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ABSTRACT

The introduction of avian malaria (Plasmodium relictum) to Hawai‘i has decimated
native forest bird populations, driving many species to extinction, and threatening those that
remain. However, one native honeycreeper, the Hawai‘i ‘amakihi (Chlorodrepanis virens,
hereafter referred to as ‘amakihi), has shown resilience against acute infection with avian
malaria. ‘Amakihi who survive the acute stage remain chronically infected with low parasitemia
levels. Although immediate costs of acute malarial infection have been closely studied, the long-
term costs of chronic infection are poorly understood in this species. | assessed the impact of
chronic infection on the physiological condition of ‘amakihi near ‘Ainahou Ranch in Hawai‘i
Volcanoes National Park. During biweekly banding sessions from May 2022 to August 2023,
‘amakihi were banded, measured for tarsus and wing chord, and weighed, and a blood sample
was collected for each bird. Using the blood samples, | measured hematocrit, triglycerides, and
reactive oxygen metabolites (ROMs) to assess physiological condition, and I determined disease
status (undetermined or positive) using gPCR. There were no detectable differences in
hematocrit, triglycerides, nor ROMs based on disease status. Body condition was slightly higher
in birds that could be confirmed chronically infected than those that were undetermined, but this
difference did not persist when accounting for all infected birds. Although acute infection with
avian malaria has been shown to have significant costs, this study suggests that ‘amakihi
surviving acute infection may not have negative long-term fitness impacts. These results further
demonstrate the resilience ‘amakihi have against avian malaria and set the foundation for future
research to determine factors facilitating this resilience and how that knowledge might be applied

to protect more threatened honeycreeper populations.
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E ia a‘e ka ‘Amakihi, manu kupaianaha o Behold the ‘Amakihi, supernatural bird of
uka the uplands

Manu holu napenape, Resilient, he who springs back

‘Amakihi kaulana i ka ho‘dla ma‘i Famous ‘Amakihi who overcomes disease
‘Ike ‘ia ma ke kulanui o Manoa Visible at the college of Manoa

A i Pelekunu ma Moloka‘i All the way to Pelekunu on Moloka ‘i

Mai Kalapana a i Maku‘u ma Puna From Kalapana down to Maku ‘u in Puna

Section of O ka lele a nei auna, an Oli written by Kekuhi Keali‘ikanaka‘oleohaililani and

‘Ahuimanu

INTRODUCTION

Hawai‘i is home to a large variety of endemic forest birds. Perhaps most well-known are
the Hawaiian honeycreepers. About 5.5 million years ago, rosefinches (family Fringilidae)
blown off course landed in Kaua‘i, and over time moved across Hawai‘i and rapidly evolved into
55 different species and subspecies of honeycreepers. These birds have historically thrived on the
Hawaiian archipelago, and are significant to kanaka maoli culture, serving both utilitarian and
spiritual roles (Amante-Helweg & Conant 2009). However, following European contact, habitat
loss and introduced species led to widespread population declines among native birds. Concerns
of such circumstances were originally voiced by kanaka maoli (native Hawaiians), such as

Penukahi, who warned, “The ‘i‘iwi, the o‘u, the ‘akakane, the ‘amakihi, the o‘olomao, the



elepaio, these are the natives that are lost... because the bad birds are increasing among us and
they harm the plants, and the wild food plants” (Amante-Helweg & Conant 2009). However,
such concerns were ignored by settlers until the mid-twentieth century, at which point many
endemic species reached extinction, and the remainder were largely threatened. Of the 55
honeycreeper species and subspecies that evolved, only 17 of these species remain. One of the
major threats faced by native Hawaiian honeycreepers is introduced diseases such as avian

malaria.

Avian malaria is a deadly disease caused by a protozoan parasite (Plasmodium relictum)
that afflicts wild birds across the world. At the acute stage of infection when parasitemia is
highest, birds frequently experience weight loss, anorexia, enlargement and discoloration of the
liver and spleen, and anemia (Atkinson et al. 2000; LaPointe et al. 2012). Since its introduction
to Hawai‘i in the early twentieth century, avian malaria has devastated native bird populations
and caused multiple extinctions (van Riper 111 et al. 1986). The vector for avian malaria in
Hawai‘i, the southern house mosquito (Culex quinquefasciatus), mostly occurs at low elevations
(<1,500 m) because it requires warm temperatures to develop (LaPointe et al. 2010). As a result,
most native forest birds have been driven to higher elevations that lack Culex mosquitos.
However, Culex mosquitos are predicted to move up in elevation due to climate change and
associated rising temperatures, which will result in the loss of disease-free, high-altitude refugia
(Liao et al. 2015). Without immediate intervention, many more extinctions are predicted to result
from avian malaria across Hawai‘i within the next few decades (Paxton et al. 2016a). Thus,
finding ways to mitigate the impact of avian malaria on native birds is a pressing conservation

concern.



Some populations of Hawai‘i ‘amakihi (Chlorodrepanis virens, hereafter referred to as
‘amakihi), a native Hawaiian honeycreeper, may be more resilient to infection with avian malaria
than other native birds. Recorded mortality rates from acute malarial infection in ‘amakihi range
from as low as 2.5% in a low-elevation population to as high as 65% in a high-elevation
population (Atkinson et al. 2000; Samuel et al. 2015). Their mortality rates are generally lower
than those observed in other native honeycreepers like ‘apapane (Himatione sanguinea) and
‘i‘iwi (Drepanis coccinea) whose mortality rates are 63% and 90% respectively (Atkinson et al.
1995; Yorinks & Atkinson 2000). Their resistance to avian malaria is likely what allows
‘amakihi to persist at lower elevations despite the high prevalence of avian malaria. However,
like the other honeycreepers, acutely infected ‘amakihi still suffer anorexia, weight loss, and
lethargy, particularly at peak parasitemia (Atkinson et al. 2000). Although they can survive in

areas with avian malaria, ‘amakihi are still heavily impacted by the disease.

The effects of avian malaria on Hawai‘i ‘amakihi vary widely across different
populations. Variation in response to acute infection with avian malaria, particularly the broad
range of mortality rates, may be owed to genetic differences across populations (Eggert et al.
2008). It is likely that low-elevation ‘amakihi populations were founded by birds with genes that
facilitated resilience against avian malaria and thus, they survived the introduction of the
pathogens in the 1900s (Foster et al. 2007; Eggert et al. 2008). ‘ Amakihi at mid-elevations
appear to be most at-risk because they do not have as much resilience towards avian malaria as
those at low elevations, and they are exposed to an intermediate malarial infection rate (Samuel
et al. 2015). Because the impact of avian malaria on ‘amakihi is so variable by population,

population-specific studies are necessary to fully understand the costs of this disease.



Previous research suggests that ‘amakihi who survive acute infection with avian malaria
remain chronically infected with low levels of P. relictum, possibly for the remainder of their life
(Atkinson et al. 2001). Chronic infection helps ‘amakihi develop antibodies to malarial antigens
so that they do not suffer the physiological costs associated with acute infection if reinfected
(Atkinson et al. 2001). ‘Amakihi response to acute infection with avian malaria has been well
documented, but the impacts of chronic infection have not been studied as closely. Despite the
benefit of immunity, continuing to harbor low levels of Plasmodium parasites may be costly.
One study on ‘amakihi at a low elevation site found that chronic malarial infection did not affect
reproductive success (Kilpatrick et al. 2006), but other potential impacts of chronic infection

have yet to be explored.

Studies on avian malaria in other species have documented fitness reductions as a result
of chronic infection. Such costs include diminished energy stores (i.e. triglycerides) (Messina et
al. 2022), reduced hematocrit levels, potentially causing anemia (Schoenle et al. 2017), reduced
hemoglobin levels (Schoenle et al. 2017), decreased breeding success (Knowles et al. 2010), and
increased rate of telomere loss, increasing risk of age-related diseases (Asghar et al. 2015).
Additionally, immunological activity associated with chronic infection can cause oxidative
stress: tissue damage from reactive oxygen metabolites released in an immune response
(Costantini & Dell’Omo 2006). Infection can also reduce a bird’s activity, as they become
weaker and more lethargic (Adelman & Martin 2009). When less active, birds reduce fitness-
enhancing behaviors such as predator evasion, foraging, and parental care; such responses have
been observed in chronically infected female blue tits and multiple migratory species (Knowles
et al. 2010; Risely et al. 2018). Responses to chronic malarial infection vary among bird species,

and with the species of haemosporidian parasite causing avian malaria (Knowles et al. 2010;



Lachish et al. 2011; Samuel et al. 2015), so the response of one species or even population
cannot be extrapolated to represent other species. Previous research has revealed various costs
associated with chronic avian malaria in other species, yet the costs of chronic infection for

‘amakihi remain widely unknown.

The concentration of P. relictum in a chronically infected bird’s blood may also influence
the bird’s physiological state. A study of Himalayan bird species demonstrated that greater levels
of malarial parasites were associated with lower hemoglobin and hematocrit (Ishtiag & Barve
2018). However, few studies have investigated the relationship between Plasmodium infection

intensity and physiology, and none have been conducted on Hawaiian birds.

The proposed study will examine the physiological costs of chronic malarial infection in
a mid-elevation population of ‘amakihi. The objectives of this study are as follows: 1) Assess the
physiological status of ‘amakihi with chronic avian malaria infection and 2) Determine if the
amount of P. relictum in ‘amakihi blood influences their physiology. With these objectives, | had
the following hypotheses: H1) Chronic malarial infection in ‘amakihi will be associated with
physiological costs, indicated by decreased body condition, reduced hematocrit, increased
oxidative damage, and lower triglyceride levels and H2) as the quantity of P. relictum increases
in the blood, the physiological condition of ‘amakihi will worsen. The costs of acute infection
with avian malaria are well understood, whereas far less is known about the long-term effects of
harboring chronic infection after surviving the acute stage. This study seeks to determine the
long-term costs of avian malaria to elucidate the overall effect of this disease on wild

populations.



METHODS
Study Site

This study was carried out at ‘Ainahou Ranch (19.343° N, 155.229° W), a mid-elevation
site (1050 m) in Hawai‘i Volcanoes National Park. Avian malaria is detected in about 32% of

‘amakihi at this site.

Once known as Kuaehu (Maly & Maly 2005), the area now called ‘Ainahou Ranch has a
deep and rich history that long precedes the establishment of Hawai‘i Volcanoes National Park.
It is located in the ahupua‘a of Keauhou in the Moku of Ka‘ii. Historically, Keauhou was an ‘ili
kiipono (independent subdivision) of the ahupua‘a of Kapapala, but in the Mahele ‘Aina of 1848,
it was designated as its own ahupua‘a (Maly 2004; Brandt & Lopes 2023). The Keauhou trail, an
ancient trade route for Kanaka Maoli to distribute resources mauka to makai, runs through
‘Ainahou. The people of Ka‘li have long been known for their toughness, as their landscape is
rugged and often unforgiving (Brandt & Lopes 2023). In the ‘Olelo No‘eau, it is known as the
land of rebels; the people were known to rebel against oppression (Pukui 1983, 183). It has also
been referred to as Ka‘@ Makaha, which translates to Ka‘a of the fierce fighters (Pukui 1983,
176). Since their arrival to Hawai‘i, Kanaka Maoli have cultivated and lived in reciprocity with
these lands. The manu (birds) were so abundant that kia manu (bird catching) was common
practice. Feathers were collected to create adornments for royalty and ali‘i (chiefs) such as
ahu‘ula (feathered capes), mahi‘ole (feathered helmets), lei, and kahili (staffs adorned with

feathers) (Brandt & Lopes 2023).

Unfortunately, western contact with Hawai‘i brought devastation to the kanaka and manu

of Keauhou. Like the manu, human populations of Ka‘li dwindled following European contact,



largely as a result of introduced diseases; the original population of over 10,000 kanaka
plummeted to just 3,010 by 1847 (Brandt & Lopes 2023). Additionally, hapu’a pulu (Cibotium
glaucum, tree ferns with golden hairs at the base of their fronds) was overharvested in the 1850s
as the pulu (golden hairs) were used to stuff matresses, leading to extensive damage to the
habitat (‘4inahou Ranch House and Gardens 2004). Introduction of free-roaming cattle and
livestock also led to widespread habitat loss. Kuaehu was once full of intact native mesic forest
and scrubland with many plant species that are now rare or extinct, but this habitat was destroyed
by grazing ruminants (‘dinahou Ranch House and Gardens 2004). The Keauhou trail was also
colonized by the late 1800s, disrupting the distribution of resources through the ahupua‘a
(‘Ainahou Ranch House and Gardens 2004). Despite these threats, kanaka and manu alike have
persisted, yet another testament to the endurance and hardiness of those inhabiting Ka‘a. It is
now the kuleana (responsibility) of anyone who inhabits this space to malama ‘aina (care for the

land) to help restore it to its former abundance.

During the Mahele ‘Aina in 1848, Keauhou was split from Kapapala and the makai
region was given to Victoria Kamamalu, granddaughter of Kamehameha I; it was then passed
down to members of the Kamehameha lineage until the death of Princess Bernice Pauahi in 1884
(‘dinahou Ranch House and Gardens 2004). Her husband Charles Bishop sold the land to the
U.S. Congress, and the land was leased to various owners for several years (‘4dinahou Ranch
House and Gardens 2004). Among these leasers was William Shipman, who may have been the
one to rename Kuaehu to ‘Ainahou around 1897 (Maly & Maly 2005). Most of this land was
included in the establishment of the National Park in 1916, but ‘Ainahou was excluded. It was
leased to Herbert C. Shipman, son of William Shipman, from 1937 to 1971 (‘4dinahou Ranch

House and Gardens 2004). Shipman was a conservationist and horticulturalist and worked to



integrate ‘6hi‘a and other native trees into the gardens around the ranch house. The National Park

Service acquired the land in 1971 and designated it a historical site.

Presently, ‘Ainahou Ranch consists of mostly native open mesic forest, with a mean
annual temperature of 17.5 °C and mean annual precipitation of 2045 mm. The forest is
dominated by ‘chi‘a (Metrosideros polymorpha) in the canopy, ‘6hi‘a, mamane (Sophora
chrysophylla), a‘ali‘i (Dodonaea viscosa), and faya (Morella faya) in the understory, and
pukiawe (Leptecophylla tameiameiae), ‘tlei (Osteomeles anthyllidifolia), and non-native grasses
in the shrub layer. Exact population estimates have not been taken at this site, but based on field
observations, ‘amakihi and warbling white-eyes (Zosterops japonicus) are most abundant, while
‘apapane (Himatione sanguinea), common myna (Acridotheres tristis), northern cardinals
(Cardinalis cardinalis), yellow-billed cardinals (Paroaria capitata), common waxbills (Estrilda
astrild), yellow-fronted canaries (Crithagra mozambicus), house finches (Haemorhous
mexicanus), melodious laughingthrushes (Garrulax canorus), scaly-breasted munia (Lonchura
punctulata), saffron finches (Sicalis flaveola), red-billed leiothrix (Leiothrix lutea) and japanese
bush warblers (Horornis diphone) also persist in lower numbers. Potential breeding season for

‘amakihi in this area is October to June, but can vary year to year (Berger 1969).
Sample collection

Banding and sampling were conducted biweekly from May 2022 to August 2023. Birds
were caught throughout the morning into early afternoon using mist nets and extracted for
processing every 30 minutes. During processing, first-capture ‘amakihi were banded with a
USGS aluminum numerical band, measured for tarsus, bill, and wing length, weighed, and

checked for molting, fault bars, and lesions. Birds were checked for breeding characteristics,



namely a brood patch in females, or a cloacal pertuberence in males. They were then aged and
sexed based on plumage, breeding characteristics, and size (Paxton et al. 2016b). Age was
divided into three classes: juvenile plumage, indicative of hatch year birds, formative plumage,
characteristic of hatch year and some second-year birds, and definitive plumage, characteristic of
some after hatch year and after second year birds. In addition, a blood sample (up to 75 uL, <1%
body mass) was taken by inserting a precision glide needle gently into the brachial vein and
allowing the blood to wick into a capillary tube. Samples were stored on ice until the end of the
day. Then samples were spun down in a centrifuge to separate plasma from the erythrocytes, and
total blood and total red blood cells were measured in the capillary tube using calipers.
Hematocrit was calculated as the proportion of total blood that is red blood cells. Red blood cells
were extracted into a microcentrifuge tube with 600 pL tris-ethylenediaminetetraacetic acid
(TEN; 10 mM Tris, 10 mM NaCl, 2 mM EDTA, pH 8.0, Atkinson 2020) buffer solution. In the
case that the total blood was less than 10 mm, plasma and red blood cells were not separated,
rather stored together with 300 uL TEN buffer solution. Otherwise, plasma was extracted into a

microcentrifuge tube, and stored at -80°C.

Recaptured ‘amakihi had their band number recorded and were processed in the same
way as first-captured birds. Only data from the capture date on which the most blood was

collected was used for analysis, so recaptured birds are only factored once into the dataset.
Classifying life stage

Age and breeding efforts can play a significant role in avian physiology (Vézina &
Williams 2003; Alonso-Alvarez et al. 2010; Bize et al. 2014; Delhaye et al. 2016; Brown et al.

2021). Breeding status (breeding or non-breeding) was determined based on breeding
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characteristics; ‘amakihi were considered actively breeding if they had a brood patch or a
medium or large cloacal pertuberence. Age was simplified for molting birds to be either
formative plumage or definitive plumage, and juveniles were not included in the study because

no juvenile ‘amakihi tested positive for avian malaria.

Genetic Sexing

Subjective field assessments of sex can often be incorrect, so the sex of each bird was
confirmed using genetic sexing methods. 1 pL of extracted DNA was mixed with 14 plL master
mix consisting of Ddh20, Taq, and forward and reverse primers. DNA was amplified using a
C1000 Touch Thermocycler with a CFX96 Real-time System (Bio-Rad Laboratories) programed
to the following cycles: 94°C for 4 minutes, 37 cycles of heating and cooling from 94°C for 30
seconds to 57°C to 50°C for 45 seconds, 72 °C for 45 seconds, and lastly 74°C for 5 minutes. 5
uL of amplified DNA with 1 puL dye for each sample along with 2 u. of DNA ladder was then
run through gel electrophoresis using 1.5% gel at 100 volts for 5 minutes. For males, one band
appears around 500 base pairs (bp), whereas for females, two bands appear: one at 500 bp and

another at 300 bp (Purwaningrum et al. 2019).

Determining disease status

The disease status of each ‘amakihi was determined by quantifying parasitemia using a
quantitative polymerase chain reaction (QPCR) assay. GRW4-specific primers were used to
target the cytochrome b gene found in P. relictum (Zehtindjiev et al. 2008) along with a highly
specific fluorescent probe designed by Paxton et al. (2023). DNA was extracted from blood
samples using the DNeasy Blood and Tissue Kit (Qiagen cat # 69504). Proteinase K first lyses

the samples, and then the samples are centrifuged to allow DNA to selectively bind to the
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DNeasy membrane as contaminants pass through. Lastly, two wash steps remove any remaining

contaminants or enzyme inhibitors and the purified DNA is stored in buffer solution.

Prior to gPCR, the genomic DNA of each extracted sample was quantified using a Broad
Range Qubit fluorometer (Invitrogen). Samples with a DNA concentration less than 22 ng/uL
were re-extracted. Using the concentration of genomic DNA, samples were diluted to achieve a
standard concentration of 20 ng/puL. In a Bio-Rad 96 well, thin-walled plate (Cat #HSP9655),
samples were run in triplicate by mixing 5 pL dilute genomic DNA with 10 pL iTac Universal
Probe Supermix, 1.5 pL of each primer, 0.5 uL. of GRW4 probe, and 1.5 uL. PCR-grade water.
For each sample, the presence of bird DNA was also tested for in singlet by mixing 5 uL dilute
genomic DNA with 10 pL iTac Universal Probe Supermix, 0.6 uL of each primer, 0.5 uL of
18sAVHyb probe, and 3.3 uL. PCR-grade water. In addition to the genomic DNA samples, each
plate also included a positive and negative control, and PCR-grade water as a non-template
control (NTC). A C1000 Touch Thermocycler with a CFX96 Real-time System (Bio-Rad
Laboratories) was used to carry out gPCR using the following cycles: 95°C for 5 minutes
followed by 50 cycles of 95°C for 5 seconds and 59°C for 30 seconds. The C+ (Cycle Threshold)
value of each sample was determined, and the overall C+ value for each sample was determined
to be the median of the three triplicate samples; if one of the three did not amplify or was an
outlier (not within 1 Ct value), it was excluded from Ct value concentration. If only one of three
triplicates amplified, the sample was determined inconclusive and re-run. Samples with a Ct
value of O were considered undetermined, meaning the bird is either uninfected or has very low
parasitemia levels that are not detectable by g°PCR. Those with a Ct value between 20 and 50
were considered positive. A lower Ct value (excluding values of 0) is indicative of a higher

concentration of P. relictum in the bird‘s blood.
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Recaptured ‘amakihi could be confirmed as chronically infected during a given capture
event if they had been positive in the capture event before and after. The cutoff between acute
and chronic infection in terms of Cr value has yet to be determined. However, the likelihood of
catching an ‘amakihi at the very beginning stages of acute infection when parasitemia is
relatively low is slim due to the short time frame of this stage, and acutely infected birds have
significantly reduced activity levels that make it highly unlikely to capture them (Lapointe et al.
2012; Schoener et al. 2014). However, capturing a bird multiple times is the only way to confirm

that they are chronically infected without having measured malarial antibodies.

Oxidative Stress

Levels of oxidative stress in ‘amakihi were determined by measuring reactive oxygen
metabolites (ROMS) using the d-ROMs test kit (Diacron International, MCO003) following the
methods described in Schoenle et al. (2017) with some modifications. ROMs are hydroperoxides
generated when reactive oxygen species attack organic substrates. Thus, the amount of ROMs in
the plasma is proportionate to the amount of tissue damage a bird has experienced. A 1:100
solution of chromogen to sodium acetate buffer created to establish the working solution. 4 pL
‘amakihi plasma was then added in duplicate to a clear, flat-bottomed 96-well plate.
Additionally, 4 uL of internal control (canary plasma) was added in duplicate as well as a blank
(dionized water) and calibrator (Diacron International, MC030) added in quadruplicate to. Then
200 pL of working solution was added to each well and slowly pipette mixed. The plate was
incubated at 37°C for 75 minutes. The plate was then scanned for absorbance on a SpectraMax
M2 Microplate Reader (Molecular Devices) at 492 nm. The average of duplicate and
quadruplicate samples was used for calculations. Wells that did not react, indicated by

absorbance values that did not exceed two standard deviations of the mean blank absorbance,
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were not included. ROMs were calculated using the kit’s equation: ((Absorbance of Sample-
Absorabance of Blank)/(Absorbance of Calibrator-Absorbance of Blank))*(Concentration of

Calibrator) where the Calibrator Concentration=290 UCARR (1 UCARR=0.08 mg H-0-/dL).

Triglycerides

Since d-ROMs measures damage to lipids by reactive oxygen species, it is critical that
lipids also be measured to determine the proportion of damaged lipids to total lipids (Pérez-
Rodriguez et al. 2015b). Triglycerides are also a good indicator of energetic balance in
individuals. Therefore, triglycerides were quantified using the LabAssay Triglyceride kit
(FUJIFILM) based on the methods described in Messina et al. (2020). Two dilutions of the
standard solution (300 mg/dL triglycerides) were created to get concentrations of 100 mg/dL and
200 mg/dL. The color reagent was prepared by dissolving one vial of chromogen substrate in 105
mL of buffer solution. 2 uL of ‘amakihi plasma, internal control (yellow fronted canary plasma),
or triglyceride standard (5 different standard concentrations) were added in duplicate to a clear,
flat-bottomed 96-well plate. Then 300 pL of color reagent was added to each well and slowly
pipette mixed. The plate incubated for 15 minutes and was then scanned for absorbance on a
SpectraMax M2 Microplate Reader (Molecular Devices) at 595 nm. A standard curve was
developed using the standards and their respective absorbance values, the slope of this curve was
used to calculate triglycerides for each well. The average of duplicates was taken to determine

each sample’s triglyceride content.

Statistical analysis

Statistical tests were conducted using RStudio version 2021.09.0. To assess the influence

of infection on ‘amakihi physiology, a linear mixed model was run for each physiological
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parameter- oxidative damage, triglycerides, hematocrit, and body condition- using the Ime4
package. For all tests including Ct value, Ct was square root transformed to achieve a normal

distribution.

Sex, breeding status, and age have all shown to impact hematocrit in other bird species,
and often interact in their effect (Villegas et al. 2004; Owen et al. 2005; Wagner et al. 2008;
Brown et al. 2021). The global linear mixed model included hematocrit as the response variable,
disease status as a fixed effect and breeding status, sex, and age as random effects. An analysis of
variance (ANOVA) was used to compare this global model with parsed-down models and a null
model including only random effects (Table 1). The top model was that with disease status as a
fixed effect and age as a random effect as it had the greatest log likelihood and lowest AIC.
Thus, this model was used for the analysis. Lastly, a correlation analysis was conducted to

examine the relationship between hematocrit and Cr value.

Table 1. Ranking of top hematocrit linear mixed models as well as global and null models with disease
status as a fixed effect, and age, sex, and breeding status as random effects. Rankings are based on AIC.

S i S S [ S T

Disease Status + (1]|Sex) + -866.79 -845.86 439.40

(1|Age) + (1|Breeeding) (GLM)

1+ (1]Sex) + (1|Age) + 5 -867.95 -850.50 438.97 3
(1|Breeeding) (Null)

Disease Status + (1]Age) 4 -870.79 -856.84 439.40 1
Disease Status + (1|Age) + 5 -868.79 -851.35 439.40 2
(1]|Sex)

ROMs were square root transformed to achieve a normal distribution. Triglycerides were
included as a covariate in the model; because dROMs is measuring damage to lipids, it is crucial
to take total lipids into account (Pérez-Rodriguez et al. 2015a). Breeding activity and age can

also influence oxidative stess (Alonso-Alvarez et al. 2010; Bize et al. 2014; Delhaye et al. 2016).
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The global linear mixed model included square root transformed ROMs as a response variable,
disease status as a fixed effect and triglycerides, breeding status, sex, and age as random effects.
An ANOVA was used to compare the global model with parsed-down models and a null model
with only random effects (Table 3). The top model used for analysis was that with disease status
as a fixed effect and triglycerides as a random effects as it had one of the greatest log likelihoods
and had the lowest AIC by far. Lastly, a correlation analysis was conducted to examine the

relationship between ROMs and C+ value.

Table 2. Ranking of top dROMs linear mixed models as well as null model with disease status as a fixed
effect, and age, sex, breeding status, and triglycerides as random effects. Rankings are based on AIC.

N YR TS [ S [T

Disease Status + (1|Sex) + (1|Age) + 7 848.45 871.18 -417.22
(1|Breeding Status) +
(1|Triglycerides)

1+ (1|Sex) + (1|Age) + (1|Breeding 6 848.50 867.98 -418.25 3
Status) + (1|Triglycerides)
Disease Status + (1|Triglycerides) 4 842.45 855.43 -417.22 1

Triglycerides were logarithmically transformed to achieve a normal distribution. Along
with sex, breeding status, age, and time of day can also influence triglyceride levels (Vézina &
Williams 2003; Owen et al. 2005; Rodriguez et al. 2006; KECECI & COL 2011; Sepp et al.
2012). The global linear mixed model included log transformed triglycerides as a response
variable, disease status as a fixed effect and breeding status, sex, age, and time of bleeding as
random effects. An ANOVA was used to compare this global model with parsed-down models
and a null model with only random effects (Table 3). The top model was that with disease status
as a fixed effect and age and time as random effects as it was among the three with the greatest

log likelihood and had the lowest AIC. Thus, this model was used for the analysis. Lastly, a
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correlation analysis was conducted to examine the relationship between triglycerides and Ct

value.

Table 3. Ranking of top triglycerides linear mixed models as well as null model. with disease status as a fixed
effect, and age, sex, breeding status, and time of day as random effects. Rankings are based on AIC.

_m——m

Disease Status + (1| Sex)+ (1 |Age)+ 7 73.332 97.151 -29.666

(1 | Breeding Status) + (1 | Time) (GLM)

1+(1]|Sex)+(1]Age)+ (1| Breeding 6 72.705 93.121 -30.352 4
Status) + (1 | Time) (Null)

Disease Status + (1| Age)+ (1| Time) 5 69.824 86.837 -29.912 1
Disease Status + (1 | Age) + (1| 6 71.332 91.748 -29.666 2
Breeding Status) + (1 | Time)

Disease Status + (1| Time) 4 71.471 85.081 -33.727

Disease Status 3 73.454 83.662 -33.727 6

Body condition was determined by dividing the mass of each bird by their wing length.
Sex is likely an important factor in body condition since ‘amakihi are sexually dimorphic, with
males typically larger than females (Paxton et al. 2016b). Breeding is also associated with an
increased metabolic rate in avian species which may result in mass reductions (Bryant 1988;
Nilsson & Raberg 2001; Nord & Williams 2015). The global linear mixed model included body
condition as a response variable, disease status as a fixed effect and breeding status, sex, and age
as random effects. An ANOVA was used to compare the global model with parsed-down models
and a null model with only random effects (Table 4). The top model used for analysis was that
with disease status as a fixed effect and sex as a random effect as it was among the highest of log
likelihoods and had the lowest AIC. Lastly, a correlation analysis was conducted to examine the

relationship between body condition and Cr value.
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Table 4. Ranking of top body condition models as well as global model and null model with disease status as
a fixed effect, and sex, age, and breeding status as random effects. Rankings are based on AIC.

_m——m

Disease Status+ (1|Sex) + (1]Age) + 6 -1362.4 -1341.7 687.21

(1|Breeding) (GLM)

1+ (1|Sex) + (1|Age) + (1|Breeding) 5 -1363.1 -1345.9 686.55 3
(Null)

Disease Status + (1|Sex) + 5 -1364.4 -1347.2 687.21 2
(1|Breeding)

Disease Status + (1|Sex) 4 -1366.4 -1352.6 687.21 1

After running these models comparing all positive individuals with all undetermined
individuals, the top model for each parameter was re-run using only positive birds that were
confirmed to be chronically infected with all undetermined birds. If these results were the same,
then it was assumed that the results of the models including all positive birds could be

extrapolated to apply to chronically infected ‘amakihi as well.

Permitting

The research for this study has been approved by UHH IACUC (protocol #18-2916-4)
and is permitted under USGS bird banding permit #23064 , Hawai‘i State Wildlife Research

Permit # WL21-08, and Hawai‘i Volcanoes National Park Permit # HAVO-2022-SCI-0015.

RESULTS

Infection rate

Blood samples were collected from a total of 242 ‘amakihi (63 positive, 179
undetermined). Of the 63 positive ‘amakihi, 32 were confirmed as chronically infected. Although

most of the remaining 31 positive ‘amakihi were most likely chronically infected, there were not
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enough recapture events to confirm this. The mean amplification efficiency of all g°PCR runs was

1.903 +/- 0.001 (SE), and inter-plate variation was 2.2%.

Hematocrit

Hematocrit was measured in 242 ‘amakihi from which blood samples were collected (63
infected, 179 undetermined). There was no relationship between disease status and hematocrit
levels (p=0.400, Figure 1). Hematocrit averaged 0.489 for infected ‘amakihi, 95 % CI[0.471,
0.506], and 0.484, 95 % CI [0.438, 0.529] for undetermined ‘amakihi. A negligible amount of
variance in hematocrit could be explained by disease status (<0.0005 %). About 0.0008 % of
variance was explained by age (random effects). The overall model only explained 0.16 % of
variation in hematocrit. Among 63 ‘amakihi that tested positive for avian malaria, there was no
significant correlation between Crand hematocrit (p=0.2768, Figure 2). Results did not change

when models were run with only ‘amakihi that were confirmed to be chronically infected.

Oxidative Stress

ROMs were measured in 210 ‘amakihi (52 positive, 158 undetermined). Inter-plate
variation for the assay was 11.1 %. There was a significant positive correlation between
triglycerides and ROMs (r(188)=0.2506, p=0.0005, Figure 3). Although ROMs were slightly
higher in positive ‘amakihi than undetermined, this difference was not signficant (p=0.155,
Figure 4). For positive ‘amakihi, average ROMs was 101.00 UCARR, 95% CI [89.11, 114.49],
while for undetermined ‘amakihi, it was 91.01 UCARR, 95% CI [84.09, 98.01]. Most variation
in ROMs was explained by random effects, namely variation in triglycerides (368.5 %). Just 5.2
% of variation in ROMs was explained by disease status. The overall model explained 112 % of

variation in ROMs. There was no correlation between ROMs and C+ value (p=0.475, Figure 5).
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Results did not change when models were run with only ‘amakihi that were confirmed to be

chronically infected.

Triglycerides

Triglyceride levels were measured in 222 ‘amakihi (61 positive, 161 undetermined) Inter-
plate variation for the assay was 14.9 %. There was a positive correlation between time of day
and triglycerides ( r(220)=0.21, p=0.002, Figure 6). There was no difference in triglyceride
levels between positive and undetermined ‘amakihi (p=0.2825, Figure 7). Triglycerides averaged
235.10 mg/dL for positive ‘amakihi, 95 % CI [160.77, 340.36], and 223.63 mg/dL for
undetermined ‘amakihi, 95 % CI [117.92, 424.11]. 0.04 % of variance in triglycerides was
explained by disease status. Some variance (2.66 %) came from random effects (age and time).
The overall model explained 5.8 % of variation in triglycerides. There was no relationship
between Cr value and triglycerides (p=0.3577, Figure 8). Results did not change when models

were run with only ‘amakihi that were confirmed to be chronically infected.

Body Condition

Body condition was recorded for a total of 232 ‘amakihi (62 positive, 170 undetermined).
There was no difference in body condition between positive and undetermined ‘amakihi
(p=0.248, Figure 9). Body condition was 0.208 g/mm wing length for infected ‘amakihi, 95 % CI
[0.199, 0.216] and 0.205 g/mm wing length for undetermined ‘amakihi, 95 % CI [0.124, 0.287].
A negligible amount of variance in body condition could be explained by disease status (<0.0005
%). Sex (random effect) also explained very little variance in body condition (<0.0005 %). The
overall model only explained 0.016 % of variation in hematocrit. There was no correlation

between C value and body condition (p=0.3195, Figure 10).
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Body condition results did differ when the model was run only with positive birds that
were confirmed to be chronically infected. Body condition was greater in chronically infected
‘amakihi than in undetermined ‘amakihi (p=0.0287, Figure 11). However, there was no
correlation between Cr value and body condition for confirmed chronically infected ‘amakihi

(p=0.4614).

DISCUSSION

Overall, these results demonstrate that hematocrit, oxidative stress, and triglycerides do
not differ between undetermined and positive ‘amakihi at ‘Ainahou Ranch. Body condition did
differ when eliminating any birds that were not confirmed to be chronically infected from the
analysis, and was slightly higher in chronically infected ‘amakihi. These results suggest that
chronic infection does not have a physiological toll on Hawai‘i ‘amakihi. Infected birds had a
broad range of Cr values, indicating differing levels of parasitemia. However, parasitemia as
indicated by Cr value did not affect hematocrit, triglycerides, oxidative stress, nor body

condition.

There is not a consensus on the Cr cutoff between chronic and acute infection. Some
‘amakihi in this study did have Ct values in the 20°s, which others may have considered acute
(Videvall et al. 2021), but it has not yet been determined what Ct values correspond with what
stage of infection. Although captured birds are highly unlikely to be in the acute stage of
infection upon capture, this could only be confirmed for recaptured birds. Although it can likely

be assumed most if not all positive birds are chronically infected, analyses were rerun with only
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definitively chronically infected birds to confirm if the results can be extrapolated to apply for

chronic infection. In most cases they could be except in the case of body condition.

Hematocrit

Reduced hematocrit and anemia are consistently associated with acute avian malaria
across species (LaPointe et al. 2012; Schoener et al. 2014; Names et al. 2022). While anemia is
suspected to be the primary cause of mortality at the acute stage on infection for ‘amakihi
(Atkinson et al. 2000), this study suggests that reduced hematocrit levels do not persist into the
chronic infection stage. Only one ‘amakihi, a definitive plumage uninfected male, had hematocrit
levels low enough to be considered anemic (19%). Based on the lack of difference in hematocrit
between infected and undetermined ‘amakihi, neither group seems more prone to anemia. Other
birds chronically infected with avian malaria have shown reduced hematocrit levels. Chronically
infected redwinged blackbirds, for example, have lower hemoglobin and hematocrit, but also
increased red blood cell production, likely to offset the destruction of red blood cells by
Plasmodium species (Schoenle et al. 2017). Chronically infected ‘amakihi that host low levels of
P. relictum either do not suffer greater damage to red blood cells, or if they do, increase red

blood cell production to offset damage to red blood cells caused by the haemosporidian parasite.

Oxidative Stress

The lack of difference in ROMs between positive and undetermined ‘amakihi is further
evidence of tolerance to chronic infection. It seems that either ‘amakihi are not mounting an
immune response against this low-level parasitemia, but rather offsetting costs associated with
the parasites, or they are counteracting oxidative damage by increasing antioxidant circulation,

likely by foraging more (Delhaye et al. 2016). This could be tested by measuring antibody levels
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or pro-oxidants in the blood. Studies of other species have similarly found that chronic infection
is not a cause for oxidative stress (Schoenle et al. 2017). Oxidative stress can have serious
negative impacts on fitness, reducing lifespan, growth, and reproduction (reviewed in Costantini
2016). The lack of oxidative stress for positive ‘amakihi suggests that the fitness of chronically

infected ‘amakihi is not diminished by such factors.

Triglycerides

Avian triglyceride levels tend to start lowest in the morning following overnight fasting,
and then increase throughout the day as they eat (Rodriguez et al. 2006; Sepp et al. 2012). The
positive corellation between time and triglycerides in ‘amakihi suggests that they too follow this
trend. The lack of difference in triglycerides between infected and undetermined ‘amakihi
suggests that chronic infection either is not energetically costly, or that ‘amakihi are able to

offset any energetic costs, perhaps by reducing movement or by increasing foraging.

Body Condition

Mass is often an effective predictor of survival in avian species (Covas et al. 2002).
These results demonstrating that chronic infection does not reduce body condition, along with
the lack of other detectable physiological costs, contributes to a growing body of evidence that

chronic malarial infection likely does not have significant costs to ‘amakihi fitness.

It is unexpected that body condition is greater in chronically infected birds. One possible
explanation is that only birds of greater body condition are likely to survive acute infection, and
so birds that survive this challenge are biased towards being of better condition. The poor-
condition birds would be more likely to subcome to mortality. Another factor to consider is that

the models for body condition of chronically infected birds had singularities as a result of the
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drastically reduced and imbalanced sample size. The model with disease as a fixed effect and sex
as a random effect only explained 0.013 % of variation in body condition. This suggests that
other factors not accounted for in this study are driving variation in body condition moreso than
disease status. The relationship between chronic infection and body size requires further

investigation with a greater sample size before definitive conclusions can be drawn.

Cr value and physiology

None of the phsyiological variables assessed- hematocrit, ROMs, triglycerides, nor body
condition- were significantly correlated with Ct value. Thus, the intensity of chronic infection
does not seem to impact physiological stress levels in ‘amakihi. This demonstrates a level of
tolerance, whereby the ‘amakihi offset costs of chronic infection. Further research into the
immune activity of chronically infected birds testing for the presence of malaria-specific
antibodies would further elucidate their response to chronic infection. Based on these results, the

quantity of P. relictum does not appear to affect the physiology of chronically infected ‘amakihi.

Limitations

The prevalence rate of avian malaria in ‘amakihi was 26 % in this analysis. It is important
to note that the overall infection rate may be higher, as this is only accounting for birds that
become infected and survive. As the ‘Ainahou project continues, a long-term dataset will be
established that will allow for survival estimates. Thus, an important next step is to determine the
survival rate and overall P. relictum infection rate for ‘amakihi at this site. This research lays the
groundwork for continual physiological monitoring of this ‘amakihi population. One such topic
that could be addressed using survival estimates is if there are physiological predictors for

whether or not a bird survives acute infection.
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There are far more males (n=175) included in this study than females (n=35), as male
‘amakihi are generally more active and therefore more likely to fly into the nets (Smetzer et al.
2022). Additionally, the models that only included chronically infected birds often had issues
with singularities. It would be beneficial to re-run these analayses with a larger and more

balanced sample size to see if the results remain the same with more powerful models.

Lastly, this study assumes that ‘amakihi infected with avian malaria remain chronically
infected for the remainder of their lives. Thus, birds that did not have detectable P. relictum in
their blood were assumed to have never been infected with the parasite. A more complete dataset

at ‘Ainahou will reveal if this assumption is true by monitoring infected birds over several years.

CONCLUSIONS

Most studies on the direct effects of avian malaria in ‘amakihi have focused on acute
infection using captive challenge studies. This study is one of the first to assess the long-term
impacts of avian malaria in a wild population. The only other study of chronic infection in
Hawai‘i ‘amakihi found that reproductive success was not impacted by chronic avian malaria
(Kilpatrick et al. 2006). In fact, in Kilpatrick*s study, which was also carried out at ‘Ainahou
Ranch, pairs with chronically infected males had even higher nesting success and nestlings that
were more likely to be resighted a year later. This could be interpreted one of two ways: 1)
healthier ‘amakihi are more likely to survive acute infection; thus, chronically infected birds
would have greater fitness overall because the less fit birds would have died from infection or 2)
‘amakihi with greater fitness are more prone to infection because they move around more or are
more attractive to mosquitos. Though most physiological parameters did not differ between

undetermined and chronically infected birds, mass was higher in chronically infected birds.
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Further research on the survival, acitvity, and reproduction of chronically infected ‘amakihi in
this area could continue to investigate the possibility of greater fitness in chronically infected

birds.

This study contributes to a growing body of evidence that ‘amakihi reslience against
avian malaria is not just in the acute stage, but in the chronic stage as well. Based on these
results, combined with previous work by Kilpatrick et al. (2006), there may not be long-term
costs to fitness associated with chronic avian malaria in this population of ‘amakihi. Thus,
studying survivors of infection could prove critical in elucidating factors that shape their
resilience. It is hypothesized that chronically infected ‘amakihi carry genes for malarial
resistance, so methods of facilitating the evolution of these genes in less resilient populations are
being considered (Kilpatrick 2006; Samuel et al. 2020). It is possible that the reslience of
‘amakihi also stems from their generalist diet, and that certain microbes in their gut microbiota
stimulates antibody production against P. relictum and increases chances of survival (Navine et
al. 2022). Finding ways to help birds survive the acute stage of infection is critical in saving
endemic Hawaiian forest birds from extinction. The ‘amakihi serves as a beacon of hope in avian
conservation; it seems that the ‘amakihi of Keauhou, like the kanaka throughout Ka‘a, persist

and even thrive despite the challenges they face.
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Figure 1. Hematocrit levels based on disease status in
‘amakihi. There is no difference in hematocrit between
positive and undetermined ‘amakihi (p=0.400).
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Figure 2. Hematocrit levels plotted against square root
transformed Cq value. There is no relationship between
hematocrit and Cq value for infected ‘amakihi (p=0.2768).
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Figure 3. Square root transformed ROMs plotted against
log transformed triglycerides. There is a significant
positive correlation between the two (r(188)=0.2506,
p=0.0005).
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Figure 5. Square root transformed ROMs levels plotted

against square root transformed Cq value. There is no

relationship between ROMs and Cq value for infected

‘amakihi (p=0.475).
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Figure 4. Square root transformed ROMs levels based on
disease status in ‘amakihi. There is no significant
difference in ROMs between positive and undetermined
‘amakihi (p=0.155).
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Figure 6. Log transformed triglyceride levels based on
time of day blood sample was taken (r(220)=0.21,
p=0.0021).
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Figure 8. Log transformed triglyceride levels plotted
against square root transformed Cq value. There is no
relationship between triglycerides and Cq value for
infected ‘amakihi (p=0.3577).
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Figure 7. Log transformed triglyceride levels based on
disease status in ‘amakihi. There is no difference in
triglycerides between positive and undetermined ‘amakihi
(p=0.2825).
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Figure 9. Body condition by disease status in all infected
‘amakihi. There is no significant difference in body condition
between positive and undetermined ‘amakihi (p=0.248).
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Figure 10. Body condition plotted against square
root transformed Cq value. There is no
relationship between body condition and Cq value

for infected ‘amakihi (p=0.3195).

Figure 11. Body condition by disease status in ‘amakihi when
only including positive ‘amakihi that were confirmed to have

chonic malarial infection. Body condition is greater in

chronically infected ‘amakihi (p=0.0287).
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