using forceps and the filter was discarded. 400 uL 

of 200 proof molecular grade ethanol was added to the solution and mixed using a pipette. The 

solution (600 uL) was transferred to a DNeasy extraction column and centrifuged for 1 min at 

6000 g, replacing collection tubes and centrifuging repeatedly until the entire volume of liquid 

was processed. After washing the column with AW1 and AW2 washing buffers, the column was 

transferred to a new 1.5 mL vial where the DNA was eluted with 50 uL of AE buffer, incubated 

at room temperature for 2 mins, and centrifuged for 1 min at 6000 g. Extracted samples were 

maintained at -20˚C until further analysis.  

Real-Time Quantitative PCR (qPCR) 
 

For optimization of the top performing primer-probe set, real-time quantitative PCR 

(qPCR) conditions (annealing temperature gradient, primer concentrations) were tested to ensure 

optimal DNA amplification and probe reporting. These experiments were performed using 

gDNA samples from specimens of C. quinquefasciatus as positive controls (see above).  An 
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annealing temperature (Ta) thermal gradient was run on the final step of the thermocycling 

protocol to determine the optimal thermocycling conditions above and below the target Ta of 

primers (55˚C) using a positive control gDNA sample (0.3 ng/uL) from 53-60˚C. The Ta that 

produced the lowest Ct value without generating nonspecific amplification was selected as the 

optimal condition. Ct, or cycle threshold, is defined as the cycle number at which the 

fluorescence rises above the threshold level. Additionally, I generated a melt curve with a 

SYBR® Green assay using the species-specific primers to confirm specificity of the primers and 

amplification of a single amplicon. The reaction mix used 1X SsoAdvanced™ Universal 

SYBR® Green Supermix (Bio-Rad, Hercules, CA) and 0.5 uM of forward and reverse primers. 

The thermocycling conditions were 3 mins at 98˚C, followed by 40 cycles of 15 seconds at 98˚C 

and 30 seconds at 60˚C with a melt curve (65-95˚C with 5 second steps for 0.5˚C/cycle). 

Forward and reverse primer final concentrations of 0.3, 0.4, 0.5, and 0.7 uM were tested to 

determine the concentration yielding the highest assay efficiency, as detemined by a standard 

curve analysis. After PCR, reactions were visualized using a 2% electrophoresis agarose gel 

stained with SYBR™ Safe DNA Gel Stain (Invitrogen, Waltham, MA). The qPCR reaction 

represents the final step in the eDNA workflow for mosquito detection (Figure 2.2). 

All qPCR experiments were prepared under a UV hood with a HEPA filter in the clean 

laboratory for set-up and loading, and brought to a separate building for amplification, where all 

post-PCR work was performed (Goldberg et al. 2016). Amplification and quantification of 

gDNA and eDNA extractions were performed on a CFX96™ Real-Time PCR Detection System. 

Samples were analyzed in a qPCR reaction using the optimal PCR conditions for qPCR 

reactions, consisting of 1X Sso Advanced Universal Probe Supermix (Bio-Rad, Hercules, CA), 

0.4-0.5 uM of forward and reverse primers, and 0.25 uM of the probe. The final reaction volume 
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was 15 uL and each reaction included 5 uL of sample.  All samples were run in triplicate, along 

with a negative control. A positive control serial dilution series (1:1, 1:100, 1:10,000) was 

included as a reference on all qPCR plates using gDNA from C. quinquefasciatus (3 ng/uL). If 

negative controls presented evidence of amplification, all associated positive samples were 

discarded. The cycling protocol consisted of 5 mins at 95˚C followed by 50 cycles of 10 seconds 

at 95˚C and 30 seconds at 53-60˚C.  

In vitro validation 

The specificity of the assay for C. quinquefasciatus was further tested by evaluating 

cross-reactivity with co-occurring mosquito species in Hawaiʻi. Extracted gDNA samples from 

Ae. aegypti, Ae. albopictus, Ae. japonicus, Ae. vexans and Wy. mitchellii trapped across Hawaiʻi 

were tested in experimental triplicates alongside a positive C. quinquefasciatus sample in qPCR 

reactions as described above using all three sets of newly designed primers (23F, 64F, 67F) and 

the original probe (Cq292P). The sensitivity of the assay was determined by using a ten-fold 

serial dilution of C. quinquefasciatus genomic DNA (1:1 (stock DNA), 1:100, 1:1000, 1:10,000, 

1:100,000, and 1:1,000,000). Cq values were plotted against the log of the starting concentration 

to generate a best fit line and calculate a standard curve. Amplification efficiency was calculated 

using the equation E = 10(-1/slope), along with a coefficient of determination (R2; Bustin et al. 

2009). The same methods were followed for determining the standard curve for the Ae. japonicus 

primer-probe set. 

Data Analysis 

A Multiple Sequence Alignment using the program Molecular Evolutionary Genetics 

Analysis (MEGA, Version 10) was performed to validate assay specificity for the target species. 
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For in vitro and in situ testing, a sample was considered positive if atleast 1 out of 3 replicates 

showed exponential amplification curves in up to 50 cycles. The Ct values were recorded to 

determine a standard curve for in vitro and in situ amplifications. 

RESULTS 

Primer design & In silico validation 

Of the 20 publicly available COI sequences for C. quinquefasciatus globally (NCBI, 

Barcode of Life Data Systems), only two unique haplotypes were detected with one represented 

by a single individual, and the other represented by 19 individuals. There were no publicly 

available COI sequences for C. quinquefasciatus from Hawai‘i. Seven COI sequences for C. 

quinquefasciatus were analyzed from different regions around the world and demonstrated 

conservation of the primer target sequences among samples. Sequence comparisons performed 

through a multiple sequence alignment suggested the specificity of three of the 10 alternative 

COI forward primer options generated by Primer-BLAST, along with the original reverse primer 

and probe (Figure 2.3; Forward Primer 23F: 5’ - GCT TGA GCT GGA  ATA GTT GG - 3’, 

Forward Primer 64F: 5’ - CGA GCA GAA TTA AGT CAA CCA GG - 3’, Forward Primer 67F: 

5’ - GCA GAA TTA AGT CAA CCA GGT G - 3’), and did not present in silico issues of cross-

amplification due to single or multiple nucleotide mismatches between designed primers and the 

COI targeted region among closely related co-occurring species, closely related and 

geographically distinct species, or distantly related co-occurring species (Table 2.S1 in 

Supplementary Materials). I next evaluated the specificity of the C. quinquefasciatus primers 

using an in silico approach, and defined specificity as an exact match to the C. quinquefasciatus 

region, with atleast one base pair difference between C. quinquefasciatus and all co-occurring 
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mosquito species (Table 2.1). Chironomus sp. was included due to high conservation of the COI 

region where the original forward primer was located.  

For Ae. japonicus, the forward primer aligned with vouchers from the United States of 

America (USA, n = 2), the United Kingdom (UK, n = 1) and Germany (n = 1); however, one 

voucher from the United States and one from Belgium had a single nucleotide mismatch, 

indicating that the forward primer may not capture all global diversity of Ae. japonicus, but 

likely does locally.   

 

In vitro validation 

For the three alternate redesigned C. quinquefasciatus primers (23F, 64F, 67F) paired 

with the original reverse primer and probe, the qPCR analysis resulted in no cross-amplifications 

of non-target co-occurring mosquito species. The ten-fold serial dilution series (1:1, 1:100, 

1:1000, 1:10,000, 1:100,000, 1:1,000,000) for C. quinquefasciatus gDNA tested with the 

TaqMan assay qPCR standard curve demonstrated amplification for all dilutions tested across all 

primer-probe sets, with generally increasing number of cycles necessary for detection with 

decreasing DNA concentrations. Standard curves and primer efficiency calculations 

demonstrated that the redesigned primer-probe set with the highest efficiency was forward 

primer 64 F, reverse primer 326R, and TaqMan hydrolysis probe 292P, with an efficiency of 

96.7% (y = -3.4017 + 18.941) and a coefficient of correlation R2 of 0.995 (Figure 2.4). Based on 

these results, I selected this primer-probe set for further investigations.  

The amplification of C. quinquefasciatus DNA with the optimal primer-probe set was 

robust to annealing temperatures from 53-60˚C, with single bands observed across the thermal 

gradient at approximately 300 bp, the expected size of the target amplicon (Figure 2.5). Based on 

the standard curve analysis and agarose gel profile, I defined the optimal Ta as 60˚C, which was 
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the highest Ta that resulted in the lowest Ct value, without demonstrating non-specific 

amplification (Bustin et al. 2009, Taylor et al. 2019). However, the standard deviation in average 

Ct values from 53-60˚C was minimal (0.953 Ct), indicating that the assay is robust across the 

range of annealing temperatures. 

The 0.5 uM primer concentration resulted in higher efficiency (96.8 %) compared to 0.4 

uM concentration (87.9 %) and was maintained for the optimized reaction mix. The melt curve 

from the SYBR® Green assay confirmed the specificity of the primer-probe set and the 

amplification of a single amplicon, shown by a single narrow peak from a serial dilution of 

positive control samples (Figure 2.6A). Additional confirmation of specificity was provided by 

the single electrophoresis band showing amplification of six PCR products from gDNA 

extractions of C. quinquefasciatus specimens collected from around the Hawaiian Islands (Maui, 

Kauaʻi, Hawaiʻi Island; Figure 2.6B). 

Extractions performed on three eDNA filters sampled from positive control larval water 

(500 mL) with varying C. quinquefasciatus larval densities (n = 85 - 150 4th instar and pupae) 

from the laboratory resulted in positive amplifications across all three replicates for each 

individual sample, and an average Ct between 19.8 and 25.0 (Figure 2.7). 

 Although not all validation steps were performed for the primer-probe set for Ae. 

japonicus, the assay amplified 100% of all gDNA extractions tested (n = 7), and there was no 

amplification of the C. quinquefasciatus negative control (n = 1). The efficiency of the primer-

probe set for Ae. japonicus determined from the standard curve generated from a ten-fold serial 

dilution of positive control gDNA was 97.7 %, with an R2 of 0.998, a slope of -3.3743 and a y-

intercept of 19.81.  

 



 90 

DISCUSSION 
 

In this study, I developed, validated, and optimized a high efficiency, species-specific 

primer-probe set for the detection of eDNA of the avian malaria vector, C. quinquefasciatus, in 

aquatic larval habitat. Using in silico and in vitro approaches for robust eDNA assay validation 

(Goldberg et al. 2016, Langlois et al. 2021, Thalinger et al. 2021), I have completed the 

foundational steps necessary for the assay to be used with confidence in a field setting as a tool 

for the detection of C. quinquefasciatus to enhance mosquito monitoring in Hawaiʻi. The 

redesigned and optimized primer-probe set demonstrates an increase in specificity and efficiency 

of detection, compared to the original primer-probe set that lacked specificity for C. 

quinquefasciatus. The amplification of extractions from positive control in vitro samples and 

absence of amplification from negative controls and negative extractions demonstrates the 

efficacy of sampling, preservation, extraction, and decontamination protocols. The high 

sensitivity of the assay was shown with positive amplifications occurring in highly diluted 

positive control samples with less than 3 x 10-7 ng/ uL of DNA. In silico and in vitro cross-

amplification testing of the target region of the genome using both local and global sequence 

alignments and specimens (Thalinger et al. 2021) confirmed that the local diversity is aligned 

with the global diversity index for the COI priming region of the C. quinquefasciatus assay. This 

analysis could be enhanced by sequencing mosquitoes captured from across all islands, to ensure 

the most complete genetic diversity is represented. Although the Ae. japonicus assay is not 

currently a priority, additional steps following the same process used for the C. quinquefasciatus 

assay validation could be taken to further optimize the high efficiency, species-specific assay for 

implementation. This could further enhance eDNA detection of invasive mosquitoes across 

Hawaiʻi. 
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 While the techniques outlined in this study led to the successful amplification of C. 

quinquefasciatus DNA from positive control lab samples, continued optimization of the assay 

will be necessary for its reliable application for mosquito monitoring in natural habitats 

throughout the Hawaiian Islands. Detection of eDNA is highly dependent on the diverse methods 

and protocols selected for filtration, preservation, extraction, and detection (Minamoto et al. 

2016, Hinlo et al. 2017, Majaneva et al. 2018, Hunter et al. 2019, Tsuji et al. 2019), and 

overcoming inhibitors that naturally occur in nutrient and plant-rich waters. For example, in 

sample filtration, syringes were preferred over peristaltic pumps to facilitate the ease of sampling 

at remote field sites. However, resulting water volume limitations and filter clogging may reduce 

the detection probability of the assay (Hunter et al. 2019). Testing different filtration techniques, 

filter materials and pore sizes may result in improved detection, particularly in sites with high 

concentration of sediment (Majaneva et al. 2018, Tsuji et al. 2019). Diverse options have 

demonstrated success for sample preservation, such as Longmire’s buffer, Cetyl 

trimethylammonium bromide (CTAB), and silica gel (Renshaw et al. 2015, Majaneva et al. 2018, 

Hunter et al. 2019), as well as sample extraction, including sodium acetate precipitation and 

phenol-chloroform-isoamylalcohol protocols, along with diverse extraction kits (Ficetola et al. 

2008, Eichmiller et al. 2016, Schneider et al. 2016, Odero et al. 2018). The choice of 

preservation and extraction methods can also result in differing eDNA yield and could be tested 

to ascertain the most effective locally relevant, context-dependent (e.g., rock pool versus hapuʻu 

cavity) methods. 

 Due to the degraded nature and/or potentially low concentrations of eDNA found in 

water samples, qPCR reagents specifically designed for detection of eDNA, or low-copy DNA 

samples can be used to strengthen the detection of the eDNA within the sample (Wong et al. 
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2020, Bedwell et al. 2021). Although field samples have not yet been tested, due to the high level 

of organic matter present in some aquatic larval habitat, it is expected that inhibitors may interact 

with the DNA polymerase and potentially block the amplification of the eDNA from water 

samples. C. quinquefasciatus mosquitoes are often found in in hapuʻu tree fern cavities with 

organic content from the decomposition of plant material in the water (Day 2016, LaPointe et al. 

2016), and therefore, optimization of the eDNA assay for water samples with inhibitors will be 

important for mosquito monitoring. In the future, internal positive controls should also be 

incorporated into the qPCR protocol to identify inhibition, and if found, anti-inhibitor 

compounds such as dimethyl sulfoxide (DMSO) and Bovine Serum Albumin (BSA), inhibitor 

removal kit columns, as well as dilutions, can be incorporated to reduce or eliminate inhibition 

(Farrel & Alexandre 2012, McKee et al. 2015, Goldberg et al. 2016, Wong et al. 2020).  The use 

of organic solvents including phenol-chloroform-isoamyl alcohol (PCI) or 

cetyltrimethylammonium bromide (CTAB) are also effective in removing inhibitor compounds 

from water samples but could result in less DNA yield with implications for detection (Hunter et 

al. 2019). It will be important to collect samples from all potential larval habitats to test the 

sensitivity of the assay in different bodies of water that may present varying inhibitors and 

sediment loads (Odero et al. 2018, Thalinger et al. 2021). 

 eDNA can present unique challenges given the small relative amounts of target taxa 

DNA in a sample, ease of degradation and contamination, and the influence of sensitivity and 

protocols on results (Wilcox et al. 2013). Controlled laboratory experiments, complemented with 

field samples, will be essential to define the power of detection of the assay. The interaction 

between biotic factors and sampling design may influence the sensitivity of the assay and its 

ability to detect the presence of target species within water. For mosquito detection, the 
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abundance and density of larvae, distribution of immature life stages, total occupation time, time 

since emergence, and the volume of water sampled can all have consequences for persistence of 

eDNA, and subsequent detection (Odero et al. 2018, Sakata et al. 2022). For many organisms 

where eDNA techniques are used, it is not possible to observe the shedding of genomic material; 

however, mosquitoes are unique. As they progress through their life stages, they shed exuviate 

between four larval instar stages, and a final pupal stage before they emerge into adults, leaving 

abundant genomic material behind, creating an ideal scenario for eDNA sampling (Krol et al. 

2019). In addition, female C. quinquefasciatus lay eggs in rafts of 50 - 250 eggs, as opposed to 

Aedes spp. that lay one egg at a time (Nelson et al. 1986, Atyame et al. 2015, Bhattacharya et al. 

2016). This life history trait suggests that if C. quinquefasciatus are or were present at a site, the 

local occurrence of eDNA would likely be abundant, and therefore increase the probability of 

detection (Hoekman et al. 2016, Elbrecht et al. 2017).  

 Finally, the degradation of already small fragment eDNA can be accelerated by 

environmental variables such as exposure to ultraviolet radiation, temperature rainfall, and 

presence of non-target DNA, and may compromise the detection power of the eDNA assay 

(Wilcox et al. 2013, Barnes et al. 2014, Pillioid et al. 2014, Barnes & Turner 2016). Although 

rainfall can lead to the transport of mosquito eDNA, such as in rock pools in intermittent 

streambeds (LaPointe et al. 2021), larval habitats are generally stagnant water and may provide 

the conditions for eDNA to persist for longer than other more transient or ephemeral habitats. An 

understanding of the rates of eDNA degradation in response to diverse biotic and abiotic factors 

encountered in Hawaiʻi, as well as the impact of temporal and spatial inferences in detection 

probability can improve the uncertainty associated with the application of the assay in the field 

context (Goldberg et al. 2016). Further controlled laboratory experiments, supported by field 
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validation will be essential to better understand the potential, as well as the limitations of the C. 

quinquefasciatus-specific eDNA assay application in the field (Langlois et al. 2021, Thalinger et 

al. 2021). By capturing the full spectrum of environmental variability and scenarios where eDNA 

can complement ongoing mosquito monitoring efforts, detection power can be increased in low-

density mosquito places threatened by invasion and continue to pave the way for the application 

of eDNA as an effective tool for native forest bird conservation in Hawaiʻi. 
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APPENDIX A: Tables 
 
Table 2. 1. Multiple species comparison of total nucleotide base pair differences between Culex 

quinquefasciatus original reverse primer (326R) and redesigned forward primer options (23F, 

64F, 67F) and non-target species of family Culicidae known to occur across the Hawaiian 

Islands, including Aedes aegypti, Aedes albopictus, Aedes japonicus, Aedes vexans, and 

Wyeomyia mitchellii, as well as the non-biting midge, Chironomus sp. 

 

Species Total mismatches within Culex quinquefasciatus 

primer-targeted regions 

 326R 

(Reverse) 

23F 

(Forward 1) 

64F 

(Forward 2) 

67F 

(Forward 3) 

Aedes aegypti 4 2 7 7 

Aedes albopictus 2 4 9 9 

Aedes japonicus 4 4 5 6 

Aedes vexans 2 4 3 4 

Wyeomyia mitchellii* 9 NA NA NA 

Chironomus sp. 8 3 5 7 

*No COI sequence was available for Wyeomyia mitchellii in the forward primer 

region 
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APPENDIX A: Figures 
 

 
Figure 2. 1. Examples of larval habitat for environmental DNA sampling across the main 

Hawaiian Islands. 

 
Figure 2. 2. Environmental DNA (eDNA) validation workflow from the field to the lab. First, 

water samples are collected and filtered, then filters containing eDNA samples are preserved 

until eDNA extractions are carried out in the lab. Using extractions as templates for species-

specific, highly sensitive qPCR amplifications, scientists can determine if target species were 

present in the environment where samples were first collected.  
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Figure 2. 3. Three new Culex quinquefasciatus cytochrome oxidase subunit I (COI) forward 

primer options (23F, 64F, 67F). 

 

  
Figure 2. 4. Comparative standard curves from ten-fold serial dilutions for the three redesigned 

alternate primer-probe sets (23F, 64F, 67F). The lines represent the best fit model for each 

primer-probe set, and the dots represent n = 6 replicates per dilution. The equation for each line, 

along with R2, and primer efficiency (%) is also included.  
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Figure 2. 5. Thermal gradient for annealing temperature (Ta) performed on Bio-Rad CFX96™ 

Real-Time PCR Detection System from 53 - 60˚C, showing the amplifications at 300 bp 

alongside the 100 bp ladder molecular weight marker for the primer-probe set, using positive 

control Culex quinquefasciatus gDNA. There was no amplification in the NTC. 
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A) 

 
 

B) 

 
 

Figure 2. 6. A) Melt curve analysis using SYBR® Green demonstrates specificity of primers 

with single tall, narrow melt peak. Replicate peaks are from the serial dilution of the positive 

control sample. The solid red line represents the baseline threshold; B) Single bands from six 

Culex quinquefasciatus samples from across the Hawaiian Islands (Maui, Kauaʻi, Hawaiʻi 

Island) demonstrates specific amplification of primer-probe set at the 300 bp region of the DNA 

ladder, with no amplification in the NTC (Well 7). 
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Figure 2. 7. Positive amplifications of three positive control in vitro environmental DNA 

(eDNA) samples. The x-axis represents Cycle Threshold values (Ct) for fluorescent 

amplification, and the y-axis represents the Relative Flourescence Units (RFU) of the 

amplification curves. The plot is baseline subtracted curve-fit using Bio-Rad CFX Manager 3.1. 

Positive quantitative PCR (qPCR) amplification curves (Ct values) are shown for each eDNA 

sample for three technical replicates (average Ct values: eDNA 1 = 25.0, eDNA 2 = 22.1, eDNA 

3 = 19.8). There were no positive amplifications in the NTC. 
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APPENDIX C: Supplementary Materials 
 

Table S1. Species, phylogeny, and accession number (GenBank) included in multiple sequence 

alignment using Molecular Evolutionary Genetics Analysis (MEGAX) software (Version 10). 

 

Species Family Infraorder, 

Order 

Origin of 

Specimen 

Accession # 

(GenBank) 

Culex 

quinquefasciatus 

Culicidae Culicomorpha, 

Diptera 

Canada (1), 

Turkey (2), 

Brazil/Argen

tina (2), 

Mexico (2) 

Canada: 

KR768063; 

Turkey: 

KJ012164, 

KJ012163; 

Brazil/Argentina

: KF919190, 

KF919188; 

Mexico: 

MT108614, 

MT108594 

Aedes aegypti Culicidae Culicomorpha, 

Diptera 

Mexico (1), 

Kenya (1) 

Mexico: 

MT108661; 

Kenya: 

MK265729 

Aedes albopictus Culicidae Culicomorpha, 

Diptera 

Turkey (1), 

United 

Kingdom (1) 

Turkey: 

JQ412506; 

United Kingdom 

(UK): 

MK505609 

Aedes japonicus Culicidae Culicomorpha, 

Diptera 

United 

States of 

America (3), 

United 

Kingdom 

(1), 

Germany 

(1), Belgium 

(1) 

United States of 

America (USA): 

JX259646, 

HQ978777, 

GQ254801; UK: 

MK505605; 

Germany: 

MK505593; 

Belgium: 

KM258303 

Aedes vexans Culicidae Culicomorpha, 

Diptera 

Spain (1), 

Canada (1) 

Spain: 

MK402911; 

Canada: 

KM570378 
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Wyeomyia 

mitchellii 

Culicidae Culicomorpha, 

Diptera 

Guam (1) Guam: 

MF950916 

Forcipomyia 

brevipennis** 

Ceratopogonidae Culicomorpha, 

Diptera 

USA (1) USA: 

HQ440912 

Chironomus sp. Chironomidae Culicomorpha, 

Diptera 

USA (1) USA: KR085407 

Thaumalea 

subafricana 

Thaumaleidae Culicomorpha, 

Diptera 

Spain (1) Spain: 

KT215937 

Simulium sp.  Simuliidae Culicomorpha, 

Diptera 

Canada (1) Canada: 

KR645039 

Dixidae sp. Dixidae Culicomorpha, 

Diptera 

USA (1) USA: 

HQ582933 

Corethrella 

brakeleyi 

Corethrellidae Culicomorpha, 

Diptera 

Canada (1) Canada: 

MF819702 

Chaoborus sp. Chaoboridae Culicomorpha, 

Diptera 

Canada (1) Canada: 

MN448167 

Dicranomyia 

hawaiiensis** 

Tipulidae Tipulomorpha, 

Diptera 

USA (1) USA: KC692792 

Psychodidae sp. Psychodidae Psychodomorpha

, Diptera 

Canada (1) Canada: 

KM627420 

Bradysia 

impatiens 

Sciaridae Bibionomorpha, 

Diptera 

Canada (1) Canada: 

KR258160 

Megalagrion 

blackburni 

Coenagrionidae Odonata USA 

(Hawaiʻi, 1) 

USA: 

MN344543 

Microvelia sp.* Veliidae Hemiptera USA (1) USA: 

HQ985231 

Homo sapiens Hominidae Primates China (1) China: JF700169 

Bos taurus Bovidae Artiodactyla Morocco (1) Morocco: 

HQ860420 

Sus scrofa Suidae Artiodactyla Kenya (1) Kenya: 

MN124249 

Capra hircus Bovidae Artiodactyla Kenya (1) Kenya: 

MN124246 
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Ovis aries 

musimon 

Bovidae Artiodactyla Canada (1) Canada: 

JF444380 

Eleutherodactylus 

coquí 

Eleutherodactylidae Anura USA 

(Hawaiʻi, 1) 

USA: 

KY033486 

*Most closely related species to Microvelia vagans with COI sequence available 

**Excluded from multiple-species alignment due to major divergence in sequence; may 

represent different region of COI gene 

 


	ACKNOWLEDGEMENTS
	ABSTRACT
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER I: MONITORING AND MODELING MOSQUITO ENCROACHMENT AND AVIAN DISEASE TRANSMISSION IN HIGH ELEVATION FORESTS ON HAWAIʻI ISLAND
	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	Study sites
	Adult mosquito surveillance
	Hapuʻu tree fern cavity surveys
	Climate monitoring
	Statistical analysis

	RESULTS
	Adult mosquito surveillance
	Hapuʻu tree fern cavities
	Climate monitoring

	DISCUSSION
	Adult mosquito surveillance
	Hapuʻu tree fern cavities
	Climate monitoring

	CONCLUSION
	LITERATURE CITED
	APPENDIX A: Tables
	APPENDIX B: Figures
	APPENDIX C: Supplementary Materials
	LONG-TERM MOSQUITO MONITORING PROTOCOL: HAKALAU FOREST NATIONAL WILDLIFE REFUGE


	CHAPTER 2: DETECTING A TRACE: DEVELOPMENT AND VALIDATION OF AN ENVIRONMENTAL DNA ASSAY TO MONITOR LARVAL MOSQUITO POPULATIONS OF CULEX QUINQUEFASCIATUS IN HAWAIʻI
	LIST OF TABLES
	LIST OF FIGURES
	ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	Sample Collection
	Primer Design & In silico Validation
	Environmental DNA Extractions
	Real-Time Quantitative PCR (qPCR)
	In vitro validation
	Data Analysis

	RESULTS
	Primer design & In silico validation
	In vitro validation

	DISCUSSION
	LITERATURE CITED
	APPENDIX A: Tables
	APPENDIX A: Figures
	APPENDIX C: Supplementary Materials


