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ABSTRACT 

Mosquito-borne avian malaria Plasmodium relictum is a key limiting factor for endemic Hawaiian 
forest birds. In the past decade, populations of Kaua‘i’s endemic forest birds have been in a 
steep decline due to an increase in malaria transmission. To evaluate the use of available 
biopesticides for short-term mosquito control we tested the efficacy of the biopesticide 
VectoMax® FG against Culex quinquefasciatus larvae in naturally occurring perched stream 
pools, seeps, and ground pools in forest bird habitat in Kaua‘i’s remote Alaka‘i Plateau. We also 
tested the efficacy of conventional and newer traps and attractants for the capture of adult 
Culex quinquefasciatus in Hawaiian rain forests and monitored adult mosquito populations at 
the Kaua‘i field site. During field trials conducted on Hawai‘i Island we captured more Culex 
quinquefasciatus in gravid traps than in host-seeking traps. Among the host-seeking traps, 
Biogents BG-Sentinel 2 traps baited with CO2 and BG-Lure caught more Culex quinquefasciatus 
and Aedes japonicus japonicus than CDC (Centers for Disease Control and Prevention) traps 
baited with compressed CO2, CDC traps baited with dry ice, or Biogents BG-Sentinel 2 traps 
baited with BG-Lure and octenol but not CO2. Both Biogents BG-Sentinel 2 and CDC miniature 
traps baited with compressed CO2 or dry ice captured significantly more Culex quinquefasciatus 
than Biogents BG-Sentinel 2 traps baited with octenol and BG-Lure but without CO2. We also 
found that gravid traps baited with timothy hay infusions caught significantly more Culex 
quinquefasciatus than traps baited with either a commercial gravid mosquito attractant or an 
infusion made with pelleted rabbit feed. Traps baited with an infusion of timothy hay and 
donkey dung were the most effective for Culex quinquefasciatus. On Kaua‘i, we operated 
Biogents BG-Sentinel 2 traps baited with CO2 and gravid traps and captured 29 mosquitoes in 
182 trap-nights from October–November 2016 and 126 mosquitoes in 254 trap-nights from 
September–October 2017. Contrary to our findings on Hawai‘i Island, most mosquitoes (96%) 
were captured in Biogents BG-Sentinel 2 traps indicating considerable site-to-site variability in 
trap efficacy. Weekly adult trapping on Kaua‘i indicates Culex quinquefasciatus populations 
peaked in October but provided no reliable evidence that larval control had any significant effect 
on adult populations. Overall, VectoMax® FG was very effective at larval control reducing larval 
abundance by 95% at 48 hours and out to 1-week post-treatment. Treatment was most 
effective (100% at 1-week post-treatment) in perched pools when early instar larvae were 
present and least effective in seeps when pupae and fourth instar larvae were most common. 
Although post-treatment counts fluctuated dramatically, we observed no evidence of population 
level impacts to the two most common non-target invertebrates: the water strider Microvelia 
vagans and endemic damselfly naiads (Megalagrion sp.). VectoMax® FG appears to be an 
effective and safe biopesticide for the local control of Culex quinquefasciatus larvae in forest 
bird habitat in the Alaka‘i Plateau. Further studies will be necessary to determine if local larval 
control significantly reduces adult mosquito abundance and, ultimately, avian malaria 
transmission, and if there are long term, non-target effects associated with repeated use of 
VectoMax® FG in natural Hawaiian waterways. 

INTRODUCTION 

The introduced mosquito-borne avian malaria Plasmodium relictum, is a key limiting factor for 
endemic Hawaiian forest birds and is likely responsible for past extinctions and the continued 
decline of extant species populations (LaPointe et al. 2012). Most native forest bird communities 
reach their greatest diversity and abundance in remote high elevation forests where mean 
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temperatures limit vector and parasite development, but evidence suggests these disease-free 
refugia may be disappearing (Atkinson and LaPointe 2009). While multiple species extinctions 
had occurred on most of the main Hawaiian Islands, Kaua‘i’s forest bird communities survived 
largely intact on the high elevation Alaka‘i Plateau into the 1960s (Scott et al. 1986). In the last 
decade, however, population estimates for formerly common Kaua‘i endemic forest birds, 
including the recently listed ‘akikiki (Oreomystis bairdi) and ‘akeke‘e (Loxops caeruleirostris), 
have plummeted (Foster et al. 2004, Paxton et al. 2016). Coinciding with these population 
declines, prevalence of mosquito-borne avian malaria has increased throughout the Alaka‘i 
Plateau (Atkinson et al. 2014). This sudden increase in malaria prevalence and concurrent 
decrease in forest bird densities strongly suggests a disease-driven population decline. 
Increased prevalence of avian malaria appears to have followed an increase in vector Culex 
quinquefasciatus (southern house mosquito) abundance potentially driven by changes in 
precipitation, surface hydrology, and feral ungulate abundance (Atkinson et al. 2014, Glad and 
Crampton 2015).  

While little can be done to mitigate the effects of climate change on vector populations, local 
and landscape-level mosquito control methods may be developed for select Alaka‘i drainages 
serving as critical habitat for endangered endemics such as puaiohi (Myadestes palmeri), 
‘akikiki, and ‘akeke‘e, or the entire Alaka‘i Plateau. Specific research is already underway to 
develop landscape-level incompatible insect technique (IIT) control methods using Wolbachia 
endosymbionts to create incompatible populations of C. quinquefasciatus (Alphey 2014, Zhang 
et al. 2016, Revive & Restore 2017). Unfortunately, technique development and addressing the 
regulatory hurdles to deployment of this technique may take several years. More conventional 
approaches to local mosquito control, however, may reduce transmission enough to secure 
critical avian populations from further decline. This short-term solution would buy time for the 
development and deployment of a more persistent, landscape-level, control strategy. Two 
biopesticides, Bacillus thuringiensis israelensis (Bti) and Lisinibacillus (Bacillus) sphaericus (Bs), 
have become key agents for larval mosquito control in sensitive aquatic environments 
worldwide (Lacey 2007, Dambach et al. 2014). When applied at the recommended application 
rates, both larvicides have minimal to no impact on non-targets (Lacey and Merritt 2003, Derua 
et al. 2018). While pesticides have not been used to control avian malaria in Hawaii they could 
prove to be an effective short-term local control strategy in the Alaka‘i Plateau or anywhere in 
Hawaii to protect vulnerable bird breeding populations. We tested the efficacy of a combined 
formulation of Bti and Bs, VectoMax® FG (fine granule) against C. quinquefasciatus in naturally 
occurring larval habitats along the Kawaikōī Stream drainage on Kaua‘i. 

In addition to these efficacy trials with VectoMax® FG, we tested the efficacy of various 
mosquito traps for detecting and monitoring C. quinquefasciatus in Hawaiian forest bird habitat. 
As the State of Hawaii plans for landscape-level control of vectors in native Hawaiian forest bird 
habitat, the need for effective and easily deployed monitoring methods grows more urgent. 
Most mosquito monitoring activities are undertaken to support human nuisance or disease 
concerns in residential areas where mosquito abundance is often quite high, and trap sites are 
easily accessible by roadways. By contrast, in Hawaiian forest bird habitat, there are few roads 
and the density of vectors is relatively low. In the mainland United States, Culex pipiens 
(northern house mosquito) and C. quinquefasciatus are often targeted species of mosquito 
monitoring due to their role in the maintenance and transmission of West Nile Virus and their 
relative abundance in and around human residences (Karki et al. 2016). Conventional CO2-
baited CDC (Centers for Disease Control and Prevention) miniature light traps and infusion-
baited CDC gravid traps have been the mainstay for monitoring Culex species and have been 
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used with variable success in Hawaiian forests (Woodworth et al. 2005). However, more 
recently developed traps use chemical attractants, more powerful fans, and counter-flow 
designs to enhance mosquito trapping efficacy. These newer trap designs, like the Biogents BG-
Sentinel 2 mosquito trap, are slowly replacing the old CDC miniature light traps in mosquito 
monitoring (Meeraus et al. 2008, Roiz et al. 2012). In this study, we compare the efficacy of 
CO2-baited CDC miniature light traps and infusion-baited gravid traps used in previous studies 
to the Biogents BG-Sentinel 2 trap and various host-seeking and egg-laying vector attractants 
and infusions.  

METHODS 

Mosquito Monitoring and VectoMax® FG Efficacy Trials on Kaua‘i 

Kaua‘i study site 
Between August 23 and November 16, 2016, and again between September 9 and October 27, 
2017, we conducted larval mosquito surveys, adult mosquito monitoring, and trials for the 
efficacy of the biopesticide VectoMax® FG against larvae of C. quinquefasciatus, the mosquito 
vector of the avian malaria Plasmodium relictum, in the Kawaikōī Stream drainage on Kaua‘i.  
The study area was a square kilometer of wet ‘ōhia (Metrosideros polymorpha) forest centered 
on the intersection of the Kawaikōī Stream and the Alaka‘i Swamp Trail on the Island of Kaua‘i 
(E 436540.9, N 2449285.1; Figure 1). The site encompassed parts of the Hono O Nā Pali 
Natural Area Reserve, Nā Pali Kona Forest Reserves, and Alaka‘i Wilderness Preserve. Though 
the area is heavily invaded by kahili ginger (Hedychium gardnerianum), the canopy and 
understory are composed largely of native vegetation with ‘ōhia, hāpu‘u tree fern (Cibotium 
sp.), lapalapa (Cheirodendron platyphyllum), kanawao (Broussaisia arguta), ‘ōhelo (Vaccinium 
sp.), and the uluhe fern (Dicranopteris sp.). At this elevation, the Kawaikōī Stream is a first 
order, perennial stream with a 10-meter-wide bed of cobble that is prone to flash flooding. The 
upper reaches drain the high plateau bogs and steep valley sides, while the main course 
meanders through a low swampy area. Shallow pans and ground pools are common on the 
plateau, and seeps are present in the stream valley above the stream channels. These seeps 
are often obscured by thick stands of kahili ginger. Perched stream pools occur along the 
stream banks. We define a perched stream pool as a discreet body of water above the main 
stream channel fed by runoff or seepage and vulnerable to stream flooding. 

Larval surveys  
Past surveys along the Kawaikōī Stream and streams on Maui indicated that C. quinquefasciatus 
use perched stream pools and ground pools as larval habitat (Aruch et al. 2007, Atkinson et al. 
2014). At the beginning of each field season, we surveyed for mosquito larvae along a one-
kilometer reach of the stream from 500 m south and 500 m north of the Alaka‘i Swamp Trail 
crossing. When time and weather permitted, we made a repeat survey. Briefly, two observers 
traveling along the streambed sampled all perched pools, rock holes, backwaters, and eddies on 
either side of the stream channel with a standard 250 ml mosquito dipper (Appendix I). 
Typically, 10 dips were taken for every 10 meters along the stream; however, flowing water 
was not sampled and additional dips were made when multiple pools were encountered. The 
number of dips with mosquito larvae, the endemic water strider Microvelia vagans, damselfly 
naiads of the endemic genus Megalagrion, or any other aquatic invertebrate was recorded. Most 
invertebrates were returned to the habitat, and only a few voucher specimens were collected 
for species identification. Additional aquatic habitat (isolated ground pools) located along  
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Figure 1. Map of the Kawaikōī Stream study site on Kaua‘i Island, Hawaii, showing location of 
adult trap sites and pools that were positive for Culex quinquefasciatus larvae and later treated 
with VectoMax® FG. Red circles represent where no adult mosquitoes were captured; green and 
blue circles indicate where adult mosquitoes were captured. Trap sites KMT07 and KMT17 were 
added in 2017. Trap site KMT02 was dropped in 2017.  Source layer credits: World Imagery, 
Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeorGRID, 
IGN, and the GIS User Community. Map image is the intellectual property of Esri and is used 
herein under license. Copyright ©2019 Esri and its licensors. All rights reserved. 

trapping transects and the Pihea Trail and Alaka‘i Swamp Trail on either side of the stream 
valley were sampled opportunistically when encountered. These pools were often associated 
with the bog habitat that makes up most of the Alaka‘i Plateau. 

Adult monitoring and dissection  
We monitored adult mosquito populations within the study site with 10–11 Biogents BG-Sentinel 
2 (BGS) traps (Biogents AG, Regensburg, Germany) and 10 CDC gravid (G) traps (Model 1712, 
John W. Hock Company, Gainesville, Florida, USA; Figure 2). Because these traps target 
different physiological populations, the two trap types were paired at each site. Biogents BG-
Sentinel 2 traps combine the host-seeking attractants of CO2 and a proprietary human lure (BG-  
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Figure 2. Photographs of traps: (A) Biogents BG-Sentinel 2 (BGS) trap with CO2 cylinder and (B) 
CDC (Centers for Disease Control and Prevention) gravid trap (G). 

 

Lure, Biogents AG) to capture adult female mosquitoes seeking a blood meal while gravid traps 
use 4 liters of 5-to-8 day-old timothy grass infusion to attract ovipositing (egg-laying) females. 
The gravid trap infusion was prepared by mixing 300 g timothy hay and 14 g yeast 
hydrolysate/lactalbumin (CAT# ICU 10330401, CAT# 102128, MP Biomedicals, Inc., Aurora, 
Ohio, USA) in 19 liters of water and allowing the mixture to ferment at ambient temperature. 

Paired traps were located at each of the sites within the 1-km2 study grid and separated by at 
least 200 m. Trap sites were chosen for their accessibility as many proposed sites on the grid 
were located on sheer valley walls or beyond waterfalls. Initially, both traps were set on the 
ground in an area of low, open vegetation. BGS traps were later sheltered from direct sunlight 
and rain with a meter square tarp set 1.5 m above the trap opening as recommended by the 
manufacturer. Carbon dioxide was released at a rate of 250 ml/min from a cylinder of 
compressed gas. Traps were operated overnight from approximately 1500–1000 hr the 
following day. Live mosquitoes were extracted in the morning when trap motors and CO2 were 
turned off to maximize the number of trap-nights. In 2017, we discontinued one site (KMT02) 
and added two sites (KMT07 and KMT17) to focus on areas where mosquitoes were captured 
the previous season (Figure 1). Live mosquitoes were maintained in 240-ml waxed paper 
containers and fed a 3% sucrose solution until they could be dissected back at the laboratory. 
Mosquitoes were dissected in physiological saline, and the midguts and salivary glands were 
examined under light microscopy at 450x for malaria oocysts and sporozoites. Ovaries were 
examined to determine parity by tracheolation method (Detinova et al. 1962).  

Control efficacy and non-target effects of treatment with VectoMax® FG   
We used VectoMax® FG (Valent BioSciences Corp., Libertyville, Illinois, USA), a fine granule 
formulation of B. thuringiensis israelensis strain AM65-52 (Bti) and L. sphaericus 2326 strain 
ABTS 1743 (Bs), for the experimental control of C. quinquefasciatus larvae in naturally occurring 
larval habitat. VectoMax® FG is registered for use in natural waterways and is a registered 
pesticide in the State of Hawaii. Due to the muddy substrate and late instars encountered at the 
time of treatment, we applied the granules at the maximum rate of 22.4 kg per hectare as 
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suggested by the manufacturer. The surface area of irregularly shaped pools was estimated as 
rectangles using the maximum length and width. Granules were broadcast with a rotary hand 
seeder on larger pools or sprinkled evenly across smaller pools with the aid of a small plastic jar 
with a perforated lid. Prior to treatment, pools identified with mosquito larvae were sampled to 
estimate relative abundance of larvae, pupae, and prominent non-target species. Mosquito 
larvae and non-targets were sampled by dipping with a standard 250-ml dipper, enumerated, 
and returned to the pool. We made 100 dips per pool focusing along the edges, unless the pool 
was too small for 100 independent dips. For each dip we recorded the number of C. 
quinquefasciatus larvae and pupae, water striders, and damselfly naiads. We also sampled 
nearby pools that did not contain mosquito larvae and were not treated but were occupied by 
non-target species. These pools served as a control for non-targets. We resampled each pool at 
1 day (24 hours), 2 days (48 hours), and 7 days (168 hours) post-treatment (DPT) and 
recorded both live and dead individuals of the target and non-target species. When pools did 
not dry up or become flooded by high water, we resampled pools at 2- and 3-weeks post-
treatment.  

Because we found only a few pools with C. quinquefasciatus larvae to treat, we did not have 
control pools for estimating natural mortality in mosquitoes in 2016 and assumed that for 1-
week post-treatment there would be minimal change in larval abundance due to natural 
recruitment, mortality, or emergence. Therefore, for quantifying the efficacy of control of 
VectoMax® FG on larval number, we used a simple percent reduction (% R) in relative 
abundance before treatment and at 1, 2, and 7 DPT (Abbott 1925, Mulla et al. 1971).    

% Reduction = 100 - (N2/N1) x 100  

Where N1 is the mean number of larvae sampled pretreatment and N2 is the mean number of 
larvae sampled post-treatment.  

In 2017, however, we identified two pools (P006 and P007) with mosquito larvae in the plateau 
bog outside our permitted treatment area. We sampled these untreated reference pools on 
day 1 of the sample week and 7 days later and used the estimated relative abundances and a 
modified formula to calculate an adjusted % reduction (% AR) to correct for naturally occurring 
mortality/emergence (Mulla et al. 1971).  

Adjusted % Reduction = 100 - (C1/T1 x T2/C2) x 100 

Where C1 is the mean number of mosquito larvae in the reference pool at pretreatment, T1 is 
the mean number of mosquito larvae in the treated pool at pretreatment, T2 is the mean 
number of mosquito larvae in the treated pool post-treatment, and C2 is the mean number of 
mosquito larvae in the control pool post-treatment. We used mean relative abundance data 
from reference pool P007 for C1 and C2 as the larvae in P007 had a similar, younger age 
structure to the treatment pools. As we did not sample these control pools at 1 and 2 DPT, % R 
at these times was calculated as in 2016 without correction.   

We did have paired control pools for each treatment pool containing our non-target species. For 
quantifying the effect of VectoMax® FG on non-target species relative abundance, we used both 
the simple % R and the modified formula (% AR) that adjusts for the natural changes in non-
target abundance.  
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Mosquito Trap and Attractant Trials on Hawai‘i Island   
From August to November 2017 we compared the efficacy of BGS traps (BioGents AG; BioQuip 
Products, Inc., Compton, California, USA, Model 2883), CDC miniature light traps (JW Hock 
Company, Model 512), and CDC gravid traps (JW Hock Company, Model 1712) in combinations 
with CO2 and various host and oviposition attractants in a 4X4 Latin square design in a montane 
Hawaiian rainforest in Volcano Village, Hawai‘i Island. CDC miniature light traps and gravid 
traps have been used to monitor C. quinquefasciatus in this environment for decades and were 
configured in this study as they have been in past studies (Ahumada et al. 2004, LaPointe 
2008). The study area was located at 1113 m above sea level (E 265914, N 2151429; Figure 3) 
and is bordered by the sparsely residential Volcano Village and ‘Ola‘a Forest Reserve. The forest 
is dominated by a native ‘ōhia canopy and hāpu‘u tree fern subcanopy. Although invasive, kahili 
ginger covers much of the ground. The understory of ‘ōlapa (Cheirodendron trigynum), 
kanawao, ‘ōhelo, and uluhe fern is largely intact. Culex quinquefasciatus and Aedes japonicus 
japonicus occur in relatively low densities in the forest where the larvae primarily inhabit rain-
filled, tree fern cavities created by feral pig feeding (LaPointe et al. 2009, 2012). As mosquito 
distributions are patchy throughout the study area, the four trap configurations and four host 
and oviposition attractants were rotated through four sites located 100 m apart during each 
trapping cycle (four consecutive nights). Each night two BGS traps and two modified CDC 
miniature light traps were operated to capture host-seeking mosquitoes and four CDC gravid 
mosquito traps were operated to capture ovipositing mosquitoes. Biogents BG-Sentinel 2 traps 
were baited with either (1) BG-Lure and compressed CO2 released at a rate of 250 ml/min (BG-
CO2) or (2) BG-Lure and a 2 ml, 1-octen-3-ol (octenol) sachet (BioQuip Products, Inc., Octenol 
Lure #2880; BG-OCT). BG-Lure is a proprietary mixture of the chemical components (L(+)-lactic 
acid and hexanoic acid) of human sweat (Biogents AG).   

The CDC light traps were operated without lights and baited with either (3) compressed CO2 
released at a rate of 250 ml/min through a modified lid (American Biophysics LID1, Clarke 
Mosquito Control Company, Illinois, USA; CDC-CO2) or (4) 0.5–1 kg dry ice released from an 
insulated container (JW Hock Company, P/N 1.1) and suspended 9 cm above a CDC trap 
operated without a lid (CDC-DI). The CDC traps were hung 6–9 m above the ground between 
the subcanopy and canopy, while BGS traps were set on the ground and shielded from the rain 
by a tarp set 1.5 m above the ground. At each of the four sites a CDC gravid trap was paired 
with, and located approximately 3 m apart from, a host-seeking trap. We assumed that the 
paired traps were independent because mosquitoes were either host-seeking or ovipositing at 
the time of capture and therefore responding to different stimuli from the two attractive trap 
types. The CDC gravid traps were baited with 4 l of a 5-to-8 day-old infusion made with (1) 
standard 300 g of timothy hay, 14 g of yeast hydrolysate/lactalbumin, and 19 l of water (G-
HAY), (2) standard timothy hay infusion with 250 g of donkey dung added (G-HDD), (3) 450 g 
commercial rabbit pellets (processed timothy and alfalfa hay, nutritional additives, and 
preservatives), 14 g of yeast hydrolysate/lactalbumin, and 19 l of water (G-CRP), or (4) a 
commercially available tableted gravid mosquito trap attractant (BioQuip Products, Inc., CAT# 
2800H; Leal et al. 2008) in 4 l of water (G-GMA) prepared on the afternoon at the start of the 
trapping session.  

The four trap pairs—(1) CDC-DI with G-HAY, (2) BG-CO2 with G-HDD, (3) CDC-CO2 with G-
CRP, and (4) BG-OCT with G-GMA—were relocated each night such that each pair was operated 
at each trap site in the 4-day session. As we assumed no interaction between host-seeking and 
gravid traps, we did not rotate the pairings of these two traps in this study. We completed eight 
trap sessions or 32 trap-nights per trap configuration, before heavy rains and low evening 
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Figure 3. Map of the trap efficacy study area and numbered trap sites located in montane rain 
forest, Volcano Village, Hawai‘i Island, August–November 2017. Source layer credits: World 
Imagery, Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, 
AeorGRID, IGN, and the GIS User Community. Map image is the intellectual property of Esri and 
is used herein under license. Copyright ©2019 Esri and its licensors. All rights reserved. 

 

temperatures curtailed trapping. Traps were set 1–2 hr before sunset and mosquitoes were 
retrieved each morning by 1000 hr. Mosquitoes were counted and identified to species. Live 
mosquitoes were maintained in 240-ml waxed paper containers and fed a 3% sucrose solution 
until they could be dissected. To determine malaria prevalence, mosquitoes were dissected in 
physiological saline, and the midguts and salivary glands were examined under light microscopy 
at 450x for oocysts and sporozoites. Ovaries were examined to determine parity. We also used 
mouth aspirators to collect A. japonicus japonicus that were attracted to the observer (DAL) 
during the morning and afternoon hours when traps were being serviced to increase the 
number dissected for parity and avian malaria infection status. 

To compare the efficacy of different trap types and attractant combinations, we fit negative 
binomial models in R.3.6.2 (R Core Team 2019) using the glm.nb function provided in the MASS 
(modern applied statistics with S) library for R (Venables and Ripley 2002) with the number of 
mosquitoes captured during the night as a response with the trap-attractant combination or 
attractant type as predictors. Post-hoc tests for differences between model coefficients were 
done with the multcomp package (Hothorn et al. 2008), with a set of linear combinations to 
compare every trap-attractant combination with each other, and an additional combination for 
the host traps to compare the two BGS trap treatments with the two CDC treatments. Multiple 
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comparison p-values were controlled using logically constrained multiplicity adjustments 
(Westfall 1997). Differences between means were considered significantly different at a family 
error rate of 0.05. We used Pearson’s chi-square test (Systat 2015) to test for independence 
between trap types and the parity and infection status of captured mosquitoes.  

RESULTS 

Mosquito Monitoring and VectoMax® FG Efficacy Trials on Kaua‘i 

Stream surveys   
In 2016, we did not detect mosquito larvae during our preliminary 500-m long survey of 
Kawaikōī Stream in August, although M. vagans, Megalagrion naiads, and chironomid exuviae 
were present in slow-moving stream margins and associated pools. We resurveyed the stream 
in early October and sampled 1,621 dips along a kilometer-long reach of the Kawaikōī Stream. 
We identified 39 isolated pools primarily in the upper 500-m reach of the stream. No larvae of 
C. quinquefasciatus were found, but larvae of A. japonicus japonicus were found in a rock hole 
(10 x 30 cm, <500 ml) located along the lower 500-m reach of the Kawaikōī Stream (4Q 
436645mE, 2449016mN). Larvae of A. japonicus japonicus were reared in the laboratory to 
confirm species identification. This represents some of the first detections of this species on the 
Island of Kaua‘i (Harwood et al. 2018). Non-target invertebrates were only recorded from the 
upper 500 m of the transect where the actual pools were recorded. The water strider M. vagans 
and Megalagrion damselfly naiads were the most prevalent invertebrates and were present in 
11.1% (99/891) and 3.7% (33/891), respectively, of all dip samples collected in the upper 
500 m. About half (42.4%, 14/33) of the dips with Megalagrion naiads were collected along the 
stream margin and not from isolated pools. Between October 26 and November 3, 2016, we 
conducted dip surveys of ground pools and stream pools along the Kawaikōī Stream and ground 
pools encountered in the plateau bog on either side of the stream valley. Larvae of C. 
quinquefasciatus were found in only three sites: a ground pool on the plateau along the Pihea 
Trail (P001), in a broad, ginger-shaded pool in a muddy seep draining into the Kawaikōī Stream 
(P002), and a perched pool along the Kawaikōī Stream (P003; Figure 1, Figure 4A, B, C). No 
other mosquito larvae were encountered in over 900 dips made on roughly 5 km of trails. We 
identified one Megalagrion naiad from a perched pool (P003T) as Megalagrion oresitrophum 
(Perkins; Polhemus and Asquith 1996).  

In 2017, we surveyed the Kawaikōī Stream in early September and sampled along the same 1-
km reach of the stream. We identified 45 isolated pools in the upper 500-m reach of the stream 
and collected a total of 1,513 dip samples. As in 2016, M. vagans and Megalagrion naiads were 
the most prevalent invertebrates present in 47% (709/1513) and 13% (202/1513), respectively, 
of all samples collected. We found A. japonicus japonicus larvae in the same rock potholes and 
depressions and C. quinquefasciatus larvae in the same perched pool (P003) as in 2016. We 
also found C. quinquefasciatus in a nearby perched pool (P004) and seep (P005) and in two 
adjacent ground pools (P006, P007) located along the Alaka‘i Swamp/Pihea Trail on the plateau 
(Figure 1, Figure 4D, E, F). Among the voucher specimens collected, we identified four naiads 
from perched pools (P003, P004, P006C) as M. oresitrophum and one naiad from a seep as M. 
vagabundum (P005). We also collected a non-native damselfly naiad (most likely Ischnura 
posita) from a perched pool (P004; Appendix II). Although we detected few dragonfly naiads, 
we regularly observed adults of the introduced roseate skimmer (Orthemis ferruginea,  
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Figure 4. Culex quinquefasciatus larval habitats treated with VectoMax® FG include (A) ground 
pool along Pihea Trail (P001_2016); (B) seep draining into Kawaikōī Stream (P002_2016); (C) 
perched pool along the Kawaikōī Stream (P003_2016); (D) perched pool along Kawaikōī Stream 
(P004_2017); (E) seep draining into the Kawaikōī Stream (P005_2017); and (F) untreated 
ground pool along the Alaka‘i Swamp Trail (P007_2017).  

 

Libellulidae) and the native giant Hawaiian darner (Anax strenuus, Aeshnidae) along the 
streamside.  

Adult mosquito abundance and malarial infection   
We monitored adult Culex for 4 weeks in 2016 and 6 weeks in 2017. In 2016, we operated 1–
10 BGS and CDC gravid traps for 13 nights from October 18–November 14 for a total of 91 
trap-nights for each trap type. In 182 trap-nights of combined trapping effort, we captured a 
total of 29 female C. quinquefasciatus or 0.159 Culex/trap-night. No other mosquito species 
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were captured. Trap by-catch typically consisted of tipulids (BGS & G), calliphorids (G), and 
sphaerocerids (G), which were released each morning. In 2016, mosquitoes were captured in 
only 3 (KMT5, KMT6, and KMT10) of our 10 trap sites (Figure 1, Table 1). More than half 
(62% (18/29)) of the total number of mosquitoes were captured at trap site 10 (KMT10). 
Biogents BG-Sentinel 2 traps out-performed gravid traps by capturing 24 of the 29 total (about 
83%)      C. quinquefasciatus. The overall capture rate for BGS traps was 0.264  Culex /trap-night 
compared to 0.055    Culex /trap-night for gravid traps. The BGS traps were more effective than 
gravid traps by nearly five to one. While the overall trend in mosquito numbers appears to be 
decreasing, there was a slight uptick in late November prior to treatment (Figure 5A). 

Table 1. Summary of adult Culex quinquefasciatus captures in Biogents BG-Sentinel 2 traps at 
Kawaikōī Stream Drainage, 2016 and 2017.  

October–November 2016 September–October 2017 
Trap 
site 

Trap- 
nights 

Culex quinquefasciatus 
Total         (Mean/TN) 

Trap 
site 

Trap- 
nights 

Culex quinquefasciatus 
Total          (Mean/TN) 

5 9 3 (0.333) 5 13 7 (0.54) 
6 10 4 (0.4) 6 14 5 (0.36) 
10 10 17 (1.7) 10 14 20 (1.43) 

11 16 25 (1.56) 
14 12 50 (4.17) 
15 14 18 (1.35) 

Totals 29 24 (0.632) 83 125 (1.5) 
TN = trap-nights 

Figure 5. Weekly relative abundance and parity rate of Culex quinquefasciatus in the Kawaikōī 
Stream Drainage, (A) October–November 2016 and (B) September–October 2017. Arrows 
indicate dates of VectoMax® FG treatment. Points on graphs represent the relative abundance 
of mosquitoes (mean number per trap-night ± S.E.), and numbers over bars represent 
sample size or number of mosquitoes dissected to determine the percentage of mosquitoes 
that were parous. 
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In 2017, we started monitoring one month earlier. An increasing number of C. quinquefasciatus 
adults was captured from September 18–October 18, 2017, until heavy rains set in for the last 2 
weeks (Figure 5B). We captured 126 mosquitoes in 254 trap-nights (0.496 Culex/trap-night) of 
total trapping effort, three times as many mosquitoes per trap-night as in 2016. For just BGS 
traps, the mean number of C. quinquefasciatus per trap-night was 0.984, nearly four times as 
many mosquitoes as captured in 2016 (0.264). Again, BGS traps out-performed gravid traps 
capturing 125 of 126 total (99%) C. quinquefasciatus even though parous individuals were 
present. Mosquitoes were captured at only six of twelve trap sites, and 40% (50/126) were 
captured at KMT14 (Table 1). We dissected only 14 female C. quinquefasciatus captured 
between October 18 and November 15, 2016. Three out of eleven (27.3%) mosquitoes 
examined were parous, and only one out of fourteen (7%) midguts examined was positive for 
Plasmodium oocysts. None of the 14 salivary glands examined were positive for Plasmodium 
sporozoites. In 2017, only 19 out of 88 (21.6%) mosquitoes dissected were parous. There was 
no evidence of Plasmodium infection in the 93 midguts and 87 salivary glands examined.  

VectoMax® FG treatment control efficacy 
In our first season we were able to locate three pools with C. quinquefasciatus larvae to treat 
with VectoMax® FG. P001T and P001C were shallow ground pools located along the Pihea Trail 
on the plateau bog (Figure 1, Figure 4A). P002T and P002C were part of a large, ginger-
covered seep located several meters above the upper stream channel (Figure 1, Figure 4B). 
P003T and P003C were perched pools located 2 m above the stream channel (Figure 1, Figure 
4C). A total of 54.7 g of VectoMax® FG was applied to the three treatment pools. At the time of 
treatment most larvae were at the third and fourth instar stage, and some pupae were present. 
Relative abundance of larvae was low in all pools but especially in P002T (Table 2). As with the 
stream survey, the most abundant invertebrate sampled was M. vagans, which was present in 
every pool at some point during our sampling. Megalagrion naiads were encountered in lower 
densities in most pools. No Megalagrion naiads were observed in the seep pools (P002T and 
P002C). During post-treatment sampling two control and two treatment pools (P001C, P003C, 
P001T, and P003T) dried up completely, and no pools were sampled beyond 7 DPT. Forty-eight 
hours (2 DPT) following application of VectoMax® FG there was an average reduction in 
mosquito larvae of about 93% in the three treated pools (Table 2, Figure 6B, D, F). In pool 
P001T, mosquito numbers had declined by about 56% in the first day post-treatment and about 
78% by 2 DPT. By 7 DPT no mosquito larvae were detected in P001T. A similar reduction 
(about 67%) in mosquito larvae was seen in P002T at 1 DPT. By 2 DPT no larvae were detected 
in P002T. However, by 7 DPT, larvae were again detected in this pool (about 67%). In pool 
P003T, no mosquito larvae were detected after 1 DPT. The mean percent reduction of C. 
quinquefasciatus larvae for the three treated pools was 74.1% at 1 DPT, 92.6% at 2 DPT, and 
88.9% at 7 DPT.  

In 2017, we were able to retreat the perched pool, P003T, as well as a new perched pool 
(P004T; Figure 1, Figure 4D) and a new seep pool (P005T; Figure 1, Figure 4E). A total of 
12.47 g of VectoMax® FG was applied to the three pools. Overall, the relative abundance of C. 
quinquefasciatus larvae in the three pools treated with VectoMax® FG in 2017 was reduced by 
an average of about 98% at 2 DPT and about 96% at 7 DPT (Table 2, Figure 7B, D, F). Dead 
Culex larvae were detected in all three treated pools at 1 DPT. At the time of treatment, most 
immatures were early instar larvae. Specifically, we observed a 94.4% reduction in larvae within 
1 DPT of perched pool P003T. At 2 and 7 DPT, no live larvae were detected (Table 2, 
Figure 7B). We observed a similar level of control in the perched pool (P004T) located within a 
few meters of P003T. At the time of treatment, 91% of immatures were in the optimal target 
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Table 2. Effect of VectoMax® FG on the relative abundance of Culex quinquefasciatus larvae on 
natural habitat in the Alaka‘i Plateau, Kaua‘i, October 2016 and 2017. 
Year Pool Type1 Mean number (X�) of larvae/dip and percent reduction (% R)2 

Pretrt 1 DPT 2 DPT 7 DPT 
X�/dip X�/dip % R X�/dip % R X�/dip % R 

2016 P001 GP 0.18 0.08 55.6 0.04 77.8 0 100 
2016 P002 SP 0.03 0.01 66.7 0 100 0.01 66.7 
2016 P003 PP 0.04 0 100 0 100 0 100 
2016 Average % reduction 74.1 92.6 88.9 
2017 P003 PP 0.54 0.03 94.4 0 100 0 100 
2017 P004 PP 1.09 0 100 0 100 0 100 
2017 P005 SP 0.62 0 100 0.04 93.6 0.03 89 
2017 Average % reduction 98.1 97.9 96.3 
Both Average % reduction 86.1 95.2 92.6 

1 GP = ground pool, SP = seep pool, PP = perched pool. 2 Pretrt = pretreatment, DPT = days post-
treatment 

stage (first to third instars). No live larvae were detected at 1, 2, or 7 DPT. We did, however, 
find first and second instar larvae at 23 DPT (Figure 7D). As we observed in 2016, VectoMax® 

FG was less effective in seeps overgrown with ginger. While we were unable to detect live 
larvae at 1 DPT at the seep (P005T; Table 2, Figure 7F), a few latter-stage larvae persisted out 
to 7 DPT. At the time of treatment, 80% of the seep larvae were at the target stage. No larvae 
were detected at 16 DPT. Although we found C. quinquefasciatus larvae in two ground pools 
(P006 and P007; Figure 4F) in the plateau bog along the Alaka‘i Swamp Trail, they fell outside 
our permitted treatment area and were not treated with VectoMax® FG. Over the course of 7 
days, we observed a 76.5% and 56.1% decrease in the relative abundance of immature 
mosquitoes in P006 and P007, respectively (Figure 8A). We also observed a surprising shift in 
the age structure of immatures for such a short period (Figure 8B). In P006, 62% of larvae 
were in the early instars (first and second) but, within 7 days, 90% of larvae were later instars 
(third and fourth) or pupae. Alternatively, the age structure in Pool 7 remained dominated by 
early instars after 7 days (61%) and no pupae were present.   

VectoMax® FG treatment impact on non-targets  
The most common non-target species, the water strider M. vagans , was present in all pools at 
each sampling date except during the pretreatment sampling of P003C in 2016 (Figures 6 
and 7). In general, abundance of M. vagans fluctuated dramatically in both the treatment and 
control pools (Figures 6 and 7). In 2016, M. vagans numbers increased in both the treatment 
and control pools in the days following the VectoMax® FG application (Table 3, Figure 6A–F). 
We observed a reduction of about 8% and 38% in the number of M. vagans in the treated seep 
pool (P002T) at 1 and 2 DPT, respectively, but numbers rebounded by 7 DPT. Simultaneously, 
the numbers of M. vagans increased in the control seep pool (P002C) at 1 and 2 DPT but 
decreased by 20% at 7 DPT. These steep fluctuations in abundance in the control pools are 
reflected in the high adjusted percent reductions of M. vagans numbers following VectoMax® FG 
treatment even though, after 7 DPT, M. vagans numbers had more than doubled in the 
treatment pools (Figure 6B, D, F). In 2017, however, we observed an average reduction of 
about 37% at 2 DPT and about 52% at 7 DPT in M. vagans numbers in the three treated pools 
(Table 3). The number of M. vagans in control pools remained stable over the post-treatment  
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Figure 6. Mean (± S.E.) number per dip of Culex quinquefasciatus larvae, Culex 
quinquefasciatus pupae, Microvelia vagans, and Megalagrion naiads in control (A, C, E) and 
VectoMax® FG treated (B, D, F) pools, October–November 2016. 

period (Figure 6A, C, E). We observed no dead or moribund M. vagans, and at no time were M. 
vagans completely absent from pools following treatment with VectoMax® FG. 
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Figure 7. Mean (± S.E.) number per dip of Culex quinquefasciatus larvae, Culex 
quinquefasciatus pupae, Microvelia vagans, and Megalagrion naiads in control (A, C, E) and 
VectoMax® FG treated (B, D, F) pools, September–October 2017. 



Figure 8. Change in the (A) relative abundance (mean ± S.E. number per dip) of Culex 
quinquefasciatus immatures, Microvelia vagans , and Megalagrion naiads and (B) age structure 
of mosquito immatures in two control pools (Pool 6 and Pool 7), September–October 2017. 

Table 3. Effect of VectoMax® FG on the relative abundance of Microvelia vagans in natural 
habitat in the Alaka‘i Plateau, Kaua‘i, October 2016 and 2017. 
Year Pool Type1 Mean (𝑋𝑋�) M. vagans /dip and percent (adjusted) reduction % R (% AR) 

PreTrt 1 DPT 2 DPT 7 DPT 
𝑋𝑋�/dip 𝑋𝑋�/dip %R (%AR) 𝑋𝑋�/dip %R (%AR) 𝑋𝑋�/dip %R (%AR) 

2016 P001 GP 0.04 0.21 0 (86) 0.12 0  (-)3 1.23 0  (-) 
2016 P002 SP 0.48 0.44 8.3  (67.3) 0.3 37.5 (83.6) 1.09 0 (0)
2016 P003 PP 0.28 0.66 0  (94.4) 0.42 0  (91.8) 1.2 0  (-) 
2016 Average % reduction 2.8  (82.6) 12.5 (87.8) 0 (0)
2017 P003 PP 0.18 0.36 0  (21.7) 0.11 38.9 (82.3) .01 94.4 (96.7) 
2017 P004 PP 2.14 2.64 0 (0) 1.40 34.6 (25.9) 0.8 62.6 (56.1) 
2017 P005 SP 1.84 0.75 59.2 (0) 1.17 36.4 (5.6) 2.89 0 (0)
2017 Average % reduction 19.7 (7.2) 36.6 (37.9) 52.3 (50.9) 
Both Average % reduction 11.3 (44.9) 24.6 (48.2) 26.2 (38.2) 

1 GP = ground pool, SP = seep pool, PP = perched pool. 2 Pretrt = pretreatment, DPT = days post-
treatment. 3 The control pool dried up. No value for C2. 

Unlike M. vagans, Megalagrion naiads were not detected in many of the pools sampled. In 
2016, Megalagrion naiads were absent in samples from the treated seep pool (P002T) and all 
control pools. Because Megalagrion naiads were not detected during pretreatment or present in 
control pools, an adjusted percent reduction could not be calculated in 2016. However, in pools 
where they were present post-treatment (P001T, P003T), their numbers increased or remained 
stable following treatment. In 2017, no Megalagrion naiads were detected in P003T. 
Megalagrion numbers decreased (about 68%) in the perched pool P004T at 1 DPT but 
rebounded by 7 DPT (Table 4, Figure 6B and F). We observed a similar 86.1% adjusted 
reduction in P005T at 1 and 2 DPT, but numbers had increased again by 7 DPT. Numbers also 
decreased in the corresponding control pool P004C. We observed a single dead naiad in pools 
P001T and P003T at 2 DPT during the 2017 trials. 
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Table 4. Effect of VectoMax® FG on the relative abundance of Megalagrion naiads in natural 
habitat in the Alaka‘i Plateau, Kaua‘i, October 2016 and 2017. 

Year Pool Type1 Mean (𝑋𝑋�) number of naiads/dip and percent (adjusted) reduction %R 
(%AR)2 
Pretrt 1 DPT 2 DPT 7 DPT 
𝑋𝑋�/dip 𝑋𝑋�/dip %R (%AR) 𝑋𝑋�/dip %R (%AR) 𝑋𝑋�/dip %R (%AR) 

2016 P001 GP 0 0.03 0  (-)3 0 0  (-) 0.2 0  (-) 
2016 P002 SP 0 0 0  (-) 0 0  (-) 0 0  (-) 
2016 P003 PP 0 0.34 0  (-) 0.22 0  (-) 0.34 0  (-) 
2016 Average % reduction 0  (-) 0  (-) 0  (-) 
2017 P003 PP 0 0 0  (-) 0 0  (-) 0 0  (-) 
2017 P004 PP 0.69 0.22 68.1 (68.1) 0.6 13  (0.7) 0.6 13 (0)
2017 P005 SP 0.09 0.02 77.8 (86.1) 0.02 77.8 (86.1) 0.09 0    (55) 
2017 Average % reduction 0.23 (77.1) 0.04 (43.4) 0.04 (27.5) 
Both Average % reduction 0.11 (77.1) 0.02 (43.4) 0.02 (27.5) 

1 GP = ground pool, SP = seep pool, PP = perched pool. 2 Pretrt = pretreatment, DPT = days post-
treatment. 3 No Megalagrion in pretreatment pools. 

Mosquito Trap and Attractant Trials on Hawai‘i Island 
We captured a total of 524 C. quinquefasciatus, 101 A. japonicus japonicus, and 1 Wyeomyia 
mitchellii (bromeliad mosquito) in 256 total trap-nights. In general, gravid traps out-performed 
host-seeking traps in capturing C. quinquefasciatus three to one (396:128) except during the 
second and third week of November 2017 when 56% of C. quinquefasciatus were captured in 
the host-seeking traps (Figure 9). Despite a relatively consistent parity rate of 63% in the last 5 
weeks of sampling, gravid trap efficacy shifted from 94% to 44% of the total 
C. quinquefasciatus captured (Figure 9). Far fewer A. japonicus japonicus were collected with 
roughly equal numbers captured in gravid versus host-seeking traps (45:56). A single 
W. mitchellii was captured in a BG-CO2 trap at Site 2 located within 100 meters of a residence.  

In all cases the negative binomial model with trap type as a predictor was preferred over the 
null model without predictors. Among host-seeking trap configurations, the BGS trap operated 
with BG-Lure and octenol (BG-OCT), but without CO2, caught significantly fewer 
C. quinquefasciatus than traps baited with CO2 with a mean number of mosquitoes per trap-
night (±SD) of 0.125 (±0.336; Figure 10A). Mean capture rates for CDC traps baited with 
compressed CO2 (CDC-CO2) and dry ice (CDC-DI) were nearly ten times higher at 0.935 
(±1.526)/trap-night and 1.063 (±1.217)/trap-night, respectively. The greatest mean capture 
rate (1.906 ± 2.085/trap-night) came from BGS traps baited with BG-Lure and compressed CO2 
(BG-CO2), however, differences among BGS and CDC traps baited with CO2 were not significant 
(Figure 10A). The BGS trap baited with BG-Lure and CO2 caught significantly more A. japonicus 
japonicus (1.375 ± 2.196/trap-night) than either the CDC-DI (0.188 ± 0.592/trap-night) or BG-
OCT (0.188 ± 0.471/trap-night). The CDC-CO2 trap did not catch any A. japonicus japonicus 
(Figure 10A). Similarly, one of the four infusions tested in CDC gravid traps proved to be the 
most attractive to both C. quinquefasciatus and A. japonicus japonicus. The timothy hay 
infusion enhanced with donkey dung (HDD) captured more C. quinquefasciatus (6.613 ± 
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Figure 9. Comparative efficacy of host-seeking (BG-CO2) and gravid (HDD) trapping for Culex 
quinquefasciatus over the eight sampling weeks. Line depicts parity of host-seeking population. 

Figure 10. Comparative efficacy (mean ± S.E.) of (A) host-seeking traps and attractants and 
(B) gravid trap infusions for Culex quinquefasciatus and Aedes japonicus japonicus . Species 
comparisons were done separately. Within-taxa columns with the same letter are not 
significantly different (P > 0.05). 

6.401/trap-night) than the standard timothy infusion (HAY; 4.219 ± 5.592/trap-night) and 
significantly more than the commercial rabbit pellets (CRP; 1 ± 1.136/trap-night) or artificial 
gravid mosquito attractant (GMA; 0.75 ± 1.078/trap-night; Figure 10B). Gravid traps baited 
with the donkey dung-enhanced hay infusion captured more A. japonicus japonicus than traps 
baited with the other infusions, but these results were not significant. 
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Parity and Plasmodium prevalence 
Of 113 C. quinquefasciatus captured in host-seeking traps, 71 (63%) were parous. Parity rates 
among mosquitoes captured from the four trap configurations did not differ and ranged from 
62–75% (X2(3, N = 113) = 0.27, P = 0.97). The prevalence of P. relictum in host-seeking 
mosquitoes was about 45% (52/116) in midguts and about 19% (21/113) in salivary glands 
(Table 5). There was no difference in the P. relictum infected (range 39–50%; X2(3, N = 116) = 
0.79, P = 0.85) or infective (range 13–25%; X2(3, N = 113) = 1.04, P = 0.98) rates among the 
mosquitoes captured from the four trap configurations. All C. quinquefasciatus (N = 264) 
captured in gravid traps were gravid and 48% (123/259) were infected and 19% (46/245) 
infective with P. relictum. There was a significant difference in the infected rates of mosquitoes 
captured in gravid traps baited with different infusions (X2(3, N =259) = 13.42, P = 0.004) but not 
in the infective rates (X2(3, N = 247) = 3.52, P = 0.32). Infected rates ranged from 67–37%, with 
the lowest infected rates observed in mosquitoes captured in the trap baited with the manure 
and timothy hay infusion.  

Approximately 41% of A. japonicus japonicus captured in host-seeking traps (20/48) and while 
attempting to bite (32/78) were parous. No A. japonicus japonicus (N =130) captured in host-
seeking traps or while attempting to bite were found infected or infective with P. relictum. 
Nearly all (98%, 40/41) of the A. japonicus japonicus captured in gravid traps were gravid or 
parous but none (N = 41) were found infected or infective with P. relictum (Table 5).  
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Table 5. Parity and Plasmodium relictum prevalence in Aedes japonicus japonicus and Culex quinquefasciatus in Volcano, Hawaii. 
Species Trap Ovary (parity) Midgut (infection) Salivary glands (infective) 

# Dissect # Parous Percent # Dissect # Infected Percent # Dissect # Infective Percent 
Aedes j. japonicus Host-seeking 

BG-CO2 38 13 34.2 40 0 0 36 0 0 
BG-OCT 5 3 60 5 0 0 5 0 0 
CDC-CO2 3 2 66.7 3 0 0 3 0 0 
CDC-DI 2 2 100 2 0 0 2 0 0 
Biting 78 32 41 80 0 0 76 0 0 
Total 126 52 41.3 130 0 0 122 0 0 

Gravid 
CRP 4 4 100 4 0 0 3 0 0 
GMA 5 4 80 5 0 0 4 0 0 
HAY 5 5 100 5 0 0 3 0 0 
HDD 27 27 100 27 0 0 23 0 0 
Total 41 40 97.6 41 0 0 33 0 0 

Culex 
quinquefasciatus Host-seeking 

BG-CO2 58 36 62.1 57 26 45.6 56 10 17.9 
BG-OCT 4 3 75 4 2 50 4 1 25 
CDC-CO2 24 15 62.5 24 12 50 23 3 13 
CDC-DI 27 17 63 31 12 38.7 30 7 23.3 
Total 113 71 62.8 116 52 44.8 113 21 18.6 

Gravid 
CRP 25 25 100 23 15 65.2 21 4 19 
GMA 14 14 100 15 10 66.7 15 2 13.3 
HAY 88 88 100 86 48 55.8 84 21 25 
HDD 137 137 100 135 50 37 125 19 15.2 
Total 264 264 100 259 123 47.5 245 46 18.8 

BG-CO2, Biogents Sentinel trap baited with carbon dioxide; BG-OCT, Biogents trap baited with octenol; CDC-CO2, Centers for 
Disease Control and Prevention miniature light trap baited with carbon dioxide; CDC-DI, CDC miniature light trap baited with 
dry ice (carbon dioxide); CRP, infusion made with commercial rabbit chow (pellets); GMA, gravid mosquito attractant; HAY, 
infusion made with timothy hay; and HDD, infusion made with timothy hay and donkey dung.
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DISCUSSION 

Mosquito Monitoring and VectoMax® FG Efficacy Trials on Kaua‘i 
During our surveys we found aquatic habitats along the Kawaikōī Stream depauperate even by 
Hawai‘i standards (Brasher et al. 2004). This may be due, in part, to our method of sampling. 
While mosquito dippers are effective for sampling mosquito larvae close to the water surface or 
amid trailing vegetation, they do not adequately sample benthic organisms. The endemic water 
strider M. vagans was the most commonly encountered invertebrate, followed by Megalagrion 
naiads and chironomid larvae. The relative abundances of these three species may also be a 
function of the sampling method because M. vagans inhabits the water surface and Megalagrion 
naiads and chironomid larvae are more likely to be found on stream or pool substrates. While 
Megalagrion naiads were common in perched pools, seeps, and stream margins, we also 
encountered them in plateau bog pools. Interestingly, the highest density of naiads 
(Megalagrion oresitrophum) was observed in the one perched pool occupied by Culex larvae 
(P003T). Although perched pools were common along the upper section of the Kawaikōī 
Stream, occupancy of these pools by C. quinquefasciatus was low. Unusually heavy rainfall and 
repeated highwater events throughout the summer months and during our field sampling may 
have flushed larval mosquito populations. While C. quinquefasciatus larvae are commonly found 
in containers or stagnant pools throughout their global range (Subra 1981), this species has 
also been reported from slow stream margins, rock holes in intermittent streams, and perched 
stream pools in the Hawaiian Islands (Aruch et al. 2007) and elsewhere (Dida et al. 2018). We 
also found C. quinquefasciatus larvae in two ground pools located in the stream valley and 
plateau bog. The stream valley pool was in a wide, muddy seep several meters above the 
stream channel. The plateau pools were located alongside the Alaka‘i Swamp Trail just inside 
the tree line from the open bog. Larval mosquito habitat surveys conducted in the Kawaikōī and 
Mohihi stream drainages in 2000 did not detect Culex larvae in these habitats (Atkinson et al. 
2014). Given the extent of open shallow pools in the Alaka‘i Plateau and our sampling effort, it 
is surprising that more larvae were not detected. Bog pools may be more permanent habitat 
with permanent predator populations to control larvae, or microclimates in the protected stream 
valleys may be more suitable for C. quinquefasciatus (Hobbelen et al. 2012). Later surveys 
conducted in 2011–2014 (Kaua‘i Forest Bird Recovery Project, KFBRP), however, found larvae in 
perched pools and ground pools, but the presence of larvae in either habitat seemed dependent 
on the frequency of heavy rains and subsequent high stream flow events (Atkinson et al. 2014, 
Glad and Crampton 2015). The availability of perched pools for C. quinquefasciatus may have 
increased in the past decade as an archipelago-wide decline in annual precipitation could have 
resulted in longer periods of low stream flow conditions allowing development of mosquito 
larvae (Atkinson et al. 2014).  

The discovery of A. japonicus japonicus larvae in rock holes located along the Kawaikōī Stream 
are among the first records of this species on the Island of Kaua‘i (Magnacca 2015, Harwood et 
al. 2018). Although this species is not known to support the development of the avian malaria 
parasite (Table 5) it may serve as a mechanical vector of avian pox virus. On the Island of 
Hawai‘i, where this species has been present since 2002 (Larish and Savage 2005), A. japonicus 
japonicus larvae are often found together with C. quinquefasciatus in artificial and natural (tree 
fern cavities, rock holes) container habitat as well as perched pools. The use of rock holes and 
perched pools as larval habitat along riparian corridors may account for the rapid invasion of A. 
japonicus japonicus into interior forests on Hawai‘i Island and Kaua‘i (Harwood et al. 2018). 
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Capture rates of adult C. quinquefasciatus in the Kawaikōī Stream study site reflected the low 
number of larvae observed during stream and transect surveys. Most adult mosquitoes were 
captured at sites located within 150 m of the stream channel, and no mosquitoes were captured 
at sites located on the valley wall or ridge. These results are consistent with adult trapping 
conducted earlier (Glad and Crampton 2015) and strongly suggest that mosquitoes in the 
stream drainage are generated from stream-associated habitat and not the adjacent bogs on 
the plateau. Biogents BG-Sentinel 2 CO2-baited traps were more effective at capturing 
C. quinquefasciatus on Kaua‘i than the CDC gravid traps at the time of our monitoring. This 
contrasts with our findings on Hawai‘i Island where gravid traps proved far more effective. The 
efficacy of attractive traps can vary considerably from site to site depending on the density of 
natural hosts and oviposition sites and from season to season as the population ages and older, 
gravid females replace recently emerged host-seeking females (Meyer 1991, LaPointe 2000). 
After a decade of steep decline, bird densities in the Kawaikōī Stream drainage are very low 
(Paxton et al. 2016). This decrease in available hosts may increase the relative attractancy of 
the CO2-baited BGS traps and at the same time result in fewer gravid females that might be 
caught in gravid mosquito traps. The C. quinquefasciatus population appeared to peak in late 
September to mid-October and persisted at detectable levels into November, but parity rates 
remained below 30% suggesting either a broad emergence season and/or scarcity of hosts. We 
observed a decline in capture rates following VectoMax® FG treatment of larval pools in 2016; 
however, it is unlikely that this decrease was due solely to treatment. Interpretation of these 
results are confounded by small capture numbers and a week of stormy weather that limited 
later trapping efforts. In 2017 VectoMax® FG treatments occurred on three separate weeks. 
Trap catches continued to increase for 1 to 2 weeks following treatment of the first two pools 
but declined rapidly during the week of the third treatment. While this appears to be evidence 
of control, heavy rains occurred during the last 2 weeks of monitoring which would also account 
for low capture rates. The patchy distribution and relatively low abundance of C. 
quinquefasciatus , as well as the onset of unfavorable weather for monitoring, were obstacles to 
evaluating the efficacy of larviciding to reduce adult C. quinquefasciatus populations. These 
same factors will limit the reliability of population density estimates needed to properly plan for 
and evaluate the efficacy of landscape level Wolbachia -based IIT releases.  

Despite the limited number of larval pools we were able to treat over the two seasons, our 
results suggest that VectoMax® FG is an effective control agent for C. quinquefasciatus larvae in 
naturally occurring habitat. Overall, VectoMax® FG reduced larval abundance by 94% at 
48 hours and out to 1 week post-treatment. Treatment was most effective (100% at 1 week 
post-treatment) in perched pools when early instar larvae were present and least effective 
where pupae and fourth instar larvae were most common. Because pupae and late fourth 
instars do not feed and VectoMax® FG is an ingested toxin, these results highlight the 
importance of timing treatments to earlier instars whenever possible (Lacey 2007). In general, 
VectoMax® FG provided good control in seeps during the first 48 hours post-treatment, although 
some later instar larvae did persist, and the overall control appeared to break down by 1 week 
post-treatment. In seeps, where surface flow may be present, VectoMax® FG granules may be 
flushed from the treated area thereby reducing residual control. Also, in these shallow water 
pools with muddy substrates, Bti and Bs toxins can rapidly bind with organic matter and fall out 
of the water column (Lacey 2007). As a countermeasure, the manufacturers often recommend 
increasing the application rate to extend residual control. In our trials, VectoMax® FG was 
already applied at the maximum application rate of 22.4 kg per hectare allowed by the pesticide 
label. The manufacturers of VectoMax® FG report up to 28 days residual control under average 
field conditions (Valent BioSciences Corp. 2017), but we were unable to reliably estimate 
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residual control in this study as treatment pools dried up after the first week in the first year 
and flash flooding flushed treatment pools in the second year.  

Single applications of VectoMax® FG and VectoMax® WSP (water-soluble pouch) to catch basins 
in Cali, Colombia, and Connecticut, USA, reported complete control of C. quinquefasciatus and 
A. japonicus japonicus larvae within the first week (Giraldo-Calderón et al. 2008, Anderson et al. 
2011). These results were similar to our findings with treated perched pools. They also reported 
residual control up to 15 to 21 days post-treatment depending on the amount of precipitation 
following application (Giraldo-Calderón et al. 2008, Anderson et al. 2011). The WSP formulation 
is a convenient premeasured pouch of fine granules designed for catch basins, which could be 
adapted for use in natural larval habitat in Hawai‘i. The pouch formulation, however, would be 
unacceptable for smaller pools where too much material would be applied in violation of the 
label and potentially add to non-target risks. For these smaller pools, application with a shaker 
jar, as used in this study, would provide more accurate dosing.  

The main factor limiting the successful use of VectoMax® FG in natural waters in the Alaka‘i 
Plateau is the number of person-hours needed to identify larvae-occupied pools for treatment. 
This is particularly true of seeps overgrown with the invasive ginger Hedychium gardnerianum.  
Despite management efforts, invasive gingers have spread throughout the Kawaikōī Stream 
drainage in recent decades thereby making surveys for mosquito larvae increasingly labor 
intensive. Application of biopesticide to seeps amid dense patches of ginger is equally 
challenging. Any successful mosquito control with biopesticides will likely need to combine 
efforts to manage both invasive ginger and mosquitoes in the Alaka‘i Plateau. Better timing of 
initial summer applications to coincide with more vulnerable, earlier instar larvae would greatly 
improve the level of control. Improved modeling of C. quinquefasciatus larval phenology in the 
Alaka‘i Plateau and ground truthing could fine tune the timing of early season application of 
biopesticide (Fortini et al. 2020).   

Although we observed two dead naiads 48 hours post-treatment, the number of M. vagans and 
Megalagrion naiads did not appreciably decrease in the days or weeks following treatment with 
VectoMax® FG. Numbers of non-targets fluctuated daily in both the treated and paired control 
pools, but populations of M. vagans and Megalagrion naiads persisted throughout the sampling 
period. These results suggest little to no direct toxicity or short-term population effects to the 
dominant non-target species inhabiting ground and perched pools (Lacey and Merritt 2003, 
Lagadic et al. 2014). Additional trials with paired treatment and control pools will be needed to 
confirm these preliminary non-target findings. Long-term trophic level impacts to aquatic 
invertebrate communities are a concern in wetlands where biopesticides have been routinely 
used to control mosquito populations (Hershey et al. 1998, Allgerier et al. 2019). Non-biting 
midges (Chironomidae) are important prey items in aquatic food chains and are susceptible to 
Bti at higher application rates (Liber et al. 1998, Theissinger et al. 2019). Because our sampling 
methods did not target chironomids, additional non-target studies that include native 
chironomids are needed to determine potential long-term, trophic-level impacts of 
VectoMax® FG on Hawaiian aquatic invertebrate communities.   

Mosquito Trap and Attractant Trials on Hawai‘i Island 
We found the CO2-baited BGS trap to be more effective at capturing C. quinquefasciatus and 
A. japonicus japonicus than either the dry ice- or CO2-baited CDC miniature light trap. These 
findings are consistent with recent studies that have demonstrated the superior efficacy of BGS 
traps in the capture of some mosquito species when compared with conventional CDC miniature 
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light traps. The BGS traps appear to be especially effective for the capture of Aedes albopictus 
(Bhalala and Arias 2009, Farajollahi et al. 2009, Drago et al. 2012) and A. japonicus japonicus 
(Meeraus et al. 2008, Lühken et al. 2014). While the manufacturers claim the BGS traps baited 
only with BG-Lure caught anthrophilic species, such as C. quinquefasciatus and A. albopictus, 
we found that traps baited only with BG-Lure and octenol caught the fewest number of C. 
quinquefasciatus. BG-Lure and octenol may enhance capture rates with BGS traps baited with 
CO2 but we did not conduct these comparisons. While BGS traps performed better than gravid 
traps on Kaua‘i, gravid traps outperformed BGS traps at our study site on Hawai‘i Island. Trap 
attractancy and, hence, efficacy may vary from season to season and site to site. Initially 
operating both host-seeking and gravid traps at new sites will provide a more accurate 
assessment of mosquito presence and abundance. Among the attractants for gravid traps 
tested, infusions based on timothy hay were significantly more attractive than either the 
convenient “synthetic hay infusion” tablets or infusions made from commercial pelleted rabbit 
chow (Lee and Kokas 2004). The inclusion of donkey dung clearly enhanced the attractancy of 
the standard timothy hay infusion and may be a critical ingredient where mosquito abundance 
is limited (Allan et al. 2005).  

Efficacy of mosquito traps would need to be weighed against operating costs and the 
convenience of using the trap in the field. Mosquito traps are generally developed for use in 
residential areas where traps can be set up a short distance from roads and, in many cases, 
available AC power. For conservation purposes in Hawaii, however, traps (and the associated 
batteries and CO2 cylinders) often must be flown to remote areas in helicopters and then 
carried to sites along unimproved trails. The main disadvantage to using BGS traps with 
compressed CO2 cylinders is the size and weight of the equipment. Unlike CDC miniature light 
traps which can run on a 6-volt battery, BGS traps require a 12-volt battery for operation. We 
used a 35 amp-hr, sealed lead acid battery that weighed 10.4 kg—more than five times the 
weight of the 10 amp-hr battery we used for a CDC miniature light trap or CDC gravid trap 
(Table 6). Under ideal operating conditions the trap could run for 96 hr or, at 12 hr/day, 8 days 
before batteries would need to be recharged. With the 10 amp-hr (2 kg) battery, a CDC 
miniature light trap or gravid trap could run for 4 days before needing to be recharged. A larger 
6-volt, 36 amp-hr battery would extend the run time of both these traps but at a cost of three 
times the weight. Newer lithium-ion batteries may weigh half as much but are likely to be 
double the purchase cost. All powered and baited traps are limited by the number of hours they 
can be operated on a charged battery and a full CO2 cylinder. Higher capacity batteries and 
cylinders limit the time and effort needed for recharging but must be weighed against the cost 
and physical effort to get the equipment in remote areas. One possible option to extend trap 
operating time would be to use small solar panels for on-site recharging during daylight down 
times. The availability, cost, and physical effort needed to use CO2 as a trap attractant are 
additional concerns for planning monitoring programs. Some researchers have used chemical 
reactions or yeast cultures to generate CO2 in the field (Harwood et al. 2014, Steiger et al. 
2014) but the amount of CO2 generated by these methods are likely not enough to enhance 
capture rates of C. quinquefasciatus occurring in low densities.   
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Table 6. Comparison of mosquito trap weights and operating time. Numbers in parentheses 
represent values for 6-volt batteries with varying amounts of amp-hours. 
Trap type Trap 

weight 
(kg) 

Battery 
weight 
(kg) 

Battery 
amp-hr 

Trap 
operating 
time (hr) 

Cylinder 
weight 
5# (20#) 

Cylinder 
time (hr) 
250 
ml/min 

Total 
weight 
(kg) 

BG-Sentinel 2 10.4 35 96 6.4 (22.7) 144 18.6 (34.9) 
CDC light 1 2 (6.4) 10 (36) 48 (144) 6.4 (22.7) 144 9 (26.3) 
CDC gravid 2.3 2 (6.4) 10 (36) 48 (144) 3.6 (water) 168 7.7 (12.2) 
BG, Biogents; CDC, Centers for Disease Control and Prevention 

CONCLUSIONS 

The BGS trap baited with BG-Lure and CO2 was the most effective host-seeking trap tested for 
monitoring low density populations of C. quinquefasciatus; however, trap efficacy needs to be 
weighed against the additional cost and weight of the trap and battery when developing a 
monitoring program for landscape level control. Significant site-to-site variability in trap type 
performance suggests CO2-baited traps may work best paired with gravid traps baited with a 
manure-enhanced, timothy hay infusion to ensure that the most efficient traps are being used 
at a specific site. VectoMax® FG appears to be an effective and safe biopesticide for the local 
control of C. quinquefasciatus larvae in forest bird habitat in the Alaka‘i Plateau and may be a 
viable, short-term strategy for control of avian malaria transmission in endangered bird 
breeding territories. As formulated, a relatively small amount of VectoMax® FG is needed to 
treat the average-sized ground or perched pool. Equipped with a mosquito dipper, tape 
measure, application table, measuring spoon, and a small bag of VectoMax® FG, resource 
managers could potentially treat mosquito positive pools as encountered during routine 
activities such as weed control, rat trap monitoring, nest searching, and bird resighting. Local 
control of mosquitoes with biopesticides in breeding territories may protect remaining 
populations of endangered forest birds from further declines and buy time for development of 
technologies for landscape level mosquito control or eradication. Extended use of VectoMax® FG 
for local control should include studies on the potential, indirect effects on aquatic invertebrate 
communities.   
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APPENDIX I 

Standard Operating Procedure for Stream Dip Surveys 

ID: Culex SOP7 Version: 2 

Effective Date:  August 1, 2016 Author: DA LaPointe 

Scope: This SOP concerns the intense sampling of streams, drainages, and open water bogs. 
The purpose of a dip survey is to attempt adequate sampling effort for detection of mosquito 
larvae where the aquatic habitat is extensive. Dip surveys are conducted along with water 
source and larval habitat surveys along streams or from established trails through boggy areas. 
Transects are usually 1 kilometer in length but may vary. 

Procedures: 
1) Because the dip survey is conducted along with water source and larval habitat surveys, 

a minimum team for a narrow stream survey would be two individuals. On large streams 
a four-member team may work best. For safety, team members working in streams must 
wear a helmet and microspikes on rubber boots to prevent injuries incurred on slippery 
stream rocks.

2) Stream transects are assigned three letter codes based on the stream name (i.e., MST = 
Mohihi Stream Transect). Trailside transects are assigned similar codes utilizing the name 
of the trail. When other transects use the same code the trail transect will be numbered 
0, 1, 2… (i.e., AST – 0 = Alaka‘i Swamp Trail boardwalk).

3) The lead person will hip chain the distance and hang a numbered orange flag (stream 
survey) or verbally indicate distance (trail survey) every 10 meters. This person will also 
record the type and number of aquatic habitats per 10-meter section and the GPS 
coordinates for the origin, middle, and end of each transect.

4) Dips will be made by all members of a team with a standard mosquito dipper attached to 
a meter-long handle. To dip, gently angle the cup into the water so as to draw surface 
water into the cup. Do not plunge the dipper in deep. Do not cast a shadow on or disrupt 
water surface while dipping. Take most dips from the edge of the habitat and among 
submerged vegetation.

5) A minimum of 10 dips per 10-meter section should be made, while attempting to sample 
each distinct rock hole, perched pool, or ground pool. If suitable habitat is limited in a 
section, then make up the number of dips in the next section.

6) With each dip, observe the presence or absence of mosquito larvae (C = Culex, A = 
Aedes), veliids (mv), damselfly naiad (mn), copepods (cp), ostracods (os), dragonfly 
naiad (as), dytiscid (dy), and chironomids (ch).

7) One observer will record all the team observations in a Stream Dip Survey log. General 
information: Location : Transect code. Date : month-day-year. Observers : Initials of team 
members starting with the recorder of the Stream Dip Survey log. The log is set up for
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250 meters per page. Distance is to be recorded in the Location column and Time need 
only be recorded at the beginning and end of each 250-meter section. Number of dips, 
dips with Culex, and dips with Microvelia will be recorded by hash marks at 10 marks per 
line. Other invertebrates observed should be recorded as their two-letter code (above) 
followed by the number of dips they were observed in. Lists of invertebrates should be 
delimited by commas (i.e., cp 6, os 7, od 1). 
 

8) Collect a few representative specimens along the transect. Preserve these in ethanol and 
label with date and location as recorded in log. 
 

9) While conducting the survey, select, at “random”, 20 sites to be fully sampled on the 
way back. Flag these sites with pink but do not dip until conducting the complete larval 
habitat survey.  
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APPENDIX II  

Appendix II. Specimen list for Kawaikōī Stream study area 
Specimen Species Number Sex Life stage Preparation Locality on Kaua‘i  
2016       
1 Aedes japonicus japonicus 2 Male Adult Pinned Kawaikōī Stream, Alaka‘i Wilderness Preserve 
2 Aedes japonicus japonicus 5 Female Adult Pinned Kawaikōī Stream, Alaka‘i Wilderness Preserve 
3 Aedes japonicus japonicus 2 Male Adult Pinned Kawaikōī Stream, Alaka‘i Wilderness Preserve 
4 Aedes japonicus japonicus 2 Female Adult EtOH Kawaikōī Stream, Alaka‘i Wilderness Preserve 
5 Megalagrion oresitrophum 1 Unknown Naiad EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
6 Culex quinquefasciatus 1 Female Adult EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
7 Culex quinquefasciatus 10 Female Adult Dissected Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
8 Culex quinquefasciatus 19 Female Adult Dissected Kawaikōī Stream, Alaka‘i Wilderness Preserve 
9 Culex quinquefasciatus 3 Female Adult Frozen Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
10 Chironomus sp. 7 Unknown Pupal  EtOH Alaka‘i Swamp Trail, Alaka‘i Wilderness Preserve 
2017       
1 Aedes japonicus japonicus 3 Unknown Larvae EtOH Kawaikōī Stream, Alaka‘i Wilderness Preserve 
2 Megalagrion sp. 1 Unknown Naiad EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
3 Microvelia vagans 1 Unknown Adult EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
4 Megalagrion oresitrophum 1 Unknown Naiad EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
5 Megalagrion vagabundum 1 Unknown Naiad EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
6 Megalagrion oresitrophum 1 Unknown Naiad EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
7 Rhantus sp. 1 Unknown Larvae EtOH Nā Pali Kona Forest Reserve  
8 Megalagrion oresitrophum 1 Unknown Naiad EtOH Nā Pali Kona Forest Reserve  
9 Ischnura sp. 1 Unknown Naiad EtOH Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
10 Culex quinquefasciatus  110 Female Adult Dissected Kawaikōī Stream, Alaka‘i Wilderness Preserve 
11 Culex quinquefasciatus  12 Female Adult Dissected Kawaikōī Stream, Hono O Nā Pali Natural Area Reserve 
12 Culex quinquefasciatus  9 Female Adult Frozen Kawaikōī Stream, Alaka‘i Wilderness Preserve 
13 Culex quinquefasciatus  5 Female Adult Frozen Nā Pali Kona Forest Reserve  
14 Aedes japonicus japonicus 3 Female Adult EtOH Kawaikōī Campground, Nā Pali Kona Forest Reserve  
15 Culex quinquefasciatus  1 Female Adult Frozen Kawaikōī Campground, Nā Pali Kona Forest Reserve  
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Specimen list for Kawaikōī Stream study area (continued)  

Specimen  Habitat/location Elevation (m) GPS_N GPS_W Collector1 Collector2 Collect date  
2016        
1 Streambed rock hole 1115 22.1451 159.6144 Michael Riney Dennis LaPointe 10/26/2016 
2 Streambed rock hole 1115 22.1451 159.6144 Michael Riney Dennis LaPointe 10/27/2016 
3 Streambed rock hole 1115 22.1451 159.6144 Michael Riney Dennis LaPointe 10/28/2016 
4 Streambed rock hole 1115 22.1451 159.6144 Michael Riney Dennis LaPointe 10/29/2016 
5 Perched pool #P003T 1126 22.1462 159.6138 Dennis LaPointe Michael Riney 11/9/2016 
6 Riparian, montane forest 1126 22.1462 159.6138 Dennis LaPointe Michael Riney 10/26/2016 
7 Riparian, montane forest 1126 22.1462 159.6138 Dennis LaPointe Michael Riney 10/18/2016 
8 Riparian, montane forest 1132 22.14596 159.6123 Dennis LaPointe Michael Riney 10/18/2016 
9 Riparian, montane forest 1126 22.1462 159.6138 Dennis LaPointe Michael Riney 10/18/2016 
10 Open water Carex bog 1233 22.15169 159.6008 Dennis LaPointe 

 
11/8/2016 

2017        
1 Rock pool in stream 1115 22.14486 159.6129 Theodore Black Dennis LaPointe 9/15/2017 
2 Perched pool #P004T 1115 22.14682 159.6119 Theodore Black Dennis LaPointe 10/3/2017 
3 Perched pool #P004T 1115 22.14682 159.6119 Theodore Black Dennis LaPointe 10/3/2017 
4 Perched pool #P004T 1115 22.14682 159.6119 Theodore Black Dennis LaPointe 10/19/2017 
5 Shaded seep #P005T 1115 22.14682 159.6119 Theodore Black Dennis LaPointe 10/19/2017 
6 Shaded seep #P005T 1115 22.14682 159.6119 Theodore Black Dennis LaPointe 10/19/2017 
7 Bog pool #P006C 1140 22.14496 159.6202 Theodore Black Dennis LaPointe 10/25/2017 
8 Bog pool #6P00C 1140 22.14496 159.6202 Theodore Black Dennis LaPointe 10/25/2017 
9 Perched pool #P004C 1115 22.14682 159.6119 Theodore Black Dennis LaPointe 10/19/2017 
10 Riparian, montane forest 1132 22.14596 159.6123 Theodore Black Dennis LaPointe 9/13/2017 
11 Riparian, montane forest 1126 22.1462 159.6138 Theodore Black Dennis LaPointe 9/13/2017 
12 Riparian, montane forest 1132 22.14596 159.6123 Theodore Black Dennis LaPointe 9/13/2017 
13 Bog pool #6P006C 1140 22.14496 159.6202 Theodore Black Dennis LaPointe 10/26/2017 
14 Rock pothole in streambed 1043 22.13176 159.6211 Travis DuBridge Dennis LaPointe 10/30/2017 
15 Perched pool in streambed 1043 22.13176 159.6211 Travis DuBridge Dennis LaPointe 10/30/2017 
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