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The avian vampire fly is an invasive species on the Galapagos Islands, where its
hematophagous larvae utilize nestling birds as hosts. It poses a serious threat to
populations and species of Darwin finches and other avian species. Prior studies
suggest that the avian vampire fly larvae develop more rapidly in nests of small tree
finches compared to sympatric green warbler finch nests. Here we investigate
factors that may differentially influence larval growth in the two host species,
including nest microclimate and nestling diet. We collected nest base temperature
and humidity data as proxies for nest microclimate. As indicators of dietary
composition and quality, we measured stable isotope §°C and §°N composition
of nestling blood, used the C:N ratios as an indicator of relative protein content, and
assessed the amino acid composition of the blood. The hematophagous larvae living
off nestling blood were analyzed for the same parameters except amino acid
composition. The effect of nest base humidity on nest base temperature
significantly depended on bird species: at low humidity levels nest base
temperature was higher in the small tree finch, and declined in both species as
nest base humidity increased, which suggests higher stable heat capacity of small
tree finch nests. The effect of age group based on the predicted onset of
thermoregulation was marginally significant. Nest base temperatures were
significantly higher in small tree finch nests during the predicted female brooding
period before fully effective thermoregulation. Stable isotope &°C levels were
significantly higher in the blood of small tree finch nestlings compared to warbler
finch nestlings, suggesting a difference in nestling food composition and source,
while. 8'°N levels were similar. The C:N ratios and amino acid composition of
nestling blood were not significantly different between the two species, suggesting
similar dietary quality. Thus, the faster development of larvae in small tree finch nests
may be due to higher nest base temperatures during the early nestling phase rather
than host blood quality parameters.
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1 Introduction

Host suitability and host quality are important factors in
parasite life history, development and parasite population growth
(e.g. Tschirren et al., 2007; Bize et al., 2008; Lange et al., 2014;
Manzoli et al., 2018). Parasites may choose hosts based on many
factors, such as habitat, host species, (e.g., Manzoli et al., 2021), host
distribution, body size, abundance, host defense, and/or nutritional
status (e.g., Walker and Rotherham, 2011; Seppald and Leicht, 2015;
Stokke et al., 2018). For generalist polyphagous parasites, fitness
may vary depending on specific host qualities (e.g., Tschirren et al,
2007; Lange et al., 2014; Manzoli et al., 2021). Specifically for nest
parasites, nest climate and diet quality of hosts (such as protein
levels) may be important factors in both parasite selection of hosts
and ultimately, in parasite reproductive success (Heeb et al., 20005
Tschirren et al,, 2007; Cantarero et al., 2013). Variation in host
quality may be particularly pronounced in newly introduced
parasites on remote archipelagos, where no coevolution between
hosts and parasites occurred yet.

A species that exemplifies host selection is the invasive avian
vampire fly, Philornis downsi, which has been introduced to the
Galapagos Islands and parasitizes at least 21 host species in
Galapagos, including passerines and doves (Fessl et al,, 2018;
Coloma et al.,, 2020; Anchundia and Fessl, 2021). The avian
vampire flies oviposit in host nests during both incubation and
nestling phases, with greater parasite loads in the nestling phase
(Cimadom et al., 2014; Pike et al., 2021; McNew and Clayton, 2018;
Common et al.,, 2020). In the birds’ incubation phase, the avian
vampire fly larvae feed on the underside of brooding adult females
and retreat into the nest material between feeding bouts. During the
nestling phase, newly hatched larvae initially develop in the nasal
cavities and ear canals of nestlings, while the 2" and 3" instar larval
stages generally reside in the nest base during daylight hours and
feed on nestling blood and tissue at night (Fessl et al, 2006).
Variation in numbers and parasite growth and development
among its different host species suggest that hosts vary in
profitability for the parasite (Manzoli et al., 2021). Host
preference by Philornis sp. has been suggested in other Philornis-
host systems in South America, as certain host species have much
higher Philornis nest parasitism than other host species in the same
sites (Manzoli et al., 2021; Ramirez et al., 2022). However, a better
understanding of factors influencing the quality of different host
species of the avian vampire fly in Galapagos is still lacking. Prior
studies reported differences in avian vampire fly parasitism between
the small tree finch and the green warbler finch, suggesting a
difference in host profitability (how much a parasite benefits from
a host, including resources/energy acquired from the host) between
host species (Bize et al., 2008; Lemoine et al., 2011; Cimadom et al.,
2014; Cimadom and Tebbich, 2021). Furthermore, parasite levels in
the two species changed over a period of 15 years: compared to data
from the early 2000s, mean avian vampire fly parasitism decreased
in green warbler finch nests but increased in small tree finch nests
during 2012-2017 (Cimadom and Tebbich (2021). This may suggest
a potential change in host preference of the avian vampire fly for the
small tree finch compared to the green warbler finch due to host
profitability. Additionally, Cimadom and Tebbich (2021) reported
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that among all larval stages the proportion of 3" instar larvae and
pupae increased at a faster rate in small tree finch nests compared to
those in the green warbler finch nests suggesting faster larval
growth, maturation and completion of larval stages. It suggests
that the small tree finch may be a higher quality host and/or
provides a more suitable habitat for the avian vampire fly than
the green warbler finch. In this study, we aimed to determine
whether the two host species differ in factors that may influence
larval development and thus could explain the difference found in
larval development and growth, and therefore the apparent current
host preference. A variety of natural, biotic conditions/factors
related to hosts may influence larval growth and maturation in
insects, depending on their life history. In the case of the avian
vampire fly, these factors may include microclimate of the nest base
and overall nutritional quality of the hosts’ blood, however, studies
are lacking on how these factors vary between host species in the
Galapagos Islands.

Nest microclimate, including nest temperature and humidity,
are influenced by many factors, including ambient weather
conditions, parent and nestling mass, brood size, brooding rate of
female parents, among other factors. Studies have investigated the
effects of ambient temperature on nest ectoparasite abundance (e.g.,
Mennerat et al., 2021; Castaio-Vazquez and Merino, 2022), but
field studies on the effects of direct nest temperature on larval
development are limited. Prior studies have experimentally shown
that black soldier fly, Hermetia illucens, larvae and Protocalliphora
blowfly larvae may develop faster at higher temperatures (Bennett
and Whitworth, 1991; Palma et al., 2019). Nest microclimate can be
influenced by nest composition (e.g., Michielsen et al., 2019). As the
green warbler finch is smaller than the small tree finch and their
nests differ in size, material, and mean nest height (Kleindorfer and
Dudaniec, 2009; ST pers. obs.; CP unpublished data), they
potentially have different nest microclimates that may influence
larval growth. Nest humidity has also been shown to be an
important factor in parasitism in an experimental study where
nest humidity influenced the prevalence of hematophagous bird
parasites, and vice versa parasite prevalence affected nest humidity
(Heeb et al., 2000). We predict that small tree finch nests have
higher nest temperatures than green warbler finches, which may be
mediated by nest humidity and ambient climate.

Nest base temperatures are likely influenced by both female
brooding behavior after hatching and the onset of thermoregulation
in nestlings. The precise onset of thermoregulation is not known for
the two bird species but can be estimated from multifactorial
comparative studies of altricial birds (e.g. Dunn, 1975). Before
active thermoregulation, metabolic rates and growth of nestlings
depend on nest temperature and hence the brooding behavior of
females. After nestling thermoregulation occurs, various factors
could still create variation in nest climate, such as the number of
nestlings, nestling size and metabolic rate of the nestlings. Thus,
female brooding behavior may continue for this short time period
of transition and hence affect nest base temperatures.

Nutritional levels in the diet are essential for adequate larval
development in insects. Natural food sources of hematophagous
larvae may vary in nutritional composition. Prior research
demonstrated that protein concentrations in food sources,
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measured for example as C:N ratios, have profound impacts on
larval growth of insects, including mosquitoes, black soldier flies
and fruit flies (Balagawi et al., 2014; Hood-Nowotny et al., 2012;
Palma et al., 2019). More specifically, larval growth can be positively
influenced by lower C:N ratios (i.e. higher protein contents) of
larval diet alone in the mosquito Anopheles arabiensis or the melon
fly Bactrocera cucurbita (Hood-Nowotny et al., 2012; UlHaq et al,,
2010), or can act in conjunction with higher temperatures to
improve growth (Palma et al., 2019). However, a previous
experimental study on Aedes aegypti found that larvae fed a diet
consisting of 61-77% carbohydrates and 20-33% proteins developed
faster compared to those on both lower or higher protein-to-
carbohydrate diets (van Schoor et al, 2020). This suggests that
there may be optimal carbohydrate levels for larval growth.

Previous studies of parasite-host feeding systems demonstrated
that stable isotope analysis is an effective method for determining
dietary sources and is commonly used in ecological/entomological
research (Hood-Nowotny and Knols, 2007; Quinby et al., 2020).
The stable isotopes composition 8'°C and §'°N may vary depending
on the diet per se and the trophic position of hosts and their
ectoparasites. 8'>C can reflect dietary choices by individuals and
their prey, specifically which plant types they consume (with either
C3 or C4 photosynthetic pathways). Thus, higher 8'°C values can
suggest that birds or their prey consume more C4 versus C3 plants
(Staddon, 2004). §"°N is also dependent on the trophic level of the
study organism, with higher tissue 8'°N values indicating
consumption of organisms higher up the trophic ladder. In the
case of insectivorous or omnivorous hosts, higher tissue 8'°N may
be driven by more arthropods compared to seeds or arthropods
further up the carnivorous food chain, such as spiders, in the host
diet (Meyhoff et al.,, 2023; Hood-Nowotny et al., 2023).
Additionally, lower C:N ratio of the host species blood or parasite
indicates more protein-N per molecule of carbon. Schmidt et al.
(2011) reported carbon and nitrogen stable isotope ratios in blood-
feeding larvae of the tick, Ixodes ricinus, were reflective of the
differing diets of the two host species. Ticks that fed on rabbit hosts
with lower 8"°C blood values than gerbil hosts also had significantly
lower 8'2C values than ticks that fed on gerbil hosts (Schmidt et al.,
2011). Green warbler finch nestlings feed on a more insectivorous
diet than small tree finch nestlings (Filek et al., 2018) and we thus
predict a more protein-rich blood composition in green warbler
finch nestlings, demonstrated by both a lower C:N ratio and higher
8"°N levels. However, we do not expect to see significant differences
in blood 8"*C levels between the two host species, as most plants in
our study site use C3 photosynthesis (RCHN, pers obs).

Amino acids are equally essential factors in the growth and
development of insects. Prior studies on dietary amino acids in
insects have reported specific amino acids that are essential for the
completion of larval developmental stages (Singh and Brown, 1957;
Davis, 1975; Chang, 2004). Insect larvae lacking specific non-essential
amino acids in their diet may survive, but larval growth may be
delayed (e.g., Davis, 1975; Chang, 2004). Additionally, an excess of
specific amino acids may also slow or hinder larval growth (Hinton
et al,, 1951). Thus, investigating amino acid composition in natural
blood diets of avian vampire fly larvae may provide insight into the
nutritional requirements of avian vampire fly larval development and
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additionally host blood quality. Given this, we predicted that there
would be significant differences in the percent composition of at least
one amino acid in small tree finch nestling blood compared to green
warbler finch nestling blood that may play a role in the observed
differences in larval development. This may include, but is not limited
to lower isoleucine levels for small tree finches, as high isoleucine
levels can inhibit larval development (Hinton et al., 1951).

We aimed to answer the following questions: (1) Is there a
significant difference in nest base temperature or humidity levels
during the nestling phase between our two focal host species, the
small tree finch and green warbler finch? (2) Does dietary quality of
nestling blood differ between the two host species?, and (3) Do the
hematophagous avian vampire fly larvae living off nestling blood
reflect host dietary differences?. We thus monitored climatic
variables in nests of both the green warbler finch and small tree
finch and measured carbon/nitrogen levels and stable isotope
composition (8"°C and §'°N) in the nestling blood and larvae
from nests of both species. Furthermore, we quantified amino acid
composition in the blood of both focal host species for comparison.

2 Materials and methods
2.1 Study site and focal species

This study took place in Los Gemelos (0°37°50” S, 90°23°25” W,
569 - 634 m a.s.l.), a protected area within the Galapagos National
Park on Santa Cruz Island in the Galapagos Islands, Ecuador. This
study site is a humid forest mainly characterized by the endemic
daisy tree, Scalesia pedunculata, along with other trees and shrubs,
such as the endemic guayabillo tree, Psidium galapageium.
Additionally, the field site includes introduced plant species, such
as the guava tree, P. guajava, and the highly invasive raspberry,
Rubus niveus, among others (Renteria et al., 2012; Jdger et al., 2017;
Walentowitz et al., 2021); however, in our study area, there has been
long-term management of R. niveus by the Galapagos National Park
(Cimadom et al., 2019).

Samples were collected from two avian host species, the green
warbler finch, Certhidia olivacea, and the small tree finch,
Camarhyncus parvulus. Nests of these two host species were
monitored in 2021-2022, from January to May, during the
incubation and nestling/feeding phases. Nests were visited every
2-3 days to confirm activity and hatching date. Nestlings were
considered zero days old on hatch date, when the first egg hatched.
All nests were monitored until activity ceased, which was confirmed
by visual observations and filming with an endoscopic camera.
Once a nest was no longer active, it was collected and avian vampire
fly larvae and pupae were quantified.

2.2 Nest climate data collection

We used data loggers to measure temperature and humidity in
the nest base of green warbler finch and small tree finch nests
between 6 February - 2 May 2021 and 16 February - 21 April 2022.
Hygrometers (iButton® DS1923, Maxim Integrated), recording
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both temperature and humidity, were placed in the nest base of
eight green warbler finch nests and 11 small tree finch nests in 2021
and four green warbler finch and five small tree finch nests in 2022.
Additionally, thermochrons (iButton® DS1925, Maxim Integrated),
measuring temperature only, were placed in two green warbler finch
nests and one small tree finch nest in 2021 and in four green warbler
finch and two small tree finch nests in 2022, due to a limited
number of hygrometers. All data loggers were placed in the nest
base under the top base layer where avian vampire fly larvae
commonly develop and pupate. Climate data was recorded every
30 min. during the nestling phase. Data loggers were removed from
each nest after termination of breeding activity. All data was
downloaded via the OneWireViewer software. Percent relative
humidity (RH) data were automatically compensated for
temperature and saturation drift within each data logger. We only
used data points from data loggers when we could confirm at least
one nestling was still alive in the nest.

2.3 Blood and larvae field collections

2.3.1 Nestlings

Blood samples were collected between 12 February to 3 May 2021
from 36 green warbler finch nestlings of 21 nests and 16 small tree
finch nestlings of nine nests at the age of 5-6 days. Nestlings were
removed from their nest for a maximum of 15 minutes.
Simultaneously, standard body measurements (bill head, tarsus, and
wing length) and weight of each nestling were recorded. Each nestling
was also checked for effects of avian vampire fly larval parasitism. One
to two drops of blood (<30 uL) were collected from the brachial vein in
the left wing of each nestling using a new non-heparinized
microcapillary tube. Immediately, the blood from each nestling was
transferred onto separate fiber glass filter discs (the size of a hole punch
circle) and stored in 1.5 mL Eppendorf tubes. Each fiber glass filter disc
with blood was dried at approximately 40°C for one hour. After drying,
the Eppendorf tubes were stored in a cool, dry place until exportation.

2.3.2 Larvae from natural nests

From 15 February - 3 May 2021, we collected avian vampire fly
larvae from green warbler finch and small tree finch nests once nest
activity ceased. All larvae were collected from nests in which
nestling blood samples were taken for stable isotope analysis. One
to five whole larvae per nest were collected and stored in separate
1.5 mL Eppendorf tubes with 70% ethanol. In total, 32 avian
vampire fly larvae from eight green warbler finch nests and 32
larvae from seven small tree finch nests were collected. All larvae
were 2™ and 3" instar stages. These samples were stored at room
temperature until stable isotope analysis was conducted in Austria.

2.4 Stable isotope analysis

Stable isotope analyses of all samples (nestling blood and avian
vampire fly larvae) were conducted at BOKU, Tulln, Austria. Total
C and N analysis and bulk 13C and 15N isotope analysis, were
conducted by elemental isotope ratio mass spectrometry. For
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samples stored in alcohol samples were repeatedly (3 times)
washed and dried at 40°C to remove traces of alcohol. These and
other samples were then dried (40°C for 72 h), either accurately
weighed (3-5 mg) or just put into (in the case of the fiberglass filter
discs) 9 by 5 mm tin cups. Samples were analyzed using a Thermo
Flash 2000 Organic Elemental analyzer, linked to a Thermo Delta V
Advantage automated isotope ratio mass spectrometer (IRMS)
(Thermo, Bremen, DE). A full complement of internal and
external standards was run with the samples to calculate isotopic
ratios and %C and %N values. The isotope ratios were expressed as
parts per thousand per mille (%o) or & deviation from the
internationally recognized standards Vienna Pee Dee Belemnite
(VPDB) and ambient air.

2.5 Amino acid analysis

2.5.1 Stock amino acids

Amino acid stock solutions for standards were made from
purchased pure amino acids and dissolved in Millipore water.
Standards included 0.1M concentrations of l-alanine, I- leucine, 1-
arginine, 1-proline, l-cysteine, l-asparagine, d-serine, l-glycine, 1-
threonine, l-lysine, l-phenylalanine and l-aspartic acid, 0.05M
concentration of l-valine, 0.02M concentration of 1- isoleucine
and l-methionine, and a 0.005M concentration of 1-glutamic acid
and l-tyrosine. All of these amino acids are related to protein
synthesis, and thus informative for larval development.

2.5.2 Sample preparation - bird blood digestion
for amino acid determination

Half of a disc of quartz filter containing a drop of the host blood
was used for analysis. Blood samples from 18 green warbler finch
and 10 small tree finch nestlings were analyzed to quantify amino
acid levels. To each disc sample, 500 uL 6M HCl solution was added
and samples incubated at 110°C for 24 hours in sealed glass vials.
After incubation, once samples reached room temperature, they
were exposed to nitrogen (N;) gas for up to 24 hours to evaporate
the HCI, and then diluted in 500 UL of deionized water.

2.5.3 Derivatization of amino acids

Derivatization of samples was conducted following protocols
from Bertrand et al. (2008). In brief, 300 UL of either amino acid
standard stock solution or bird blood sample was added to a 1 ml
glass vial. Then, 300 pL alcohol EtOH was added to each tube, and
vortexed 10 s. Then, 75 UL pyridine was added to each tube,
followed by 165 uL 0.5 M NaOH, and vortexed for 10s after each
addition. After, 100 puL ethyl chloroformate was added to each tube,
followed by 60 UL ethanol-stable chloroform. This solution was
then left for 5 min. for the CO2 to evaporate. Finally, 750 uL of
ethanol-stable chloroform was added and each tube was vortexed.
All reagents used were of gas chromatography quality and all
necessary health and safety precautions adhered to (e.g., all
activities were conducted under the fume hood).

The organic chloroform layer was extracted from each sample,
placed in a new tube and evaporated using N2 gas for generally 2-3
hours until dry and 200 UL of iso-octane was added to each sample

frontiersin.org


https://doi.org/10.3389/fevo.2024.1398353
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Pike et al.

to resuspend it. For each sample, 100 UL of the resuspension was
decanted into a 1.5 mL glass vial containing a ~150 UL glass insert
for gas chromatography.

2.5.4 Gas chromatography

Amino acid samples were run on an HP 5890 Series II Plus gas
chromatograph. Samples were analyzed by injecting 1uL of the
organic layer. A non-chiral RTX1701 column (60 m long x 0.25 mm
diameter, 1 um thickness; Restek) was used. Helium was used as the

carrier gas with a flow rate of 1.2 mL min"

. The oven program
consisted of an initial temperature set for 120°C for 10 min,
followed by a ramp of 20.0°C/min, with a final temperature of
275°C for 10 min. Total run time was 27.75 min. Using the
ChemStation program (Agilent Technologies, USA), peaks of
amino acids were identified by comparing with retention times
from reference amino acid peaks in the chromatograms
(Supplementary Table 1).

2.6 Statistical analysis

2.6.1 Nestling size
We conducted a Mann-Whitney U test (n = 59) to determine if
there was a difference in body mass (g) between the two host species.

2.6.2 Nest climate

For this study, 13,045 data points were included in the analysis
for temperature and 9,407 data points included for percent
humidity. Descriptive statistics were obtained using describe.by
function in the psych package (Revelle, 2022). Daily mean values
for nest base temperature and humidity (% RH) were calculated for
days with complete data (24 hrs). Daily mean ambient temperature
and humidity (% RH) values from the “El Carmen” weather station
near the study site were also used in the analysis (CDF, unpublished
data). To account for the estimated age at which nestlings begin to
thermoregulate (Dunn, 1976, 1979; Ricklefs and Hainsworth, 1968),
each data point was classified into one of two age groups, based on
the age of nestlings when the data was collected: 0-6 days old and 7-
14 days old.

Initially, individual linear mixed models (fit with REML) were run
using Ime4 package (Bates et al., 2015) and included temperature and
humidity as dependent variables. To account for non-normality and/or
heteroscedasticity, final robust linear mixed models were run using the
robustlmm package (Koller, 2016) for both nest base temperature and
humidity. Overall, 194 daily mean values for nest base temperature and
130 daily mean values for nest base humidity were used in the models.
For the initial nest base temperature and humidity models, fixed effects
included species and age group before and after the predicted onset of
thermoregulation 6 days after hatching. Additional fixed effects
included year, number of nestlings alive each day, nest height (m),
number of parasites, and ambient temperature or humidity, as these
factors may affect the nest base climate in field conditions. Additionally,
interaction terms in each model included: 1) species*age group, 2)
species*number of parasites, and 3) species*ambient humidity in the
humidity model. We included multiple interaction terms, which
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consisted of variables of interest and species, to account for potential
species-specific differences in how each variable of interest may affect
nest temperature and nest humidity. In the temperature models, the
interaction term nest humidity*species was also included, to account
for a potential evaporative cooling effect of humid conditions. An
interaction of ambient temperature and species was not included in the
temperature model, to improve model fit (see models compared in
Supplementary Tables 2, 3). In addition, a second model with nest base
temperature as dependent variable was run that includes data from day
0-7 after hatching, that is from hatching to the predicted onset of
thermoregulatory activity plus an additional day to account for the
transition phase from exothermy to fully effective endothermy, where
females are thus still expected to partially brood nestlings (eg., Heyer
et al,, 2021; CP, unpublished data). This model included the same
variables as the initial temperature model except age group and the age
group*species interaction. Each model also included iButtonID/NestID
as a nested random factor. All continuous variables were mean
centered and scaled before running models and the log of the
number of parasites was taken and used in the analyses.

2.6.3 Stable isotopes

Six separate linear mixed models (fit with REML) were run using
the Ime4 package to analyze the effect of species on mean §'°C, mean
8N, and mean C:N ratios of nestling blood and larval values, with
8°C, §"°N, and C:N ratio of nestling blood and larvae as the dependent
variables. Species, blood sampling date (as food availability may vary
throughout the season), and number of days the nestlings lived after
sampling (as an indicator of nestling starvation, as this can affect the
stable isotope values and protein levels in the blood) were included as
fixed effects in all models. Nest ID was included as a random factor to
control for relatedness between nestlings or larvae in the same nest.
Due to non-normal residuals and heteroscedasticity, robust linear
mixed models for nestling blood 8'°N and C:N values were run
using the robustlmm package. Due to non-normal residuals, a
generalized linear mixed model with a gamma family with log link
was run for "N larval values.

Mean 8"C, mean 8N, and mean C:N were calculated for
nestlings and larvae separately for each nest. Separate correlation
tests were run in R Studio to test for correlations of 8'>C, 8'°N, and
C:N values between nestlings and larvae from each nest using the
corr.test function. For testing all values of both species together,
Spearman correlation tests were run due to non-normally
distributed nestling values. For testing correlations using data
from each species separately, Pearson correlation tests were run
for green warbler finch §'°C and C:N values and small tree finch
8'°C and 8"°N values. For green warbler finch §'°N and small tree
finch C:N, Spearman correlation tests were run due to non-
normally distributed nestling values.

2.6.4 Amino acids

We analyzed all amino acids that were possible to amplify and
identify using gas chromatography. All of these amino acids are
related to protein synthesis, and thus informative for larval
development. Based on the chromatograms from gas
chromatography, we quantified the area for each identified amino
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acid peak per sample using the ChemStation program. We then
summed up a group of defined pre-selected amino acid peak areas
per sample for a total area. Peak areas of amino acids that had two
peaks close together (methionine, phenylalanine, cysteine,
asparagine) within the expected range of the amino acid were
added together. For glutamic acid, the peak area of the expected
peak was added with the area of its secondary peaks. Next, for each
amino acid, individual peak area was divided by total area per
sample to obtain a percent composition value or relative abundance
measure, a method routinely used for analyzing amino acid
composition. All calculations were performed in Microsoft Excel.

Generalized linear mixed models were conducted with percent
composition of each amino acid as the dependent variable. Species
and blood sampling date were included as fixed effects and nest ID
as a random effect. All models were run using the glmmTMB
function from the glmmTMB package (Brooks et al., 2017) using
the beta family and logit link function.

All analyses were conducted in R Studio (R Core Team, 2021).
A variance inflation test was done for all models using the vif
function in the car package (Fox and Weisberg, 2019) to confirm
the fixed effects were not highly correlated (all VIF values were <
3.57, Supplementary Tables 4-13). For each linear mixed model,
the residuals were inspected for normality using QQ plots,
histograms, and a Pearson standardized versus residual plot.
Each model was also inspected for heteroskedasticity using
scaled residual plots. All beta models were assessed for
overdispersion using the DHARMa package (Hartig, 2022). All
dispersion values were < 1.0. The ImerTest package (Kuznetsova
et al, 2017) was used to obtain p-values for the linear mixed
models and generalized linear mixed model with the gamma
family. The summary function and tab_model function in the
sjPlot package (Liidecke, 2021) were used to obtain p-values for
the robust linear mixed models. For all statistical analyses, p < 0.05
was considered significant. All figures were made using the ggplot2
package (Wickham, 2016) in R Studio.

3 Results
3.1 Nestling size

Body mass of 5-6 days old nestlings was not significantly
different between the small tree finch and green warbler finch
(U =266, p =0.267, n = 59).

3.2 Nest climate

Small tree finch and green warbler finch nest base
temperatures differed significantly in relation to nest base
humidity. At lower nest base humidity levels (e.g., 60%), nest
base temperature was higher in the small tree finch nests than in
the green warbler finch nests. Small tree finch nest temperature
declined more than green warbler finch nest base temperature as
nest humidity levels increased (significant nest base
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humidity*species interaction, t = 2.01, p = 0.031; Table 1,
Figure 1). As nest base humidity reached 100%, nest base
temperatures for both species were similar (Figure 1). There
was also a significant age-group effect (t = 2.01, p = 0.044;
Table 1), mainly due to the higher nest base temperatures in
small tree finch nests before the predicted onset of
thermoregulation (Figure 2A). There was no significant effect of
year or nest height on nest temperature (Table 1). Small tree finch
nests showed a lower minimum humidity (% RH) and a greater
humidity range than green warbler finch nests (Table 2). Since
nest base humidity slightly but non-significantly increased in the
small tree finch after the onset of thermoregulation and it
decreased non-significantly in the green warbler finch, this led
to a marginally significant age group*species interaction (t =
-1.81, p = 0.07; Table 3, Figure 2B). In the second nest
temperature model with nest temperature data for the predicted
female brooding period before thermoregulation plus the
transition from exothermy to fully effective endothermy, nest
base temperature was significantly lower in green warbler finch
nests compared to small tree finch nests (t = -2.55, p = 0.01;
Table 4). Additionally, nest base temperature decreased
significantly, as nest base humidity increased (t = -12.51, p <
0.001; Table 4).

3.3 Stable isotopes in nestling blood

Small tree finch nestlings showed significantly higher §"°C
levels than green warbler finch nestling (t = -3.57, p = 0.0013;

TABLE 1 Model output of the initial robust linear mixed model for nest
base temperature as the dependent variable, including age group as
a factor.

Predictors Estimate t-
+ SE value value

Intercept 30.10 + 0.81 37.39 <0.001
Species (GWF) -2.36 £ 0.97 -2.44 0.015
Age group (7-14 days) 0.35+0.18 2.01 0.044
Year (2022) 1.08 £ 0.95 1.13 0.257
Number nestlings -0.19 + 0.19 -0.99 0.322
Number of parasites -0.02 + 0.11 -0.15 0.880
Nest height (m) 0.11 £ 0.50 0.23 0.820
Ambient temperature 0.03 + 0.08 0.37 0.712
Nest base humidity -2.15+0.13 -16.38 <0.001
Age group (7-14 days) -0.53 £ 0.31 -1.72 0.086
*species (GWF)

Number parasites*species (GWF) 0.19 £ 0.18 1.01 0.311
Nest base 0.38 £ 0.18 2.16 0.031
humidity*species (GWF)

All continuous, numeric variables were first mean-centered and scaled. p-values < 0.05 are
denoted in bold. GWF, green warbler finch. * indicates interaction term.
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FIGURE 1

Nest base temperature relative to nest base humidity, for the small
tree finch and green warbler finch. Raw data for daily mean
temperature values (°C) are displayed as dots. Lines shown are
model predicted values for daily mean nest base temperature with
95% confidence intervals in grey.

Tables 5, 6, Figure 3A). In contrast, §'°N levels were only marginally
lower in small tree finch nestlings compared to green warbler finch
nestlings (t = 1.90, p = 0.058; Table 6, Figure 3B). The C:N ratio of
nestling blood was not significantly different between the two
species (Table 6, Figure 3C). Both the 8'°N levels and the C:N
ratios were lower in nestlings that survived longer.
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W Small Tree Finch [l Green Warbler Finch
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FIGURE 2

Nest base climate relative to age group (days), per species, for (A) nest base temperature (°C) and (B) nest base humidity (% RH). Species include the
small tree finch and the green warbler finch. Both nest base temperature and humidity are displayed as daily means. The box indicate the values
within the interquartile range (within 25-75%). The black line inside the boxplot indicates the median. Whisker lines represent values outside the

interquartile range, with dots indicating outliers.
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3.4 Amino acids

Amino acid percent composition did not significantly differ between
the two host species (Table 7, Figure 4). The day of year each sample was
collected, included in the models as a covariate, had a significant effect on
percent composition for alanine (z = 2.05, p = 0.04), serine (z = 2.28,
p = 0.023), and glutamic acid (z = -2.70, p = 0.007; Table 7).

3.5 Stable isotopes in avian vampire
fly larvae

8"C levels were significantly higher in larvae collected from
small tree finch nests, compared to larvae from green warbler finch
nests (t = -2.50, p = 0.032; Table 8, Figure 3A). §'°C levels increased
with day of year (t = 2.61, p = 0.028) and were lower in nests where
nestlings survived longer (t =-2.69, p = 0.024) (Table 8). There were
no significant differences of larval §'°N nor C:N ratios in larvae
collected from the two host species (Table 8, Figure 3).

Stable isotope values showed no significant correlation between
nestling blood and larvae (pooled values for both species, Spearman
correlation test, 8>C: p(13) = 0.45, p = 0.094; 8'°N: p(13) = 0.404, p
(13) = 0.137; C:N: p(13) = -0.342-, p = 0.212, n = 15; Figure 5). 8"°N
for green warbler finches and larvae were significantly correlated
(p(6) = 0.81, p = 0.022, n = 7) and C:N values for small tree finches
and larvae marginally (p(5) = -0.709, p = 0.074, n = 8) correlated.

4 Discussion

Recent studies demonstrated higher parasite levels and faster
larval development of hematophagous avian vampire fly larvae in

(B)

B Smal Tree Finch B Green Warbler Finch

100

S

60

40

0-6 days old 7-14 days old

Age group (days)
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TABLE 2 Descriptive statistics for nest climate by species.

Temperature (°C)
Small tree finch 28.77 £ 0.05 6930 18.50 38.89
Green warbler finch | 28.75 + 0.04 6115 18.11 38.1
Humidity (%)
Small tree finch 79.19 + 0.20 5335 18.27 100
Green warbler finch | 80.33 +0.22 4072 40.75 100

nests of the small tree finch compared to the green warbler finch,
two endemic Darwin finch species in the Galapagos (Cimadom
etal,, 2014; Cimadom and Tebbich, 2021). In this study, we assessed
the contribution of two main factors for the growth of the
hematophagous larvae, nest climate and the nutritional quality of
the host blood. Our results indicate that nest base temperatures
were influenced by nest base humidity, with small tree finch females
maintaining significantly higher nest base temperatures before
predicted fully effective thermoregulation. The nutritional quality
of the blood reflected host diet, with small tree finch nestling blood
having significantly higher 8'°C; however, no significant difference
in 8"°N, C:N, or amino acid composition was observed. Our data
therefore indicate that higher nest temperatures for the small tree
finches, rather than blood quality, favor faster development of the
hematophagous larvae.

Nest base daily mean temperatures were significantly different
between species in relation to daily mean nest base humidity. At
lower nest base humidity levels, the small tree finch nests had higher
temperatures than the green warbler finch nests; however, as nest

TABLE 3 Model output of the robust linear mixed model for percent
humidity as the dependent variable.

Predictors Estimate t- p-
+ SE value value

Intercept 76.41 + 7.75 9.86 <0.001
Species (GWF) 1.98 + 7.53 0.09 0.793
Age group (7-14 days) 1.83 +2.32 0.78 0.432
Year (2022) 0.69 + 7.51 0.09 0.927
Number nestlings 0.15 + 2.52 0.06 0.953
Number of parasites 1.04 + 0.89 1.17 0.244
Nest height (m) -5.69 + 4.05 -141 0.160
Ambient humidity 1.43 + 1.80 0.80 0.425
Ambient 4.03 +£248 1.62 0.105
humidity*species (GWF)

Age group (7-14 days) -7.54 £ 4.17 -1.81 0.070
*species (GWF)

Number parasites*species (GWF) -1.44 + 149 -0.97 0.332

All continuous, numeric variables were first mean-righted and scaled. p-values < 0.05 are
denoted in bold. GWF, green warbler finch. * indicates interaction term.
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TABLE 4 Model output of the second robust linear mixed model for
nest base temperature as the dependent variable, only including data
during the initial days to account for female brooding (0-7 days

old nestlings).

Predictors Estimate t- p-
+ SE value value

Intercept 30.73 £ 0.93 32.98 <0.001
Species (GWF) -2.66 + 1.04 -2.55 0.011
Year (2022) 1.28 £ 1.02 1.25 0.210
Number nestlings -0.49 +0.26 -1.87 0.061
Number of parasites 0.01 +0.11 0.11 0.913
Nest height (m) 0.01 +0.51 0.02 0.984
Ambient temperature -0.04 £ 0.10 -0.44 0.660
Nest base humidity -2.17 £ 0.17 -12.51 <0.001
Number 0.17 £ 0.18 0.94 0.347
parasites*species (GWF)

Nest base 0.36 + 0.22 1.64 0.101
humidity*species (GWF)

All continuous, numeric variables were first mean-righted and scaled. p-values < 0.05 are
denoted in bold. GWF, green warbler finch. * indicates interaction term.

base humidity levels increased, the nest base temperature of small
tree finches decreased more than that of green warbler finches. At
higher humidity levels, it seems neither species can maintain a
higher temperature. Small tree finch nests may be better insulated
and have lower thermal conductance than green warbler finch nests.
This may be potentially due to differences in nest material and/or
nest structure, such as nest wall thickness and/or nest hole diameter
(Skowron and Kern, 1980; Windsor et al., 2013; Heenan and
Seymour, 2011), as the small tree finch nests are larger than green
warbler finch nests (ST, CP pers. obs.). At higher humidity levels,
evaporative cooling may prevent the maintenance of higher nest
base temperatures, which may be aggravated with exposure to wind.

Before predicted fully effective thermoregulation, the presence
of females with body temps of typically around 40°C will strongly

TABLE 5 Values of stable isotopes for both hosts and parasites including
nestling and adult host life stages and larval stage of the avian
vampire fly.

Species N c °N C:N

Green Warbler Finch

Nestlings (2021) ‘ 36 27924012 889+051 356004
Small Tree Finch

Nestlings (2021) ‘ 16 2637+ 046 = 7.52+051 | 3.83+0.15
Avian Vampire Fly

Larvae 32 27624022 1117 £029  4.45+ 0.09

(Host: GWF nests)

Larvae 32 22639+ 023 | 11.66 +0.53 438 +0.12

(Host: STF nests)

Values are reported as mean + standard error (SE). GWF, green warbler finch; STF, small
tree finch.
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TABLE 6 Linear and robust linear mixed models for stable isotope
values of nestling blood.

Dependent Estimate

variable + SE

8"°C nestling blood Intercept 2651 +1.072 | 2472 | <0.0001
Species -1.60 + 0.447 -3.57 0.0013
(GWF)
Day of year -0.002 + 0.010 -0.27 0.790
Number 0.06 + 0.061 0.90 0.378
days active
after
sampled

8"°N nestling blood Intercept 8.96 + 1.447 6.20 <0.001
Species 1.15 + 0.604 1.90 0.058
(GWF)
Day of year -0.01 + 0.014 -0.46 0.645
Number -0.18 + 0.827 -2.18 0.029
days active
after
sampled

C:N ratio nestling blood ~ Intercept 3.87 £ 0.202 19.17 <0.001
Species -0.10 + 0.084 -1.24 0.214
(GWF)
Day of year 0.001 + 0.002 0.37 0.714
Number -0.040 £ 0.011 -3.44 0.001
days active
after
sampled

p-values < 0.05 are denoted in bold. GWF, green warbler finch.

affect mean nest base temperature and its variation, and hence also
favor growth conditions for the parasites. Other potential factors
like number of nestlings and nestling size and hence resting
metabolic rates (Bushuev et al., 2018) may be of lesser
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importance given that nestling number and size were not
significantly different between species. During the incubation
phase, small tree finch females have longer bout durations than
green warbler finch females (BK, unpublished data) but it is
unknown if higher nest attendance continues into the brooding
phase. Beyond nest attendance, small tree finch females are larger
than green warbler finch females, and thus may be more efficient for
covering the nest base and also for transmitting heat to the nestlings
via the brood patch. This difference in temperature and humidity
levels in the nest base may affect larval growth and development of
nest parasites like the avian vampire fly. The higher temperature in
small tree finch nests at an early age may positively influence larval
development, accounting for the observed differences in larval stage
proportions in Cimadom and Tebbich (2021). Currently, at the
CDRS laboratory, 2™ instar avian vampire fly larvae are reared at
30-31°C and 50-70% relative humidity (RH) (CDF, unpublished
data) after adjustments from 36°C and 80-95% RH (Lahuatte et al.,
2016), which improved larval production. Other studies on insects
have reported faster larval growth and development in lab
conditions ranging from 32-35°C and at 75% RH compared to
lower temperatures and 55% RH (e.g., lesser mealworm: Kotsou
et al,, 2021; mealworm: Machona et al., 2023; nest fly: Bennett and
Whitworth, 1991; black soldier fly: Palma et al., 2019). Additionally,
lower temperatures (e.g. 20°C) may in fact stunt larval development,
as reported for the mealworm Tenebrio molitor (Machona et al.,
2023). Our two focal species had mean percent RH values within or
near the range that the avian vampire fly lab currently uses for
rearing the avian vampire fly.

To date there is no systematic study on the optimal temperature
and humidity levels required for optimal growth of the other larval
stages of the avian vampire fly in the laboratory. Further studies
should be conducted on how temperature and humidity affect larval
development and growth in the avian vampire, these are necessary
to determine optimal developmental conditions. Additionally,
further information on how nest climate varies between other
host species in similar and different habitats in Galapagos would
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Boxplot of nestling blood and avian vampire fly larvae stable isotope values for (A) §°C, (B) 8*°N, and (C) C:N for the small tree finch and the green
warbler finch. The box indicate the values within the interquartile range (within 25-75%). The black line inside the boxplot indicates the median.
Whisker lines represent values outside the interquartile range, with dots indicating outliers.
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assist us in understanding the avian vampire fly’s thermal
thresholds and the ranges for larval development in the wild and
hence inform conservation measures related to parasite control.
Another factor that could influence larval development and growth
is the quality of the host blood. Contrary to our prediction, blood C:N

10.3389/fevo.2024.1398353

ratios were not significantly different between the two bird species, but
most interestingly, nestlings with lower C:N ratios survived longer.
Nestlings with more larval parasites may also have had depleted protein
levels (and therefore higher blood C:N) due to parasitism, weakening
them and causing these nestlings to die at an earlier age than those with

TABLE 7 Results of a generalized linear mixed model with beta family and logit link, with each amino acid as a separate dependent variable, species

and day of year as fixed effects and NestID as a random factor.

Dependent variable Predictors Estimates + SE z-value
Alanine Intercept -2.70 £ 0.14 -19.62 <0.001
Species (GWF) 0.06 + 0.07 0.76 0.447
Day of year 0.004 + 0.002 2.05 0.040
Glycine Intercept -3.08 £ 0.15 -20.68 < 0.001
Species (GWF) 0.04 + 0.08 0.52 0.603
Day of year 0.001 + 0.00 0.46 0.645
Valine Intercept -2.26 £ 0.13 -17.96 < 0.001
Species (GWF) 0.07 + 0.07 1.09 0.277
Day of year 0.001 + 0.002 0.83 0.408
Aspartic Acid Intercept -2.61 £0.21 -12.59 < 0.001
Species (GWF) 0.03 £0.11 0.27 0.785
Day of year -0.004 + 0.003 -1.48 0.140
Leucine Intercept -1.67 £ 0.11 -15.42 < 0.001
Species (GWF) -0.03 + 0.06 -0.57 0.570
Day of year 0.001 + 0.001 0.50 0.617
Isoleucine Intercept -3.04 £ 0.09 -33.50 < 0.001
Species (GWF) 0.02 + 0.05 0.36 0.717
Day of year 0.001 + 0.001 0.60 0.551
Proline Intercept -2.68 £ 0.16 -16.79 < 0.001
Species (GWF) 0.03 +0.09 0.31 0.754
Day of year 0.003 + 0.002 1.53 0.126
Asparagine Intercept -2.89 +0.20 -14.13 < 0.001
Species (GWF) -0.11 £ 0.11 -1.01 0.312
Day of year 0.003 + 0.003 1.19 0.232
Lysine Intercept -2.89 £0.23 -12.80 < 0.001
Species (GWF) 0.10 £ 0.12 0.84 0.399
Day of year -0.002 + 0.002 -0.73 0.469
Glutamic Acid Intercept -1.27 £0.16 -7.85 < 0.001
Species (GWF) 0.03 +0.09 0.384 0.701
Day of year -0.005 + 0.002 -2.70 0.007
Serine Intercept -7.01 £ 0.57 -12.41 < 0.001
Species (GWF) -0.02 + 0.30 -0.07 0.942
Day of year 0.02 £ 0.01 2.28 0.023
(Continued)
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TABLE 7 Continued
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Dependent variable Predictors Estimates + SE z-value

Arginine Intercept -4.13 £ 0.53 -7.78 < 0.001
Species (GWF) 0.07 £ 0.29 0.24 0.814
Day of year -0.003 £ 0.01 -0.51 0.611

Methionine Intercept -4.62 + 0.40 -11.71 < 0.001
Species (GWF) -0.12 £ 0.18 0.68 0.499
Day of year 0.01 £ 0.01 1.50 0.135

Phenylalanine Intercept -2.96 + 0.22 -13.35 < 0.001
Species (GWF) -0.13 £ 0.12 -1.09 0.275
Day of year 0.003 + 0.003 1.08 0.28

Cysteine Intercept -4.93 + 0.44 -11.14 < 0.001
Species (GWF) -0.22 £0.23 -0.96 0.336
Day of year -0.01 +0.01 -0.81 0.418

The dependent variable for each model was percent composition of each amino acid in nestling blood samples from both the small tree finch and the green warbler finch. p-values < 0.05 are

denoted in bold. GWF, green warbler finch.

lower C:N blood ratios. Alternatively, or additionally, diet composition
may interact with other biotic factors such as the larval microbiota that
influence larval development. Bacterial communities in avian vampire
fly larvae collected from green warbler finch nests versus tree finch
nests including the small tree finch, were significantly different in a
prior study (Ben-Yosef et al,, 2017). In this study, larvae from green
warbler finch nests had microbial communities commonly with
Serratia and Acinetobacter bacteria, while larvae from small tree
finches had differing genera of bacteria (Ben-Yosef et al, 2017).
These bacterial communities may interact with diet composition and
inhibit larval development, as reported for tephritid flies with Serratia
bacteria (Fitt and O'Brien, 1985).

Dietary differences between small tree finch and green warbler
finch were detectable in nestling blood composition and consequently
in the hematophagous parasitic larvae. The 8"°C values were higher
both in the blood of the more omnivorous small tree finch nestlings

Percent Composition

vp(}*&” vf,Q A

m Small Tree Finch

FIGURE 4

Amino acid composition (%) in nestling blood for the green warbler finch and small tree finch. Ala, alanine; Gly, glycine; Val, valine; Asp, aspartic acid;
Leu, leucine; lle, isoleucine; Pro, proline; Thr, threonine; Ser, serine; UNID1, first unidentified peak; Asn, asparagine; Lys, lysine; Arg, arginine; Met,
methionine; Glu, glutamic acid; UNID2, second unidentified peak; Phe, phenylalanine; Cys, cysteine; UNID3, third unidentified peak.

Frontiers in Ecology and Evolution

‘(“6"‘\ & O

Amino Acid

B Green Warbler Finch

11

and in their Philornis larvae. C isotope ratios (5'>C) are also relatively
conserved across trophic levels, but vary depending on the
photosynthetic pathways and the degree of water stress experienced
at the base of the food web (Peterson and Fry, 1987; Still and Powell,
2010; Basu et al,, 2015). Thus, higher 8'3C values in small tree finch
nestling blood suggest that their food web contains more C4 plants
comparative to that of green warbler finch nestlings. Other factors,
such as the proportion of lipids in the blood, can also affect isotopic
8'3C values (Cherel et al., 2005), as lipids have a more negative §3C
than proteins (DeNiro and Epstein, 1977). We did not defat blood
samples of either host species; however, variations of the amount of
fat in avian diets may affect lipid levels in the blood of certain avian
species (Bavelaar and Beynen, 2003; Regar et al, 2019; although
see Baighi and Nobakht, 2017). Therefore, the observed differences in
8"C in our host species may, in fact, be partially attributed to blood
lipid level differences between the two species.
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TABLE 8 Linear mixed models for §*C and C:N ratio larval values as
dependent variables and of a robust linear mixed model for 5'*N larval
values as dependent variable.

Dependent
variable SE

Estimate +  t- p-

value

3%C larvae Intercept 2792 +0.87  -3223  <0.001
(Imer)
Species (GWF) -0.86 + 0.34 -2.50 0.032
Day of year 0.02 + 0.01 2.61 0.028
Number days -0.12 £ 0.05 -2.69 0.024
active
after sampled
8N larvae Intercept 8.29 + 2.84 2.92 0.004
(glmer,
gamma family)  Species (GWE) 0.26 % 1.11 023 0817
Day of year 0.04 + 0.03 1.38 0.168
Number days -0.10 + 0.15 -0.68 0.494
active
after sampled
C:N ratio larvae Intercept 4.75 £ 0.58 8.18 <0.001
(Imer)
Species (GWF) -0.04 £ 0.23 -0.18 0.86
Day of year -0.01 + 0.01 -1.05 0.32
Number days 0.04 + 0.03 1.36 0.20
active
after sampled

Fixed effects in each model included species, day of year, and number of days a nest was active
after the sampling date. NestID was included as a random factor to control for
pseudoreplication. All p-values < 0.05 are denoted in bold. GWF, green warbler finch.

8'°N generally increases 3-4%o from diet to consumer, as '°N is
more highly retained than "*N (DeNiro and Epstein, 1981). In our
study, green warbler finch nestling blood 3'°N signatures were on
average 1.5%o higher compared to small tree finch nestling blood,
suggesting dietary sources of the green warbler finch are half a level

5"N(%o)
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up on the trophic ladder (assuming an average diet to consumer
enrichment of 3%o) and therefore more protein rich. The higher
8"°N of the green warbler finch is in line with the observation of a
more insectivorous diet, compared to the small tree finch who
partly also consume seeds and plant materials (Loo et al., 2019).

Despite the suggested difference in trophic levels of small tree
finch and green warbler finch nestlings, the hematophagous
Philornis larvae in the nests of the two species did not differ
significantly in 8"°N. Our results indicate a characteristic trophic
shift from host to larvae of ~2 - 4%o §'°N and ~0.02 - 0.3%0 §'°C
isotopic enrichment, similar to other studies on host-parasite
enrichment (Post, 2002; Gomez-Diaz and Gonzalez-Solis, 2010).
However, the 8'°C isotopic enrichment for small tree finch nestlings
and their larvae was quite low in our study. The absence of
differences in 8'"°N between larvae from nests of both species
could be possibly explained by the fact that the larvae are
probably under protein stress or starvation conditions
(particularly from nests with dead or dying nestlings), which
often increases the delta §'°N signature (Olive et al, 2003),
potentially overriding the trophic signature. However, when
testing for correlations between nestlings and larvae from their
nests, by species separately, we did find green warbler finch and
larval 8'°N were highly correlated; however, this must be
interpreted cautiously due to low sample size (n= 7).

Despite the differences in the dietary composition of the small
tree finch and the green warbler finch nestlings observed in previous
studies (e.g., Filek et al., 2018) and herein confirmed by the isotopic
signatures, there were no significant differences in the amino acid
percent composition between species. Additionally, due to
limitations in our methodology, some amino acids, including
tyrosine, tryptophan, and histidine were not detected/quantified
for the analysis of blood amino acid composition. However, we did
include three unidentified peaks (probable amino acids) in our
percent composition calculations, which may have accounted for

Life stage
@ nesting

A ora

Species
® SmaiiTee Finch
® Green Warber Finch

Y
5"°C(%0)

FIGURE 5

Nestling blood and larval 83C vs 8'°N values. Data are displayed as small diamonds (nestlings) and triangles (larvae) with mean values displayed as

large diamonds and triangles.
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some of the missing amino acids. Given C:N in nestling blood was
not significantly different between species, it is not surprising that
the amino acid composition was also similar between species.
Protein deficiencies or increases in protein can influence amino
acid concentrations in bird blood (Hebert et al., 2002); however, in a
prior study on herring gulls, these differences were only detected
between gulls in different habitats, not ones occupying the same
habitat. This suggests blood quality of avian vampire fly hosts may
also be more influenced by differences in habitat and location than
by different hosts occupying the same habitat.

Host quality between the small tree finch and the green warbler
finch does not appear to vary significantly in our study, based on the
parameters/characteristics investigated. However, these species may
still differ in quality for avian vampire fly, in other factors that we
did not measure but that directly influence larval development, or
other life history factors that may influence oviposition success and/
or larval survival. One limitation in our study was that we only
measured blood values when nestlings were 5-6 days old. It may be
that prey composition differs between species earlier or later in the
nestling phase, potentially influencing C:N blood values.
Additionally, while we investigated host blood quality, we did not
investigate the hosts’ tissue quality. As avian vampire fly larvae also
feed on nestlings’ tissue (Fessl et al., 2006), the C:N of host tissue
may influence larval development/growth. We also only measured
relative abundance of each amino acid and not total amounts or
concentrations of each amino acid in the blood as this would have
been logistically very difficult. Thus, the small tree finch nestlings
may have higher concentrations of amino acids that could influence
avian vampire fly larval development, but we could not detect this.
Further investigation into C:N and amino acid composition in
tissue and host blood and tissue of younger and older nestlings and
brooding females may provide additional insight into diet quality
for avian vampire fly larval growth and/or development.

This study is the first to investigate directly the differences in
nest and blood quality between hosts of the avian vampire fly and
the trophic impacts of diet quality on larval values of C and N stable
isotopes. This data not only informs about the quality of diet of the
larvae of avian vampire fly but also contributes general knowledge
on the diet of endemic Darwin’s finches. The avian vampire fly has a
wide range of host species; thus, future studies could include
investigating the factors related to the avian vampire fly’s host
preferences. These studies could include investigating nest
conditions, microbiomes and optimal levels of protein in the diet
of many other host species of the avian vampire fly larvae.
Additionally, immune responses of the hosts may influence larval
development, so it may also be beneficial to investigate nestlings’
immune responses. Furthermore, there is currently limited
information on the factors controlling larval development and
growth in the field, which is important information for parasite
control. Therefore, our study provides insights into host quality for
an invasive parasite in the Galapagos useful for planning future
studies and control initiatives. Additionally, these data will provide
insight into natural conditions for larval growth and development
that may help in optimizing the laboratory conditions for mass
rearing of the avian vampire fly for the purpose of developing other
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control methods such as the sterile male technique. We therefore
suggest building off our study by examining the effects of
temperature variation in larval growth and development in
experimental conditions, which may inform optimal conditions
for mass rearing of avian vampire fly larvae.
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