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Abstract. The introduction of nonnative species and reductions in native biodiversity have
resulted in substantial changes in vector and host communities globally, but the consequences
for pathogen transmission are poorly understood. In lowland Hawaii, bird communities are
composed of primarily introduced species, with scattered populations of abundant native spe-
cies. We examined the influence of avian host community composition, specifically the role of
native and introduced species, as well as host diversity, on the prevalence of avian malaria
(Plasmodium relictum) in the southern house mosquito (Culex quinquefasciatus). We also
explored the reciprocal effect of malaria transmission on native host populations and demog-
raphy. Avian malaria infection prevalence in mosquitoes increased with the density and relative
abundance of native birds, as well as host community competence, but was uncorrelated with
host diversity. Avian malaria transmission was estimated to reduce population growth rates of
Hawai‘i ʻamakihi (Chlorodrepanis virens) by 7–14%, but mortality from malaria could not
explain gaps in this species’ distribution at our sites. Our results suggest that, in Hawaii, native
host species increase pathogen transmission to mosquitoes, but introduced species can also
support malaria transmission alone. The increase in pathogen transmission with native bird
abundance leads to additional disease mortality in native birds, further increasing disease
impacts in an ecological feedback cycle. In addition, vector abundance was higher at sites with-
out native birds and this overwhelmed the effects of host community composition on transmis-
sion such that infected mosquito abundance was highest at sites without native birds. Higher
disease risk at these sites due to higher vector abundance could inhibit recolonization and
recovery of native species to these areas. More broadly, this work shows how differences in host
competence for a pathogen among native and introduced taxa can influence transmission and
highlights the need to examine this question in other systems to determine the generality of this
result.

Key words: community composition; demography; dilution effect; distribution; Hawaiian honeycreeper;
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INTRODUCTION

Changes in the abundance and distribution of native
biodiversity and the widespread introduction of nonna-
tive species have resulted in substantial changes in com-
munity composition throughout most habitats on earth
(Dornelas et al. 2014, Newbold et al. 2015). How these
widespread changes in communities will affect disease is
a key unanswered question for the 21st century (Young
et al. 2016). Host community composition plays a fun-
damental role in regulating pathogen transmission in
multi-host disease systems because species vary in

contact rates, competence, and abundance (LoGiudice
et al. 2003, Kilpatrick et al. 2006a, Hoyt et al. 2018).
However, our understanding of the role of introduced
and native species in pathogen transmission is still sur-
prisingly limited (Young et al. 2016). Detailed studies of
transmission in host communities that examine the roles
of native and introduced species are needed to increase
our understanding of how species turnover will impact
disease ecology.
Species introductions can influence multi-host vector-

borne pathogen transmission by several mechanisms
that depend on how introductions change host and vec-
tor communities in abundance, competence, contact
rates, and other traits (Keesing et al. 2006, Young et al.
2016, Kilpatrick et al. 2017). One hypothesis suggests
that life-history traits that favor rapid growth and repro-
duction might reduce allocations to immune function
and result in species that are both more likely to become
invasive and have higher host competence, or capacity to
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maintain and transmit pathogens (van Kleunen et al.
2010, Young et al. 2016). Empirical evidence for this
hypothesis is limited and includes mixed results (John-
son et al. 2009, Ostfeld et al. 2014). A second hypothesis
suggests that native species that have been isolated on
islands with depauperate parasite communities will
evolve lower immune function (Wikelski et al. 2004).
These species are hypothesized to have higher infection
intensity resulting in higher host competence for intro-
duced pathogens compared to introduced species that
have coevolved with the introduced pathogen (van Riper
et al. 1986, Wikelski et al. 2004, Matson 2006). Empiri-
cal evidence for this hypothesis has also been mixed
(Matson 2006, Beadell et al. 2007). Finally, the dilution
effect hypothesis, which suggests that disease risk is
reduced by increases in species richness, predicts either a
decrease or increase in transmission depending on the
net gain or loss of species following species introductions
(Sax et al. 2002, Keesing et al. 2006, Vil�a et al. 2011).
Few studies have been carried out that measure patho-
gen transmission intensity and host community compe-
tence in communities with native and introduced host
communities (Young et al. 2016). Even fewer account
for factors that co-vary with changes in host community
composition that is often associated with anthropogenic
habitat alteration such as increased vector abundance
(Andreadis et al. 2004, Kilpatrick et al. 2017, Kovach
and Kilpatrick 2018, McClure et al. 2018). Here we
examine the role of native and introduced birds in the
transmission of avian malaria in Hawaii.
Avian malaria is caused by multi-host mosquito-borne

protozoan parasites in the genera Plasmodium (Bennett
et al. 1993, Valkiunas 2005). Avian malaria parasites are
present on most continents and many islands, including
the main Hawaiian Islands, and commonly infect both
introduced and native bird species (Bennett et al. 1993,
Valkiunas 2005, Howe et al. 2012, Ventim et al. 2012,
Clark et al. 2014). Plasmodium relictum, the causative
agent of avian malaria in Hawaii, was likely introduced
in the 20th century and is transmitted by the introduced
southern house mosquito, Culex quinquefasciatus (van
Riper et al. 1986, LaPointe et al. 2005). Transmission of
avian malaria and avian pox (Avipoxvirus spp.; Van
Riper et al. 2002) caused the extirpation of most native
bird populations from areas of Hawaii below 1,200 m,
in conjunction with habitat loss and introduced preda-
tors (Warner 1968, Atkinson 1977, Olson and James
1982, Scott et al. 1986, van Riper et al. 1986, Atkinson
et al. 1995). Avian malaria transmission continues to
contribute to rapid declines of multiple bird species as
climates warm (Atkinson et al. 2014, Paxton et al. 2016).
As native bird species disappeared from lowland and
mid-elevation forests, more than 150 exotic bird species
were deliberately introduced to Hawaii, resulting in at
least 54 nonnative bird species becoming established on
one or more of the main Hawaiian islands (Long 1981,
Moulton and Pimm 1983, Pyle 2002). Most bird com-
munities in low elevation forests in Hawaii are now

composed of entirely introduced species. However, there
are two species of endemic Hawaiian honeycreeper
(Fringillidae; subfamily Drepanidinae), the Hawai‘i
ʻamakihi, Chlorodrepanis virens, and ʻapapane, Hima-
tione sanguinea, that persist at moderate abundance in
lowland forest fragments (Scott et al. 1986, Woodworth
et al. 2005, Spiegel et al. 2006). This landscape of
forested areas with avian communities composed of
either entirely introduced bird species or mixed native
and introduced bird species provides an opportunity to
examine the role of native and introduced species in the
transmission of an important vector-borne pathogen,
avian malaria.
In lowland Hawaii, variation in host community com-

position, particularly native and exotic bird species
abundance, likely influences the transmission of P. relic-
tum. Native Hawaiian birds appear to be more compe-
tent hosts for avian malaria than introduced species.
Parasitemia, the concentration of the parasite in blood,
increases avian malaria host infectivity to mosquitoes in
P. relictum, and contributes to host competence
(Pigeault et al. 2015). Parasitemia is very high in Hawai-
ian honeycreepers during the acute phase of infection
(i.e., 3–38% of red blood cells are infected in the 30 d
post-infection in ʻamakihi and ʻapapane; Atkinson et al.
2000, Yorinks and Atkinson 2000), whereas parasitemias
in introduced bird species are usually much lower and
are thought to be transient in the introduced species that
have been studied (van Riper et al. 1986, Atkinson et al.
1995, Samuel et al. 2011). Native birds that survive the
acute phase are chronically infected for life and likely
continue to infect a fraction of biting mosquitoes
(Atkinson et al. 2001). This suggests that malaria trans-
mission from hosts to mosquitoes should increase with
higher native bird density, whereas in communities com-
posed solely of introduced birds host competence might
be too low to sustain transmission (van Riper et al.
1986). However, anthropogenic land use that facilitates
invasive species also increases the abundance of some
mosquito species (Andreadis et al. 2004, Gottdenker
et al. 2014), including Cx. quinquefasciatus in Hawaii
(McClure et al. 2018), and with increased mosquito
abundance, transmission may be sustained or even
higher in fully exotic avian communities.
We examined drivers of malaria infection in mosqui-

toes and birds across a gradient of native and introduced
host species composition in lowland Hawaii. We tested
the hypothesis that avian malaria prevalence in mosqui-
toes increases with host community competence, which
increases with the density of native birds. We also exam-
ined the effect of spatial variation in malaria transmis-
sion on the population growth rate of the most
abundant native bird in lowland Hawaii, the Hawai‘i
ʻamakihi, using a demographic model. We hypothesized
that avian malaria in lowland forests limits the distribu-
tion of Hawai‘i ʻamakihi (which suffers mortality from
acute and chronic infections; Kilpatrick 2006, Atkinson
et al. 2013), such that ʻamakihi density would decrease
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with the abundance of malaria-infected mosquitoes, and
ʻamakihi would be absent in areas with the highest
malaria transmission.

MATERIAL AND METHODS

Study sites

We sampled birds and mosquitoes at eight forested
sites ranging from 18 to 349 m in elevation on the
Island of Hawaiʻi between May and August in each of
three years, 2011–2013 (Appendix S1: Fig. S1). We
selected sites so that four had appreciable numbers of
native birds and four did not. Sites had similar vegeta-
tive communities that were dominated by native
ʻ�ohiʻa (Metrosideros polymorpha) trees that provide
food and nesting sites for many native and nonnative
birds (Baldwin 1953, Kern and van Riper 1984). The
understory was composed of shrubs, small trees, and
ferns, including the native fern, uluhe (Dicranopteris lin-
earis), and invasive shrubs such as strawberry guava
(Psidium cattleianum), melastoma (Melastoma septemn-
ervium), and Coster’s curse (Clidemia hirta) (Zimmer-
man et al. 2008). Average monthly temperatures ranged
from 21.9°C to 24.6°C, and annual cumulative rainfall
ranged from 2,363 to 3,876 mm across the study area
(Giambelluca et al. 2013). Cx. quinquefasciatus are pre-
sent and active year-round, and avian malaria transmis-
sion is thought to exhibit somewhat limited seasonality
in low elevation forests where it has been previously
studied (Ahumada et al. 2004, Woodworth et al. 2005,
Samuel et al. 2011).

Mosquito capture

To estimate relative mosquito abundance and avian
malaria infection prevalence in mosquitoes, we collected
mosquitoes using modified CDC Miniature Light Traps
and CDC gravid traps (John W. Hock, Gainesville, Flor-
ida, USA), which target adult female host-seeking and
egg-laying mosquitoes, respectively. Light traps were bai-
ted with ~ 1 kg of dry ice (CO2) and gravid traps were
baited with hay-infused water. Gravid traps attract spe-
cies such as Cx. quinquefasciatus that utilize organic-rich
water for oviposition (egg-laying) sites (Reiter 1983,
Bentley and Day 1989). One CO2 and one gravid trap
were set at sunset at each of four to six sampling stations
at each site every three to four weeks. Trapped mosqui-
toes were killed by placing them in a �80°C freezer and
then sorted by species before being stored in a �80°C
freezer for later analysis. We quantified the abundance
of host-seeking Cx. quinquefasciatus using the number
of mosquitoes collected per CO2-baited trap-night. We
estimated malaria infection prevalence in mosquitoes by
testing individual whole-body mosquitoes or pools of
two to five mosquitoes caught in either gravid and CO2

traps (see below for details). We tested a subset of mos-
quitoes from each site (10–20% of trapped mosquitoes)

until we obtained an estimate of prevalence with a coeffi-
cient of variation of approximately 0.19–0.36.

Bird censuses and bird capture

We conducted unlimited-distance point counts and
used distance sampling to estimate bird abundance
(Thomas et al. 2010). Surveys were conducted at five or
six fixed sampling points per site two or three times
between May and August in 2012 and 2013, between the
hours of 05:00 am and 11:00 am. Points were >150m
from one another and were established randomly within
each site. We estimated densities of each bird species for
which there were >50 detections using the generalized
hierarchical distance-sampling model fitting functions in
package unmarked (Fiske and Chandler 2011) in pro-
gram R (version 3.31). These models incorporate abun-
dance and detection covariates into distance sampling
models and accommodate replicated distance sampling
observations (e.g., multiple visits per season; Fiske and
Chandler 2011). We included forest canopy structure
(open or closed) and site as a covariate to the detection
and abundance parameters, respectively. We fit half-nor-
mal, hazard, and exponential detection functions for
each species separately, added covariates to the model
with the best-supported detection function, and selected
the best-fitting model using Akaike’s information crite-
rion (AIC; Akaike 1973). We estimated site-level host
diversity using the Shannon diversity index and Chao’s
richness estimator, a non-parametric method for esti-
mating species richness that accounts for imperfect
detection by using information on rare species to adjust
for undetected species (Chao 1984, Oksanen 2013).
To examine malaria infection prevalence in birds, we

captured birds at six of the eight sites using 12 m long
38-mm mesh mist nets from May to August in 2012 and
2013, and at a seventh site in February 2014. We aged
and sexed birds using morphometric and plumage char-
acteristics (Pyle 1997, Woodworth et al. 2005) and
banded them with an aluminum U.S. Fish and Wildlife
leg band for individual identification. We drew approxi-
mately 0.1ml of blood by brachial venipuncture. Whole
blood was spun in the field in a centrifuge to separate
red blood cells from plasma. Red blood cells were placed
in lysis buffer (0.1 mol/L Tris, 0.1 mol/L EDTA,
0.01 mol/L NaCl, and 0.5% SDS, pH 8) and stored in a
�80°C freezer. Work was performed under BBL banding
permit 23600 and the University of California Santa
Cruz IACUC protocol kilpm1112.

Laboratory methods

We extracted DNA from bird blood samples and mos-
quito pools using Qiagen DNeasy Blood and Tissue Kits
(Qiagen, Hilden, Germany) and the Qiagen tissue
extraction protocol with an overnight incubation period.
We ground one to five whole-bodied Cx. quinquefascia-
tus prior to incubation using a sterilized 7-cm
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polypropylene pestle or by homogenizing the mosqui-
toes using steel balls and a Bullet Blender Homogenizer
bead mill (Next Advance Lab Instruments). We screened
samples for P. relictum using primers that target a 160-
bp non-coding region of mitochondrial ribosomal RNA
of avian haemosporidians (213F/372R; Beadell and
Fleischer 2005). PCR bands were visualized using gel
electrophoresis of ethidium bromide- or GelRed- stained
agarose gels, and we included positive and negative con-
trols for the extraction and PCR reactions. We estimated
prevalence of avian malaria in groups of pooled samples
of one to five mosquitoes by maximum likelihood (Wal-
ter et al. 1980).

Statistical analysis

To examine the influence of avian host community
composition on avian malaria transmission, we analyzed
infection prevalence in pooled samples of Cx. quinque-
fasciatus using generalized linear mixed models (package
lme4 in R v3.31; Bates et al. 2015, R Core Team 2017)
with a binomial distribution, a logit link, and used log
(pool size) as an offset. We examined nine predictors by
fitting mixed effects models (with site as a random effect
to account for repeated sampling over time) with a single
fixed effect in each, to avoid overfitting. Predictors
included the density or relative abundance of native
birds, estimated bird species richness or Shannon diver-
sity, community competence, Cx. quinquefasciatus abun-
dance, Hawai‘i ʻamakihi density or relative abundance,
and the density and relative abundance of the most com-
mon introduced species, the Japanese White-eye (Zos-
terops japonicus). We examined both bird density and
relative abundance as predictors of mosquito infection
prevalence because density is more relevant if mosqui-
toes search for hosts by randomly moving through space
and choosing to bite (or not bite) hosts as they encoun-
ter them, and relative abundance is more relevant if mos-
quitoes are able to detect multiple hosts from further
away and actively seek out species they prefer (Takken
and Verhulst 2013). There was little evidence that infec-
tion prevalence in mosquitoes varied significantly
among sampling years or with date within a year (all
P > 0.08 for year, date and date2 terms, in additive and
interactive models with other fixed effects, Appendix S1:
Fig. S2), so we did not include fixed effects for these pre-
dictors, but results including these temporal predictors
were qualitatively identical. We combined mosquito
infection prevalence data from gravid and CO2 traps
because trap type was not statistically significant in any
models (all P > 0.06) and results were qualitatively simi-
lar when including trap type. We evaluated the relative
support of infection prevalence models using AIC
(Akaike, 1973).
We estimated avian host community competence using

published parasitemia data from >2,000 individuals of
five native and five introduced bird species (van Riper
et al. 1986). Species-specific host competence was

estimated as the average monthly parasitemias for each
reported species found at our sites (van Riper et al.
1986), for all months where parasitemias were non-zero.
Ideally, we would have estimated host competence for
each species as the integral of the parasitemia over time
from experimental infection studies, translated into
infectiousness to biting mosquitoes (Kilpatrick et al.
2007). However, avian malaria experimental infection
studies are lacking for most introduced species and no
study has quantified vector competence across a range
of host parasitemia. Nonetheless, the large sample sizes
obtained by van Riper et al. provide a relatively robust
estimate of the parasitemias of species captured in the
field during that study, and qualitatively match the con-
trast in parasitemia between native and introduced birds
observed in the species that have been experimentally
infected (van Riper et al. 1986, Atkinson et al. 1995). We
calculated site-level host community competence by
summing the product of site-and species-specific relative
abundance estimates and species-specific competence
estimates, divided by the total site-level bird abundance.
We took the mean parasitemia of the five introduced
bird species present at our study sites as the estimated
competence of the introduced bird species that were not
sampled in van Riper et al. (van Riper et al. 1986). The
elevated uncertainty in estimates of host competence
should reduce the power to detect a correlation with
mosquito infection prevalence, rather than increase it.
To explore differences in parasitemias in native and
introduced bird species, we analyzed untransformed and
log-transformed parasitemia data from van Riper et al.
(1986), separately, using general linear mixed models,
with native or introduced origin as a fixed effect, and
month of sampling and species as random effects.
To estimate disease risk to the avian community, we

calculated the abundance of infected mosquitoes by mul-
tiplying mosquito infection prevalence by host-seeking
mosquito abundance from CO2 traps. Abundance of
infected mosquitoes, sometimes referred to as entomo-
logical risk or vector index, is often strongly correlated
with host incidence over space (Kilpatrick et al. 2006b,
Kilpatrick and Pape 2013). We calculated a single site-
level abundance of infected mosquitoes (across all years)
as the average of annual estimates of abundance of
infected mosquitoes, weighted by the inverse of the
squared standard error of the estimate. We used simple
linear correlations to examine relationships between
mosquito abundance, the abundance of infected mosqui-
toes, and Hawai‘i ʻamakihi density. We analyzed malaria
infection prevalence in Hawaiʻi ʻamakihi and Japanese
White-eye separately using generalized linear mixed
models with a binomial distribution and a logit link,
with abundance of infected mosquitoes as a fixed effect
and site as a random effect, to examine the relationship
between the abundance of infected mosquitoes and
malaria infection prevalence in these species. We ana-
lyzed avian malaria infection prevalence in Hawaiʻi
ʻamakihi and Japanese White-eye using generalized
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linear mixed models with a binomial distribution and a
logit link, with species as a fixed effect and site as a ran-
dom effect, to explore differences in malaria infection
prevalence between these two species.
To examine if spatial variation in malaria transmission

impacts the distribution of native birds in lowland
Hawaii, we estimated site-specific per capita population
growth rates for ʻamakihi that incorporated malaria-in-
duced mortality and site-specific ʻamakihi infection
prevalence rates. We calculated per capita population
growth rate (Caswell 2001, Kilpatrick 2006) at each site
using

k ¼ SA 1�Ilð Þ þ FSJ 1�Ilð Þ (1)

here SA and SJ are adult and juvenile disease-indepen-
dent annual survival rates, respectively (0.75 � 0.29 and
0.35 � 0.46 [mean � SE], estimated for a site ~36 km
away in Hawaii Volcanoes National Park; Kilpatrick
2006). This adult survival rate is similar to an estimate
of annual population survival of lowland ʻamakihi, in
the absence of malaria mortality, using data collected at
three of our four sites where ʻamakihi were abundant
(0.73; Samuel et al. 2015). I is the annual force of infec-
tion, or per capita probability of becoming infected (see
equation 2), µ is the disease infection fatality ratio for
ʻamakihi from low elevation populations (Atkinson
et al. 2013), and F is the annual per capita fecundity
(number of females produced by each female,
1.56 � 0.11, which was unaffected by chronic malaria
infections; Kilpatrick 2006). We estimated the force of
infection, I, from measured malaria prevalence, p, after
correcting for acute mortality due to malaria, l (Komar
et al. 2005)

I ¼ p=ð1� lþ plð ÞÞ (2)

This expression is accurate as long as acute malaria
mortality is <100%; laboratory infection studies suggest
that l for lowland ʻamakihi is 0.17 (Atkinson et al.
2013). We estimated uncertainty in k using a Taylor ser-
ies expansion approximation (Kilpatrick 2006).

RESULTS

The bird censuses indicated that at four of the sites,
native birds, primarily Hawai‘i ʻamakihi and ʻapapane,
made up 21–46% of the avian community, whereas the
other four sites were composed of almost entirely intro-
duced species (Fig. 1). Japanese White-eye was the dom-
inant introduced species, making up 29–53% of all birds
across all eight study sites (Fig. 1). Other species
included introduced birds from Asia (e.g., Hwamei or
Melodious Laughing Thrush, Garrulax canorus and
Scaly-breasted Munia or Nutmeg Mannikin, Lonchura
punctulata), North America (e.g., Northern Cardinal,
Cardinalis cardinalis and House Finch, Haemorhous
mexicanus), South America (e.g., Yellow-billed Cardinal,

Paroaria capitata), and Africa (e.g., Yellow-fronted Can-
ary, Serinus mozambicus; see Appendix S1: Table S1 for
all bird species observed during point counts).
We caught 16,664 Cx. quinquefasciatus mosquitoes in

CO2 and gravid traps during 1,585 trap nights from
2011–2013, and screened 1,275 individual mosquitoes
(mean = 156.9 mosquitoes screened per site, SD = 61.9,
range = 92–288). Infected Cx. quinquefasciatus were
captured at all sites and mosquito infection prevalence
ranged eight-fold across sites (Fig. 2a, b).
Avian malaria infection prevalence in mosquitoes was

significantly correlated with four variables in univariate
analyses that were themselves correlated (Figs. 2a, b,3,
and Appendix S1: Fig. S3). Mosquito infection preva-
lence increased with the density (and relative abun-
dance) of native birds (Fig. 2a), increased with host
community competence (Fig. 3), decreased with mos-
quito abundance (Fig. 2b), and decreased with the rela-
tive abundance of Japanese White-eye (logit
(prevalence) = 0.85 � 7.5x white-eye relative abundance
slope SE = 2.62; P = 0.004), but not with white-eye
density (P = 0.57). The positive correlation with native
birds suggested that prevalence in Cx. quinquefasciatus
would be, on average, 69% lower if native birds were
not present at the four sites where they currently exist
in appreciable numbers (Fig. 2a). Host species diversity
was not significantly correlated with avian malaria
infection prevalence in mosquitoes or the abundance of
infected mosquitoes, regardless of whether diversity was
measured as estimated species richness or Shannon
diversity (Fig. 4). See Appendix S1: Table S2 for AIC
model selection results.
Hawaiʻi ʻamakihi density was negatively correlated

with both mosquito abundance (Fig. 2c) and the abun-
dance of infected mosquitoes (Fig. 2d). Infection preva-
lence in Hawai‘i ʻamakihi was significantly higher
than in Japanese White-eyes (ʻamakihi average across
sites � SE = 0.75 � 0.05, N = 73; Japanese White-
eyes = 0.20 � 0.02, N = 345; species coefficient: ʻamak-
ihi compared to White-eye = 2.48 � 0.32, N = 418,
P < 0.001). Infection prevalence in Hawai‘i ʻamakihi
and Japanese White-eyes increased with the abundance
of infected mosquitoes, but the relationship was not sig-
nificant for either species, possibly due to lower power
from the small sample size of sites with Hawai‘i ʻamakihi
(N = 4) or the small sample size of each species sampled
(Appendix S1: Fig. S4). The variation we observed in
malaria transmission was projected to reduce ʻamakihi
per capita population growth rate from 1.3 (�0.42) with
no malaria transmission to 1.19 (�0.79) � 1.1 (�0.94) as
malaria prevalence in ʻamakihi increased from 0.46
(�0.02, N = 13) to 0.85 (�0.005, N = 26) with estimated
yearly probability of infection of 0.4 (�0.05, N = 5) and
0.77 (�0.01, N = 13), respectively, based on prevalence
in young of the year birds). If the probability of infection
was 100% (i.e., all birds were infected with malaria in
their first year), ʻamakihi per capita population growth
rate would be 1.07.
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DISCUSSION

We found that mosquito infection prevalence
increased significantly with the density and relative
abundance of native birds, despite mosquito abundance
being two orders of magnitude lower at sites with native
birds (Appendix S1: Fig. S5). The positive correlation
with native bird abundance suggests that native Hawai-
ian birds increase pathogen transmission to mosquitoes
in lowland areas where they occur (Atkinson et al. 2005,
Atkinson and Samuel 2010, Samuel et al. 2011, Hobbe-
len et al. 2012), and that the abundance of nonnative
bird species overall, including individual species such as
Japanese White-eyes, decrease transmission in this sys-
tem (Dobson 2004, Samuel et al. 2011; Appendix S1:
Fig. S5). Three lines of evidence support this idea. First,
Hawai‘i ʻamakihi had high infection prevalence at our
sites (0.75 � 0.003 [mean � SE]) and in an earlier study
at some of the same sites (0.85; Woodworth et al. 2005,
Samuel et al. 2015), suggesting they are frequently fed
on by infected mosquitoes. Second, although published
experimental infection studies for many abundant exotic
birds in lowland Hawaii are lacking, native species
appear to be more competent hosts for avian malaria
than most introduced species (Appendix S1: Fig. S6).
These data do not support the hypothesis that invasive
species, which often have high reproductive capacity
(van Kleunen et al. 2010), also have higher host compe-
tence. Third, infection prevalence in mosquitoes was
negatively correlated with the relative abundance of
Japanese White-eyes. We found no support for the dilu-
tion effect hypothesis that suggests that disease risk
decreases with host diversity or species richness. Instead,

in our work, details of host community composition
(i.e., avian host identity, abundance, and competence)
and data on vector abundance were needed to under-
stand variation in malaria transmission to mosquitoes
and disease risk (the abundance of infected vectors),
respectively (Appendix S1: Fig. S5).
Counterintuitively, we found that mosquito infection

prevalence was negatively correlated with mosquito
abundance. This suggests that other factors that were
themselves negatively correlated with mosquito abun-
dance, including native host abundance and host compe-
tence, outweighed the positive effect of increasing
mosquito abundance on avian malaria transmission
expected from theory (MacDonald 1952). Other factors
likely also influence pathogen transmission at our sites,
such as mosquito survival and vector competence. In
addition, variation in the abundance of different intro-
duced bird species also likely influence transmission
because some introduced species appear to be more
infectious than others (Appendix S1: Fig. S6). Determin-
ing the precise role of each species in transmission will
require three types of studies: (1) experimental infections
of unstudied introduced species; (2) quantifying the rela-
tionship between host parasitemia and vector compe-
tence to translate parasitemia data into infectiousness;
and (3) documenting mosquito-feeding patterns in rela-
tion to host abundance.
We found that the abundance of infected mosquitoes

was negatively associated with Hawai‘i ʻamakihi den-
sity, but in contrast to our hypothesis, mortality from
malaria transmission alone could not explain the
absence of ʻamakihi from sites where they were not pre-
sent. Our calculations suggest that although increased
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malaria transmission reduces the per capita growth rate
of ʻamakihi, even if 100% of the population were
infected each year, the population growth rate would
still be above one. This suggests that additional factors
are necessary to explain the absence of ʻamakihi from
our sites where they were not present, including varia-
tion in other factors that affect the local geographic dis-
tribution of native Hawaiian birds, such as predation,
interspecific competition, or food resource availability
(Mountainspring and Scott 1985, Vanderwerf and
Smith 2002, Wolfe et al. 2017). Mosquito abundance at
our sites increased with developed land (McClure et al.
2018), and anthropogenic land use may have also

increased predators or degraded habitats for ʻamakihi.
Low elevation ʻamakihi populations on the Island of
Hawai‘i have increased in abundance and distribution
in recent decades despite high malaria infection preva-
lence (Woodworth et al. 2005, Spiegel et al. 2006), but
broader-scale recovery of ʻamakihi throughout lowland
forests remains uncertain (and Kauaʻi ʻamakihi are
declining quickly; Paxton et al. 2016). Facilitating the
recovery of lowland ʻamakihi into these habitats may
require actions that reduce these other stressors, but
management actions that reduce mosquito abundance
and malaria transmission would also aid conservation
efforts.
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FIG. 2. Avian malaria infection prevalence in mosquitoes, mosquito abundance, and native bird density Slope SE = 0.011. (a)
Prevalence of avian malaria in mosquitoes plotted against the density of the native birds. Solid circles are maximum likelihood esti-
mates of prevalence in mosquito pools from individuals captured in gravid and CO2 traps from 2011–2013 (� 1 binomial SE). The
fitted line (logit(prevalence)= �2.7 + 0.05 9 native bird density, slope SE = 0.011; P = 4.62 9 10�4; Npools = 812 at eight sites)
includes site as a random effect, and the shaded area shows the 95% CI of the predicted line. Points are slightly jittered along the x-
axis to improve visualization. Open squares show predicted prevalence estimates using the fitted regression model if native bird den-
sity was zero. Relationships with mosquito infection prevalence were similar with relative abundance (instead of density) of native
birds (logit(prevalence) = �2.73 + 0.23 9 native relative abundance, slope SE = 0.88; P = 8.86 9 10�5), ʻamakihi density (logit
(prevalence)= �2.8 + 0.06 9 ʻamakihi density, slope SE = 0.0013; P = 3.42 x 10�6), or amakihi relative abundance (logit(prevalence)
= -2.78 + 4.5 9 ʻamakihi relative abundance, slope SE = 1.03; P = 1.13 9 10�5). (b) Prevalence estimates of avian malaria in mos-
quitoes (� 1 binomial SE) plotted against host-seeking mosquito abundance for each of three years (2011–2013) at eight sites. The
fitted line (logit(prevalence) = �1.24 � 0.79 9 log10(Cx. quinquefasciatus abundance), slope SE = 0.07; P = 1.26 9 10�7;
Npools = 812 at eight sites, includes site as a random effect). (c) Hawai‘i ʻamakihi density (individuals/ha) plotted against host-seek-
ing mosquito abundance (r = �0.92, t = �5.65, df = 6, P = 0.0013). Points are Hawaiʻi ʻamakihi density (individuals/ha, � 1 SE)
estimated by fitting distance sampling models to point count data. The fitted line (ʻamakihi density = 18.51 � 11.5 9 log10(Cx.
quinquefasciatus), slope SE = 2.037) and 95% CI of the line are shown. Results were qualitatively similar in a separate analysis of
ʻamakihi density where log10(Cx. quinquefasciatus) was included as an abundance covariate in distance sampling models (log(ʻamak-
ihi density) = 2.79 � 1.12 9 log10(Cx. quinquefasciatus), slope SE = 0.08; P < 0.0001). (d) Hawai‘i ʻamakihi density (individuals/ha,
� 1 SE) plotted against the abundance of infected mosquitoes (r = �0.75, t = �2.8, df = 6, P = 0.03). The fitted line (ʻamakihi den-
sity = 4.5 � 9.91 9 log10(abundance of infected mosquitoes), slope SE = 3.5) and the 95% CI of the line are shown. Results were
qualitatively similar in a separate analysis where log10 (abundance of infected mosquitoes) was an abundance covariate in distance
sampling models (log(ʻamakihi density) = 1.74 � 1.13 9 log10(abundance of infected mosquitoes), slope SE = 0.09; P < 0.0001).
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The increase in malaria transmission with native bird
abundance, combined with variable mortality from
infection in native species, suggests the potential for eco-
logical feedback on the host community, as others have
suggested in other systems (Dobson 2004). Low eleva-
tion ʻamakihi suffer 16.7% mortality rates from acute
malaria infections (Atkinson et al. 2013), yet both sur-
vivors and those that succumb to infection mount para-
sitemias during the acute phase of infection that are an
order of magnitude higher than that of introduced spe-
cies that have been studied (Appendix S1: Fig. S6; van
Riper et al. 1986, Atkinson et al. 1995). By increasing
pathogen transmission within these communities, our
results suggest that lowland ʻamakihi act as the main
amplification hosts in areas where they occur (Atkinson
et al. 2005, Atkinson and Samuel 2010, Samuel et al.
2011, Hobbelen et al. 2012), which could ultimately
depress their own populations. Introduced species could
play a key role in this ecological feedback, with incompe-
tent introduced hosts reducing malaria transmission,
allowing for the initial re-invasion of natives and poten-
tial evolution of more resistant or tolerant native birds
(Woodworth et al. 2005, Kilpatrick 2006).
Intense year-round transmission of avian malaria in

lowland Hawaii likely exerts a strong selective force on
ʻamakihi for the evolution of malaria tolerance or resis-
tance in lowland ʻamakihi populations (Atkinson et al.
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FIG. 3. Avian malaria infection prevalence in mosquitoes
and host community competence. The prevalence of avian
malaria in mosquitoes plotted against the log10(host community
competence). Solid circles are maximum likelihood estimates of
prevalence in mosquito pools from individuals captured in
gravid and CO2 traps from 2011–2013 (� 1 binomial SE). The
fitted line (logit(prevalence) = �0.89 + 1.09 9 log10(host com-
munity competence), slope SE = 0.275; P = 6.76 9 10�5;
Npools = 812 at eight sites) includes site as a random effect, and
the shaded area shows the 95% CI of the line. Mosquito infec-
tion prevalence was also significantly correlated with untrans-
formed host community competence estimates, where the fitted
line includes site as a random effect (logit(prevalence) =
�2.55 + 0.58 9 host community competence, slope SE = 0.16;
P = 2.89 9 10�4; Npools = 812 at eight sites).
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FIG. 4. Host diversity, avian malaria infection prevalence, and disease risk. Avian malaria infection prevalence in mosquitoes
(�1 binomial SE) plotted against host diversity at sites with (Y = yes) and without (N = no) >15% relative abundance of native
birds within the avian community measured using (a) estimated species richness (Chao’s; Pearson’s correlation: r = 0.48, t = 1.33
df = 6, P = 0.23) or (b) Shannon diversity (r = 0.442, t = 1.21, df = 6, P = 0.27). Disease risk measured as log10(abundance of
infected mosquitoes) (�1 SE) plotted against host diversity measured using (c) estimated species richness (Chao’s, r = �0.335, t =
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significantly correlated (r = 0.89, t = 4.85, df = 6, P = 0.9).
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1995, Woodworth et al. 2005, Foster et al. 2007, Cassin-
Sackett et al. 2019). An experimental infection study
showed that a smaller fraction of low elevation birds,
16.7% compared to 50% for high elevation birds, died
from acute malaria infection, and birds dying from
malaria had much higher parasitemias (Atkinson et al.
2013). This work suggests that selection has increased
the fraction of lowland amakihi that are able to limit
parasitemias from reaching high levels, increasing their
probability of surviving malaria. Other work has
demonstrated that lowland ʻamakihi populations are
genetically distinct and have genomic differences in a
suite of immune-related genes relative to high elevation
populations with low malaria exposure (Foster et al.
2007, Eggert et al. 2008, Cassin-Sackett et al. 2019).
While the evolution of malaria host defenses offers pro-
mise for the persistence of some honeycreepers, the pres-
ence of native birds with still high parasitemias and
chronic infections could also impede the dispersal and
recovery of more susceptible native species to the low-
lands (Hobbelen et al. 2012) such as the ʻiʻiwi, Drepanis
coccinea (which suffers >90% mortality from acute infec-
tion; Atkinson et al. 1995).

CONCLUSION

Introduced species have well-documented impacts on
ecosystems and native species through predation and
competition (Salo et al. 2007, Kenis et al. 2009, Vil�a
et al. 2011, Croxall et al. 2012), but the role of intro-
duced and native species in pathogen transmission and
resulting reciprocal impacts on native species are poorly
understood (Young et al. 2016). We found avian malaria
infection prevalence in mosquitoes increased with native
bird density due to native birds having higher host com-
petence than introduced birds, as has been suggested by
others (van Riper et al. 1986, Atkinson et al. 2005,
Atkinson and Samuel 2010, Samuel et al. 2011, Hobbe-
len et al. 2012). However, we also found that covarying
patterns of mosquito abundance led to higher infected
mosquito abundance in fully introduced bird communi-
ties, which reduced the population growth rate of native
birds. More broadly, the role of introduced species on
pathogen transmission depends critically on their host
competence relative to native hosts, as we demonstrate,
as well as their contact rates with native hosts and vec-
tors. Additional studies from other systems that combine
data on host competence of native and introduced spe-
cies and their impact on transmission (Kilpatrick et al.
2006a, 2007, Hamer et al. 2011) are needed to determine
whether introduced species are more likely to increase or
decrease transmission in general.
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