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Abstract 
 

We determined prevalence of malarial infections in samples of native and non-native forest birds 
that were sampled at three locations on the Alaka`i Plateau between 1994-1997 and again 
between 2007-2009.  The three sites spanned the elevational range of the plateau and were 
located at Kawaikōī  Stream (1100 m), the upper drainage of Mōhihi Stream (1250 m) and the 
vicinity of Halepa`akai Stream near Sincock’s Bog (1350 m).  We detected a dramatic and 
significant increase in prevalence of avian malaria both at the lower (Kawaikōī) and upper 
(Halepa`akai) ends of the Alaka`i Plateau during the past decade. Overall prevalence of infection 
increased threefold from 11% to 30% at Kawaikōī Stream and tenfold from 2% to 20% at 
Halepa`akai Stream.  Much of this increase is likely a result of local transmission, since two 
sedentary native species, `Elepaio and Kaua`i `Amakihi, have experienced some of the largest 
increases in prevalence.  Curiously, prevalence has not changed significantly at Mōhihi Stream 
and remains at approximately 10%.  We also detected avian trypanosomes (Trypanosoma sp.) in 
both recent and historic blood samples from Nutmeg Mannikins (Lonchura punctulata) that were 
captured on the plateau.  This is the first report of this mosquito-transmitted blood protozoan 
from the Hawaiian Islands and evidence indicates that it has been a previously undetected blood 
parasite in the islands for at least 15 years and likely longer.  We found no evidence to indicate 
that the parasite has spread to native Hawaiian forest birds, but our sample sizes are limited. 
While our study was not designed to detect the specific factors responsible for the changes in 
prevalence of malaria at lower and upper portions of the plateau, the results are consistent with 
predicted increases in prevalence that might be expected in a warming climate and clearly show 
that environmental conditions necessary to support transmission of malaria now exist throughout 
major portions of the Alaka`i Plateau. Additional field work to identify larval habitat for 
mosquitoes, adult mosquito distribution and density, and the relative role of human activity, feral 
ungulates, and interactions between changing climatic conditions and the deeply dissected 
topography of the plateau may help to identify why some areas have experienced significant 
increases in malarial prevalence. 
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Introduction 
 

Native Hawaiian forest birds, particularly the endemic Hawaiian honeycreepers 
(Drepanidinae), are frequently cited as outstanding examples of adaptive radiation and speciation 
(Pratt 2009), but currently face one of the highest rates of extinction in the world (Banko and 
Banko 2009).   The introduction of the mosquito vector (Culex quinquefasciatus), avian malaria 
(Plasmodium relictum) and avian pox (Avipoxvirus spp.), are widely considered to be primary 
factors that contributed to population declines and changes in the geographic and altitudinal 
distribution of this unique avifauna (Warner 1968, van Riper et al. 1986).  While there is recent 
evidence that some native species are evolving resistance to malaria (Woodworth et al. 2005, 
Foster et al. 2007), most species remain highly susceptible and have likely survived into this 
century only because high elevation refugia still exist on the higher mountains on Kaua`i, Maui, 
and Hawai`i Islands (Atkinson and LaPointe 2009). 

Predicted climatic changes associated with global warming will likely affect the long 
term stability of this disease system because vector biology and sporogonic development of the 
parasite are highly temperature dependent (Benning et al. 2002, Ahumada et al. 2004). Recent 
analyses of temperature trends in the islands indicate that warming is already occurring, 
particularly at higher elevations (Giambelluca et al. 2008), and there is concern that remaining 
high elevation disease rufugia may be lost if disease transmission moves to higher elevations 
(Benning et al. 2002, Atkinson and LaPointe 2009).  

The distribution and population sizes of the `Akikiki (Kaua`i Creeper, Oreomystis bairdi) 
and `Akeke`e (Kaua`i `Akepa, Loxops caeruleirostris) have declined dramatically in the last 
decade (Foster et al. 2004, U.S. Fish and Wildlife Service, unpublished data). Both of these 
species are native honeycreepers and may share the same high susceptibility to avian malaria as 
I`iwi (Vestiaria coccinea) and Maui `Alauahio (Paroreomyza montana) (Atkinson et al. 1995, 
Atkinson et al. 2001a). Disease surveys conducted by the U.S. Geological Survey (USGS) in the 
mid-1990’s in the Alaka`i determined that prevalence of malaria in all native and non-native 
forest birds was approximately 10%.  This prevalence is relatively low when compared to 
prevalence of malaria at comparable elevations and habitats on Hawai`i Island (Atkinson, 
unpublished data; Atkinson et al. 2005).  For example, serological prevalence of avian malaria at 
Kīlauea Crater in Hawai`i Volcanoes National Park, located at an elevation equivalent to the 
lower half of the Alaka’i Plateau, ranges from 30 – 60% in `Apapane (Himatione sanguinea) 
(Atkinson and Samuel, in press), depending on season. By contrast serological prevalence in 
`Apapane from the Alaka`i Plateau in the mid-1990’s was approximately 9% (Atkinson, this 
report).  The recent dramatic declines of the `Akikiki and `Akeke`e could be from a variety of 
causes, including rodent predation, habitat degradation, reduced availability of important food 
resources, and increased disease transmission. Without a clear understanding of the relative 
contributions of these different limiting factors to these declines, it will be difficult to prioritize 
limited resources to develop appropriate management and recovery strategies.  

The primary objective of this study was to compare prevalence of avian malaria among 
historic and recent blood samples from forest bird populations on the Alaka`i Plateau, Kaua`i.  
Significant increases in prevalence would be consistent with might be expected in a warming 
climate.  Expansion of seasonal disease transmission into the highest reaches of the Alaka`i  
would be ominous for long term stability of susceptible populations of native birds and may be a 
contributing factor for recently documented declines and range contractions for native species. 
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Methods 
 

Sample collection: 
Forest birds were captured with mist nets at three locations on the Alaka`i Plateau, 

Kawaikōī Stream near the intersection of Pihea and Alaka`i Swamp Trails (Elevation 1100 m, 
Figure 1), a ridgeline above the upper Mōhihi Stream Drainage near Koaie Stream Gage (also 
known commonly as Puaiohi Field Camp during the 1990’s (Elevation 1250 m, Figure 1), and 
the upper end of the Plateau at Sincock’s Bog near Halehaha Stream and in areas near Halepa’kai 
Stream, within 1 km of Sincock’s Bog (Elevation 1350 m, Figure 1).  These three locations were 
sampled between 1994-1997 by USGS biologists and more recently between 2007-2009 by 
Division of Forestry and Wildlife Personnel participating in the Kaua`i Forest Bird Recovery 
Project (Table 1).   

After capture, birds were banded with U.S. Fish and Wildlife Service/USGS aluminum 
leg bands, measured to obtain morphometric data for identifying sex and age, weighed, and bled 
by jugular venipuncture with a heparinized 28 gauge insulin syringe.  A blood smear was 
prepared immediately after blood was drawn, air dried and fixed with methanol. Remaining 
whole blood was transferred to a microhematocrit tube and spun with a battery-powered field 
centrifuge to separate plasma from packed cells.  Microhematocrit tubes were scored with a file, 
broken immediately above the buffy coat, and plasma and packed cells were removed.  Plasma 
was transferred to 0.5 ml tubes, stored on wet ice until return to the lab, and then frozen at -70o C 
for long-term storage. Packed cells were placed in 100 ul of lysis buffer (0.1 M Tris, pH 8.0, 0.1 
M EDTA, 2% SDS), stored on wet ice until return to the lab, and then frozen at -70o C for long-
term storage.  When blood collection was partially successful and only small amounts were 
successfully drawn, we normally tried to make a blood smear and placed remaining whole blood 
in DNA lysis buffer.  Among some samples, only smears or only blood preserved in lysis buffer 
was collected. 

We cultured blood samples from a subset of samples collected in 2008 for detection of 
avian trypanosomes.  Sterile media (SCH-20-C) containing Schneiders Drosophila Medium 
(Invitrogen), fetal bovine serum (Invitrogen), sodium citrate (1.5% weight/volume), penicillin G 
(200 U/ml), streptomycin sulfate (200 ug/ml) and gentomycin (100 ug/ml) was prepared as 
described by Kirkpatrick and Lauer (1985), dispensed (1 ml/vial) into sterile, rubber-capped 5 ml 
glass vials, and stored refrigerated until use.  In the field, vials were inoculated through the 
rubber cap with 50-100 ul of heparined whole blood with a 28 gauge insulin syringe to maintain 
sterility and held at room temperature for up to two weeks to allow development of 
trypanosomes. 

 
Diagnostic analysis for malaria: 
 Blood smears were stained with phosphate buffered (pH 7.0) 2% Giemsa for one hour, 
rinsed with tap water, dried, and examined by microscopy to detect intraerythrocytic stages of 
Plasmodium.  We screened each smear for 10 minutes at 400X (40X objective and 10X 
eyepieces) and estimate that we examined approximately 20,000 – 30,000 erythrocytes.  Smears 
were scored as positive for malaria if we observed at least one infected erythrocyte.  We 
quantified intensity of infection by counting number of infected erythrocytes per 10 minute 
screen.  Smears were scored as 1 if a single infected erythrocyte was detected, 2 if 2 -10 infected 
erythrocytes were seen, 3 if 11-100 infected erythrocytes were observed, and 4 if more than 100 
infected erythrocytes were found. 
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 Plasma was screened by immunoblotting as described by Atkinson et al. (2001b) to detect 
antibodies to erythrocytic stages of Plasmodium.  Controls included incubations with secondary 
antibodies or enzymes alone to verify method specificity. 
 Purified DNA for PCR analysis was extracted from packed blood cells using either 
standard phenol-chloroform methods (historic blood samples) in the 1990’s, stored frozen at -
70C, and subsequently cleaned to remove phenol-chloroform impurities that might inhibit PCR 
reactions with an additional extraction with Qiagen DNeasy tissue extraction kits according to 
the manufacturer’s protocol.  We used DNeasy tissue extraction kits for extracting recent blood 
samples according to manufacturer’s protocols, but increased the initial incubation times with 
Proteinase K to overnight to increase yield of DNA.  DNA was recovered from extraction 
columns with Tris ethanolamine buffer, measured by spectrophotometry with a Nanodrop 
spectrophometer to assess purity and determine DNA concentration, and stored frozen until use 
in PCR reactions. 
 We used two sets of published PCR primers for detecting infection with Plasmodium.  
We screened all samples with primers 213F/372R as described by Beadell and Fleischer (2005). 
These amplify a short, 160 bp fragment of the parasite mitochondrial cytochrome b gene.  The 
small fragment size is well suited for amplifying PCR product from old and potentially degraded 
samples (Beadell and Fleischer 2005).   When a sample tested positive by PCR with primers 
213F/372R or was positive by blood smear or serology, we ran a confirmatory nested PCR 
reaction using primers developed to parasite ribosomal DNA as described by Jarvi et al. (2002) 
using nested primers PRNST3 and PRNST5 to amplify a 498 bp product.  When results did not 
agree between serologically positive samples and PCR or between the PCR reactions with 
primers 213F/372R and the nested ribosomal primers, i.e. the first PCR reaction was positive, but 
the second using nested ribosomal primers was negative, we classified infection status as a 
presumptive positive because extremely low parasitemias can create situations where sequential 
tests alternate between positive and negative, depending on concentration of parasite DNA.  All 
PCR reactions were run with a positive control consisting of DNA extracted from a Pekin 
duckling with an intense experimental infection with P. relictum and a negative control that 
substituted water for DNA. 
 
Diagnostic analysis for Trypanosoma: 
 We used three sets of published PCR primers for detection of  Trypanosoma among a 
subset of recent and historic samples.  We screened samples initially with a nested PCR reaction 
described by Sehgal et al. (2001) to amplify a 326 bp product from the small subunit ribosomal 
gene of Trypanosoma using primers S-762/S-763 for the first round of PCR and primers S-
755/S-823 for the second reaction.   When samples tested positive, we ran a second nested PCR 
reaction to both confirm the initial reaction and to amplify a larger, 1160 bp fragment of the 
Trypanosoma ribosomal gene for phylogenetic comparisons with other avian trypanosomes.  The 
confirmatory reaction used 1 ul of product from the first round of reactions using primers S-
762/S-763 and a third set of primers, S-714/S-823, that were described by Maslov et al. (1996) 
that amplify the larger PCR product.  Positive controls for trypanosome diagnostics included 
DNA extracted from a blood culture from a Nutmeg Mannikin that was positive for 
Trypanosoma and DNA samples collected from Samoan Starlings (Aplonis atrifusca) from 
American Samoa and Lesser Shrikebill (Clytorhynchus vitiensis) from Fiji that were positive for 
Trypanosoma by blood smear (Atkinson et al. 2006, Utzurrum and Atkinson, unpublished 
observations). 
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Blood smears were examined for trypanosomes at the same time they were being scored 
for Plasmodium.   Smears were scored as positive for Trypanosoma if we observed at least one 
trypomastigote after 10 minutes of screening. 
 We cloned and sequenced the 1160 bp PCR product from 5 different birds to verify 
identity and to place it in phylogenetic context with GenBank sequences from other known avian 
trypanosomes.  PCR products were run on a 1% agarose gel, and single bands corresponding to 
the amplicon were cut from the gel with a scalpel and purified from the agarose with a Qiagen 
gel extraction kit. The purified PCR product was ligated onto linearized pDrive cloning vector 
(3.85 kb) designed for the direct cloning of PCR products. T4 DNA ligase and 10x buffer were 
added to the PCR product in a total reaction volume of 10uL. The reaction mixture was 
incubated at 16oC overnight. The resulting plasmid was transformed into electro-competent 
Esherichia coli (DH5α) cells using a Bio-Rad electroporator, plated on selective agar media and 
incubated overnight at 37oC. Single colonies containing the plasmid were selected based on color 
after growth on selective media, inoculated into nutrient broth and grown overnight at 37oC.  
Cells were subsequently pelleted by centrifugation and lysed.  A restriction digest with EcoRI 
confirmed the cloning success by releasing the fragment from the vector. Plasmids from positive 
clones containing the insert were purified, sequenced in both directions with an ABI 3730 
sequencer at the University of California, Davis sequencing facility. 
 Blood cultures for avian trypanosomes were held at room temperature for 7-14 days and 
examined by microscopy for epimastigotes of Trypanosoma. Cultures were scored as positive 
when flagellated, motile epimastigotes were found.  
 
Statistical Analysis: 
 We used binary logistic regression in the program Systat Version 11 (2004) to test for 
association between infection status for malaria and the independent covariates of time (historic 
vs. recent), locality (Kawaikōī , Mōhihi, or  Halepa`akai), and host status (native or non-native 
species).  Logistic models were fitted using stepwise forward regression.  We evaluated effects 
of time on infection status at each locality by using a Wald test in the Logit procedure in Systat.  
To assess whether there were differences in detection rates between serology and PCR, we used 
a single proportion test in Systat to test whether the proportion of positive samples that were 
detected by serology differed from the proportion of positive samples detected by PCR.  Results 
for all statistical tests were considered significant when P < 0.05. 
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Results 
 

Diagnostic Criteria: 
 Of the 1184 blood samples that were collected as part of this study, 52 were blood smears 
only and we dropped these from the analysis because of their poor sensitivity in diagnosing 
infections with low peripheral parasitemias.  Blood smears are particularly insensitive during 
both early acute infections when the parasite has just entered the bloodstream and late chronic 
infections where number of infected erythrocytes in the peripheral circulation can be vanishingly 
small (Jarvi et al. 2002).   For example, among the 799 historic and recent blood samples where 
we had matched blood smears, plasma for serology, and packed blood cells for PCR, prevalence 
based on blood smears was 4.1% (33/799), while prevalence based on serology and PCR was 
more than 2 times higher at 10.3% (82/799) for serology and 8.6% (69/799) for PCR.  Among 
813 samples with paired serological and PCR results, we found that the proportion of samples 
that tested positive by serology (82/813, 10.1%) did not differ significantly from the proportion 
of the same samples that tested positive by PCR (71/813, 8.1%), P = 0.171, z = 1.370.  As a 
result, we used results from either serology or PCR to establish infection status when either 
plasma or packed cells were not collected in the field and only one test could be run.  In practice, 
the two tests agreed with each other 91% of the time.  Among the 813 samples with paired 
serological and PCR results, the tests disagreed among 71 cases (8.7%). We classified birds that 
were negative by serology and positive by PCR (29 cases) as positive for malaria, since early 
acute infections can have circulating blood parasites before development of antibody (Atkinson 
et al. 2001b).  Samples that were positive by serology and negative by PCR (42 cases) were also 
classified as positive for malaria since birds with chronic low level infections may have 
parasitemias that are below minimum detection level by PCR (Jarvi et al. 2002) (Table 2).  
 
Changes in Prevalence: 
 We collected 801 blood samples from Kawaikōī (N = 462), Mōhihi (N = 239) and 
Sincock’s Bog – Halepa`akai areas (N = 100) between August 1994 and December 1997 as part 
of a statewide survey of avian diseases in areas that still supported populations of endangered 
species.  A matching set of samples were collected from Kawaikōī  (N = 79), Mōhihi (N = 72) 
and Halepa`akai (N = 232) between September 2007 and March 2009 for comparison (Table 1).  
Among historic and recent samples that had more than 20 individuals, `Apapane, Kaua`i 
`Amakihi (Hemignathus kauaiensis), `Elepaio (Chasiempis sandwichensis sclateri), Japanese 
White Eye (Zosterops japonicus), and Nutmeg Mannikin had the highest prevalence of infection.  
There were no significant effects of host status (native or non-native) on infection status (P = 
0.288) and no significant effect of host status over time on infection status (P = 0.206).    
 The most significant effects on infection status were associated with time (P < 0.001), 
locality (P = 0.003) and the effects of time on locality (P = 0.002).  Overall prevalence of 
malaria over all three sites doubled from 10% in the 1990’s to 20% in the following decade (P < 
0.001, Table 3).  Among species with sample sizes larger than 20, this change was most evident 
for `Apapane with an increase from 8.5% to 18.9%, `Elepaio with an increase from 16.5% to 
29%,  Kaua`i `Amakihi with an increase from 13.8% to 28%, and Japanese White Eye with an 
increase from 9.2% to 20.5%. We tested for the effects of time on infection status at each locality 
and found a significant increase in prevalence at Kawaikōī  and Halepa`akai Streams (P = 0.012, 
X2 = 6.361, 1 df), but no significant change in prevalence at Mōhihi Stream (P = 0.313, X2 = 
1.018, 1 df) (Tables 4-6).  This change was dramatic at Kawaikōī Stream, with a threefold 
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increase in overall prevalence from 11% to 30% (Table 4), but particularly so at the upper 
elevation site at Halepa`akai Stream where prevalence jumped tenfold from 2% to 20% (Table 
6). 
 
Prevalence and Host Range of Trypanosoma: 
 During routine screening of blood smears, we detected low-intensity Trypanosoma 
infections in two Nutmeg Mannikins that were captured at Halepa`akai Stream in 2008 (Figure 
2).  Because microscopy lacks the sensitivity to accurately measure prevalence of avian 
trypanosomes (Kirkpatrick and Lauer 1985), we used both blood culture and PCR in a subset of 
recent blood samples to determine the current host range of this parasite and PCR to determine 
whether it was present in the 1990’s.  We also screened 20 Nutmeg Mannikin blood samples that 
were collected between 2002-2004 on the Island of Hawai`i to determine how widespread this 
parasite is.  
 We were able to detect the parasite in 7 of 14 blood cultures from Nutmeg Mannikins 
(Table 7), but not in blood cultures from `Anianiau (Hemignathus parvus), `Apapane, `Elepaio, 
Japanese White Eye, or Melodious Laughing Thrush (Garrulax canorus). The number of fresh 
blood samples that we could evaluate by this technique was limited, so we tested additional 
samples by PCR.  We were able to verify Trypanosoma infections by amplification of both 326 
bp and 1160 bp ribosomal products in 9 of 24 Nutmeg Mannikins captured between 2007-2009 
at Halepa`akai Stream, and 1 of 6 Nutmeg Mannikins captured in 1994 at Kawaikōī  Stream 
(Table 8).  One of 20 Nutmeg Mannikins captured in 2003 at Ola’a Forest in Hawai`i Volcanoes 
National Park on the Island of Hawai`i was also positive for Trypanosoma by PCR.  We were not 
able to confirm presence of trypanosomes in blood samples from 245 other native and non-native 
birds (Table 8), although we had several tentative positives in `Apapane, Kaua`i `Amakihi, 
`Akeke`e, Puaiohi (Myadestes palmeri), Northern Cardinal (Cardinalis cardinalis), White-
Rumped Shama (Copsychus malabaricus), Melodious Laughing Thrush, and House Finch 
(Carpodacus mexicanus) using the nested primers described by Sehgal et al. (2001).  When we 
attempted to verify these using the S-714/S-823 primers (Maslov et al. 1996), we were able to 
generate a larger, approximately 1100 bp PCR product in only 9 Puaiohi and one Northern 
Cardinal.  The fragment was slightly smaller in size than the expected 1160 bp product (Figure 
3) and cloning and sequencing revealed that the products were artifacts and not derived from 
avian trypanosomes. 
 
Identity of Trypanosoma: 
 By microscopy, the Nutmeg Mannikin trypanosome has pellicular striations (Figure 2) 
and is morphologically similar to members of a large clade of striated Trypanosoma sp. that 
include both T. avium and T. corvi of Old World birds (Baker 1976, Votýpka et al. 2004).  We 
used Mega 4 and a neighbor-joining analysis with available sequences in GenBank for avian 
trypanosomes to try to place ribosomal sequence from the Nutmeg Mannikin trypanosome in 
phylogenetic context with other avian trypanosomes.  The Nutmeg Mannikin parasite grouped 
most closely with sequences derived from T. corvi of Old World birds (Figure 4). 
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Discussion 
 

 The island of Kaua`i has played a central role in the study of introduced avian diseases in 
Hawai`i.  In his classic work, Warner (1968) demonstrated both transmission and high 
pathogenicity of avian malaria and pox virus by exposing caged Laysan Finch (Telespiza 
cantans), `Apapane, Kaua`i `Amakihi, and `Anianiau to mosquitoes in the lowlands near Lihue 
in the mid 1950’s.  High rates of transmission and high mortality from malaria led him to 
develop the idea that high elevation, mosquito-free refugia from pox and malaria on Kaua`i, 
Maui, and Hawai`i have played a major role in allowing many native species to persist into the 
20st century.  Recent models of the effects of temperature and rainfall on development and 
persistence of Culex quinquefasciatus (Ahumada et al. 2004, 2009), and the effects of global 
warming on this system (Benning et al. 2002) are in agreement about how precarious these 
refugia are as mean temperatures continue to climb in Hawai`i and elsewhere in the Pacific 
(Giambelluca et al. 2008). 
 Until relatively recently, the Alaka`i Plateau has been one of the last strongholds of 
diversity of native forest birds in the Hawaiian Islands.  With a relatively intact forest bird fauna 
as late as the 1960’s (Conant et al. 1998), it has experienced precipitous declines in number of 
species over the past 30 years.  The Kaua`i `Akialoa (Hemignathus ellisianus stejnegeri), Kaua`i 
Nukupu’u (Hemignathus lucidus hanapepe), `Ō’u (Psittirostra psittacea), Kāma`o (Myadestes 
myadestinus), and Kaua`i `Ō`ō (Moho braccatus) have not been seen in years, while ranges of 
many of the more common native species continue to contract to the upper parts of the plateau 
(Foster et al. 2004).  While two major hurricanes have played a critical role in these losses (van 
Riper and Scott 2001), the role of other limiting factors such as predation, competition, habitat 
degradation, and disease have not been as clear. 
 Results from this study show that there has been a dramatic and significant increase in 
prevalence of avian malaria both at the lower and upper ends of the plateau during the past 
decade, with overall prevalence of infection increasing threefold at Kawaikōī  Stream and tenfold 
at Halepa`akai Stream.  Much of this increase is likely a result of local transmission, since two 
sedentary native species, `Elepaio and Kaua`i `Amakihi, have experienced some of the largest 
increases in prevalence.  Curiously, prevalence has not changed significantly at Mōhihi Stream 
and remains at approximately 10%.  While our study was not designed to detect the specific 
factors responsible for the changes in prevalence at lower and upper portions of the plateau, it 
clearly shows that environmental conditions necessary to support transmission of malaria now 
exist throughout major portions of the Alaka`i Plateau.  
 Additional field work to determine the current distribution and abundance of Culex 
mosquitoes on the plateau and their larval habitat will be important for determining the factors 
responsible for the increases in malarial prevalence.  The relatively stable prevalence of malaria 
at Mōhihi Stream provides an important control site for evaluating this environmental change, 
and a well designed study that determines differences in available larval habitat for mosquitoes, 
adult mosquito distribution, and transmission dynamics of malaria at all three locations on the 
plateau may answer important questions as to why prevalence of malaria has not increased at 
Mōhihi Stream.  Important factors to consider are the relative role of feral ungulates and human 
activity and infrastructure in creating larval mosquito habitat on the plateau, and the significance 
of the deep stream canyons and extreme topography of the region in promoting movement of 
infective mosquitoes from lower elevations to the plateau.  
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 Discovery of avian trypanosomes in Nutmeg Mannikins was an unexpected finding from 
the study and adds a new vector-borne blood parasite to the Hawaiian Islands.  Detection of 
infected Mannikins by PCR in historic samples from the Alaka`i and detection of infections on 
the island of Hawai`i show that the parasite has been here for at least 10 years and is widespread.  
The limited screening we have done suggests that it has not made a jump to either native or other 
non-native species.  This is surprising, since avian trypanosomes are believed to have wide host 
ranges (Baker 1976).  Evidence to date from other parts of the world suggests that trypanosome 
infections have few measurable effects on their avian hosts, although pathogenicity has been 
documented under experimental conditions (Molyneux et al. 1983).  Since they are also 
transmitted by Culex mosquitoes, additional survey work and continued monitoring is 
recommended given the possibility that these parasites could interact with malaria and pox in 
unpredictable ways if they do become established in native birds.   
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Figure 1. Location of study sites on the Alaka`i Plateau, Kaua`i.   
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 Figure 2. Extracellular trypomastigotes from a Nutmeg Mannikin (Lonchura puntulata) captured 
at Halepa`akai Stream.  Note characteristic kinetoplast (K) and undulating membrane (arrows). 
Striated pellicle (S) that is characteristic of both Trypanosoma avium and T. corvi is evident in 
the distorted trypomastigote in A. 
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Figure 3. Agarose gel of trypanosome PCR products generated with primers 762/S-763 and S-
714/S-823 that amplify a 1160 bp product from the small subunit rRNA of Trypanosoma sp.  
Note the slightly smaller product size in Lanes 6-8 (*).  The product in Lane 6 was cloned and 
sequenced and did not match known ribosomal sequence from avian trypanosomes in Genbank. 
 
Lane 1 = size markers (100-1000 bp in 100 bp increments, plus 1500 bp marker) 
Lane 2 = Smear positive Samoan Starling (Aplonis atrifusca) 
Lane 3 = Smear positive Samoan Starling 
Lane 4 = Smear positive Lesser Shrikebill (Clytorhynchus vitiensis) 
Lane 5 = Kaua`i Nutmeg Mannikin (Lonchura punctulata) 
Lanes 6-8 = Puaiohi (Myadestes palmeri) 
Lanes 9-10 = Kaua`i Nutmeg Mannikins 
Lane 11 = Positive Control (Culture Positive Nutmeg Mannikin) 
Lane 12 = Negative control 
Lane 13 = size markers (100-1000 bp in 100 bp increments, plus 1500 bp marker) 
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Figure 4. Neighbor-joining tree inferred from 18S rRNA gene sequences.  Sequences were aligned by CLUSTAL alignment explorer 
in MEGA version 4 using default settings and the tree was generated by MEGA.  Numbers above branches indicate bootstrap support 
(higher than 50%) after 1000 replicates.  The tree was rooted using a species of fish trypanosome, Trypanosoma siniperca, as an 
outgroup.  Available rRNA sequence data on avian trypanosomes in GenBank is limited to T. avium, T. corvi, and T. bennetti.  The 
trypanosome isolated from Nutmeg Mannikins in Hawai`i (Hawai`i Numa), as well as trypanosomes from the South Pacific (Fiji and 
AS 8877) fall within the T. corvi clade. 
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Table 1.  Historic and Recent Banding Dates and Locations. 
 

Location 
Time 

Period Dates 
Diagnostic 
Samples 

Kawaikōī  Stream (Pihea Alaka`i 
Swamp Trail) Historic 3 Aug 1994- 9 Aug 1994 161 
(PAS)  2 Feb 1995 – 8 Apr 1995 95 
  7 Aug 1995 - 29 Aug 1995 141 
  07 Mar 1996 - 13 Mar 1996 65 

  Total: 462 
    
Mōhihi Stream (Puaiohi Field 
Camp) Historic 6 Dec 1995 - 12 Dec 1995 82 
(PFC)  17 Apr 1996 - 22 Apr 1996 59 
  12 Jun 1996 1 
  23 Oct 1996 - 28 Oct 1996 57 
  6 Dec 1997 - 11 Dec 1997 40 

  Total: 239 
    

Halepaakai Stream (Sincock's 
Bog) Historic 20 Oct 1994 - 25 Oct 1994 100 
(HPK)  Total: 100 
        
Kawaikōī  Stream (Pihea Alaka`i 
Swamp Trail) Recent 29 Sep 2007 - 1 Nov 2007 70 
(PAS)  2 Oct 2008 - 3 Oct 2008 9 

  Total: 79 
    
Mōhihi Stream (Puaiohi Field 
Camp) Recent 15 Sep 2007 - 22 Sep 2007 72 
(PFC)  Total: 72 

    
Halepaakai Stream (Sincock's 
Bog) Recent 18 Apr 2007 - 19 Apr 2007 2 
(HPK)  2 May 2007 - 19 May 2007 16 
  6 Jun 2007 - 19 Jun 2007 7 
  6 Jul 2007 - 11 Jul 2007 10 
  1 Aug 2007 - 6 Sep 2007 83 
  13 Feb 2008 - 14 Feb 2008 8 
  14 Mar 2008 - 15 Mar 2008 4 
  16 Apr 2008 - 27 Apr 2008 5 
  16 May 2008 - 28 May 2008 8 
  2 Jun 2008 - 14 Jun 2008 7 
  11 Jul 2008 - 16 Jul 2008 28 
    20 Mar 2009 - 14 Jul 2009 54 

  Total: 232 
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Table 2.  Diagnostic criteria that were used for classifying birds as positive for malaria when one 
or more diagnostic tests were missing.  We used only those samples that had DNA for PCR or 
plasma for serology, since blood smears alone are not sufficient for determining accurate 
measures of prevalence.  When blood smears were available, they were screened and used to 
verify results that were positive by serology or PCR. 
  

IF: THEN: 
COMMENT 

SMEAR PCR SEROLOGY Infection Status 

Positive Positive Positive Positive Infection status confirmed by all 
diagnostic tests 

Positive Positive Negative Positive Smear-positive sufficient to confirm 
infection 

Positive Negative Positive Positive Smear-positive sufficient to confirm 
infection 

Positive Negative Negative Positive Smear-positive sufficient to confirm 
infection 

Negative Positive Positive Positive 

Subpatent infections: circulating 
blood parasites rare for detection 
using light microscopy but sufficient 
DNA for PCR and antibody for 
serological diagnoses 

Negative Negative Positive Positive 

In cases of chronic low level 
infections: antibody present but 
parasitemia below PCR detection 
level (Jarvi et al. 2002) 

Negative Positive Negative Positive 

In early acute infections: circulating 
blood parasites present before 
antibody development (Atkinson et 
al. 2001b) 
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Table 3.  Overall changes in prevalence of avian malaria in native and non-native species on the 
Alaka`i Plateau between 1997 and 2007. NC = No captures. 
 
 

Species Historic (1994-1997) Recent (2007-2009) 
Native % Prevalence % Prevalence 
`Akeke`e (Loxops caeruleirostris) 4.5 (1/22) 0.0 (0/3) 
`Akikiki (Oreomystis bairdi) 0.0 (0/10) 40.0 (2/5) 
`Anianiau (Hemignathus parvus) 2.4 (2/83) 9.4 (3/32) 
`Apapane (Himatione sanguinea) 8.5 (11/130) 18.9 (10/53) 
`Elepaio (Chasiempis sandwichensis) 16.5 (15/91) 29.0 (18/62) 
Kaua`i `Amakihi (Hemignathus kauaiensis) 13.8 (28/203) 28.0 (7/25) 
Puaiohi (Myadestes palmeri) 14.3 (1/7) 19.6 (11/56) 
I`iwi (Vestiaria coccinea) 2.1 (1/47) 0.0 (0/21) 
Native Prevalence 9.9 (59/595) 19.8 (49/259) 
     
Non-Native     
House Finch (Carpodacus mexicanus) 12.5 (1/8) 100.0 (4/4) 
Japanese White Eye (Zosterops japonicus) 9.2 (17/185) 20.5 (8/39) 
Melodious Laughing Thrush (Garrulax canorus) 0.0 (0/3) 0.0 (0/2) 
Northern Cardinal (Cardinalis cardinalis) 0.0 (0/2) 0.0 (0/1) 
Nutmeg Mannikin (Lonchura punctulata) 0.0 (0/6) 21.7 (5/23) 
Chestnut Mannikin (Lonchura malacca) NC NC 33.3 (2/6) 
White-Rumped Shama (Copsychus malabaricus) 0.0 (0/2) 0.0 (0/1) 
Non-Native Prevalence 8.7 (18/206) 25.0 (19/84) 
     
Overall Prevalence (All Species) 9.6 (77/801) 19.8 (68/343) 
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 Table 4.  Changes in prevalence of avian malaria in native and non-native species at Kawaikōī  
Stream on the Alaka`i Plateau between 1997 and 2007. NC = No Captures 
 
 

Species Historic (1994-1997) Recent (2007-2009) 
Native % Prevalence % Prevalence 
`Akeke`e (Loxops caeruleirostris) 6.3 (1/16) 0.0 (0/1) 
`Akikiki (Oreomystis bairdi) 0.0 (0/2) NC NC 
`Anianiau (Hemignathus parvus) 2.8 (1/36) 0.0 (0/5) 
`Apapane (Himatione sanguinea) 10.6 (7/66) 23.1 (3/13) 
`Elepaio (Chasiempis sandwichensis) 25.7 (9/35) 53.8 (7/13) 
Kaua`i `Amakihi (Hemignathus kauaiensis) 13.2 (21/159) 27.3 (3/11) 
Puaiohi (Myadestes palmeri) NC NC 100.0 (2/2) 
I`iwi (Vestiaria coccinea) 3.4 (1/29) 0.0 (0/1) 
Native Prevalence 11.7 (40/343) 32.6 (15/46) 
     
Non-Native % Prevalence % Prevalence 
House Finch (Carpodacus mexicanus) 0.0 (0/6) 100.0 (4/4) 
Japanese White Eye (Zosterops japonicus) 11.3 (12/106) 17.4 (4/23) 
Melodious Laughing Thrush (Garrulax canorus) 0.0 (0/1) 0.0 (0/1) 
Northern Cardinal (Cardinalis cardinalis) NC NC 0.0 (0/1) 
Nutmeg Mannikin (Lonchura punctulata) 0.0 (0/4) 0.0 (0/2) 
Chestnut Mannikin (Lonchura malacca) NC NC NC NC 
White-Rumped Shama (Copsychus malabaricus) 0.0 (0/1) 0.0 (0/1) 
Non-Native Prevalence 10.2 (12/118) 25.0 (8/32) 
     
Site Prevalence (All Species) 11.3 (52/461) 29.5 (23/78) 
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 Table 5.  Changes in prevalence of avian malaria in native and non-native species at Mōhihi 
Stream on the Alaka`i Plateau between 1997 and 2007. NC = No Captures 
 

Species Historic (1994-1997) Recent (2007-2009) 
Native  % Prevalence % Prevalence 
`Akeke`e (Loxops caeruleirostris) 0.0 (0/2) NC NC 
`Akikiki (Oreomystis bairdi) 0.0 (0/7) 0.0 (0/2) 
`Anianiau (Hemignathus parvus) 3.0 (1/33) 0.0 (0/10) 
`Apapane (Himatione sanguinea) 5.7 (2/35) 16.7 (2/12) 
`Elepaio (Chasiempis sandwichensis) 14.6 (6/41) 20.0 (3/15) 
Kaua`i `Amakihi (Hemignathus kauaiensis) 19.4 (7/36) 22.2 (2/9) 
Puaiohi (Myadestes palmeri) 14.3 (1/7) 0.0 (0/1) 
I`iwi (Vestiaria coccinea) 0.0 (0/14) 0.0 (0/19) 
Native Prevalence 9.7 (17/175) 10.3 (7/68) 
     
Non-Native % Prevalence % Prevalence 
House Finch (Carpodacus mexicanus) 50.0 (1/2) NC NC 
Japanese White Eye (Zosterops japonicus) 8.9 (5/56) 25.0 (1/4) 
Melodious Laughing Thrush (Garrulax canorus) 0.0 (0/2) NC NC 
Northern Cardinal (Cardinalis cardinalis) 0.0 (0/1) NC NC 
Nutmeg Mannikin (Lonchura punctulata) 0.0 (0/2) NC NC 
Chestnut Mannikin (Lonchura malacca) NC NC NC NC 
White-Rumped Shama (Copsychus malabaricus) 0.0 (0/1) NC NC 
Non-Native Prevalence 9.4 (6/64) 25.0 (1/4) 
     
Site Prevalence (All Species) 9.6 (23/239) 11.1 (8/72) 
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Table 6.  Changes in prevalence of avian malaria in native and non-native species at Sincock’s 
Bog/Halepa`akai Stream (HPK) on the Alaka`i Plateau between 1997 and 2007. NC = No 
Captures 
 
 

Species Historic (1994-1997) Recent (2007-2009) 
Native % Prevalence % Prevalence 
`Akeke`e (Loxops caeruleirostris) 0.0 (0/4) 0.0 (0/2) 
`Akikiki (Oreomystis bairdi) 0.0 (0/1) 66.7 (2/3) 
`Anianiau (Hemignathus parvus) 0.0 (0/14) 17.6 (3/17) 
`Apapane (Himatione sanguinea) 6.9 (2/29) 17.9 (5/28) 
`Elepaio (Chasiempis sandwichensis) 0.0 (0/15) 23.5 (8/34) 
Kaua`i `Amakihi (Hemignathus kauaiensis) 0.0 (0/8) 40.0 (2/5) 
Puaiohi (Myadestes palmeri) NC NC 17.0 (9/53) 
I`iwi (Vestiaria coccinea) 0.0 (0/4) 0.0 (0/1) 
Native Prevalence 2.7 (2/75) 20.3 (31/145) 
     
Non-Native         
House Finch (Carpodacus mexicanus) NC NC NC NC 
Japanese White Eye (Zosterops japonicus) 0.0 (0/25) 25.0 (3/12) 
Melodious Laughing Thrush (Garrulax canorus) NC NC 0.0 (0/1) 
Northern Cardinal (Cardinalis cardinalis) 0.0 (0/1) NC NC 
Nutmeg Mannikin (Lonchura punctulata) NC NC 23.8 (5/21) 
Chestnut Mannikin (Lonchura malacca) NC NC 33.3 (2/6) 
White-Rumped Shama (Copsychus 
malabaricus) NC NC NC NC 
Non-Native Prevalence 0.0 (0/24) 25.0 (10/40) 
     
Site Prevalence (All Species) 2.0 (2/99) 22.2 (41/185) 
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 Table 7. Prevalence of avian trypanosomes by blood culture.  All samples were collected at 
Halepa`akai Stream. 
 
  

Species Recent (2007-2009) 
Native % Prevalence 
`Anianiau (Hemignathus parvus) 0 (0/3) 
`Apapane (Himatione sanguinea) 0 (0/1) 
`Elepaio (Chasiempis sandwichensis) 0 (0/8) 
Native Prevalence 0 (0/12) 
   
Non-Native     
Japanese White Eye (Zosterops japonicus) 0 (0/13) 
Melodious Laughing Thrush (Garrulax canorus) 0 (0/1) 
Nutmeg Mannikin (Lonchura punctulata) 50 (7/14) 
Non-Native Prevalence 25% (7/28) 
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Table 8.  Prevalence of avian trypanosomes in historic and recent blood samples by PCR.  All 
positive Nutmeg Mannikins were captured at Halepa`akai Stream.  The single historic Nutmeg 
Mannikin that was positive by PCR was captured at Kawaikōī  Stream.  ND = No Data 
 
 

Species 
Historic 

(1994-1997) 
Recent (2007-

2009) 

Native 
% 

Prevalence % Prevalence 
`Anianiau (Hemignathus parvus) ND ND 0 (0/9) 
`Apapane (Himatione sanguinea) ND ND 0 (0/22) 
`Elepaio (Chasiempis sandwichensis) ND ND 0 (0/32) 
I`iwi (Vestiaria coccinea) ND ND 0 (0/12) 
`Akeke`e (Loxops caeruleirostris) 0 (0/19) 0 (0/3) 
`Akikiki (Oromystis bairdi) 0 (0/8) 0 (0/7) 
Kaua`i `Amakihi (Hemignathus virens) ND ND 0 (0/22) 
Puaiohi (Myadestes palmeri) 0 (0/7) 0 (0/60) 
Native Prevalence 0 (0/34) 0 (0/167) 
     
Non-Native         
Japanese White Eye (Zosterops japonicus) ND ND 0 (0/7) 
Melodious Laughing Thrush (Garrulax canorus) 0 (0/3) 0 (0/2) 
Nutmeg Mannikin (Lonchura punctulata) 16.7 (1/6) 37.5 (9/24) 
Chestnut Mannikin (Lonchura malacca) ND ND 0 (0/6) 
House Finch (Carpodacus mexicanus) 0 (0/6) 0 (0/3) 
Northern Cardinal (Cardinalis cardinalis) 0 (0/2) 0 (0/2) 
White Rumped Shama (Copsychus malabaricus) 0 (0/2) 0 (0/4) 
Non-Native Prevalence 5.3 (1/19) 18.8 (9/48) 
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