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Journal of Avian Biology Gut microbiota are increasingly recognized as important drivers of host health and fit-
2023: 03019 ness across vertebrate taxa. Given that gut microbial composition is directly influenced
doi: 10.1111/iav.03019 by the environment, gut microbiota may also serve as an eco-physiological mechanism

T Jav- connecting host ecology, such as diet, and physiology. Although gut microbiota have
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Editor-in-Chief: Jan-Ake Nilsson diversity and composition impact morphological and physiological development in
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American kestrel Falco sparverius nestlings throughout development to test whether
gut microbial diversity predicts host morphological and physiological traits in either
contemporary or time-lagged manners. Gut microbial alpha diversity on day 21 of
nestling development was positively correlated with diet alpha diversity representative
of the majority of nestling development (days 5-20). Gut microbial alpha diversity
early in development was negatively correlated with body mass in both contempo-
rary and time-lagged manners. Gut microbial alpha diversity early in development
was positively correlated with blood glucose later in development. As nestlings experi-
ence rapid growth demands in preparation to fledge, these time-lagged associations
may indicate that gut microbial diversity at early critical developmental windows may
determine the future trajectory of morphological and physiological traits underlying
metabolism that ultimately impact fitness.
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Introduction

Gut microbiota are the collection of bacteria, archaea, viruses, eukaryotic organ-
isms (e.g. fungi), and other microorganisms residing in the host gastrointestinal tract
(reviewed by Berg et al. 2020). These microorganisms can benefit the host through
increased nutrient uptake and metabolism, development of intestinal morphology,
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detoxification, and immune system training (Kohl et al.
2012, Ballou et al. 2016, Grond et al. 2018, Videvall et al.
2019). Given the numerous microbiota-mediated functions
within vertebrates, the diversity and composition of the gut
microbial community and its functional capacity can reflect
the health status of its animal host (Park 2018).

High gut microbial alpha diversity is typically indicative
of greater vertebrate host health, with low alpha diversity
common in multiple disease states (reviewed by Heiman
and Greenway 2016). Mice experimentally fed antibiotics
to reduce microbial alpha diversity display altered metabo-
lism and body condition compared to controls (Cox et al.
2014). Other studies, however, suggest that gut microbial
composition, rather than overall alpha diversity, has a greater
impact on host health. For example, Worsley et al. (2021)
found that gut microbial composition but not alpha diver-
sity significantly differs between adults that survived to the
next breeding season and those that did not. Investigations of
microbiota-mediated effects on host health have historically
been focused on mammalian hosts but, given their poten-
tially significant link with fitness, they have recently gained
traction in other vertebrate hosts, such as birds (reviewed by
Grondetal. 2018 and in Bodawatta et al. 2021b). Microbiota-
mediated impacts on host health may be further exaggerated
in avian hosts, as free-living birds have diverse and temporally
dependent diets that may impact gut microbial diversity and
composition (Davidson et al. 2020).

The first step to understanding the importance of gut micro-
biota to avian health is to investigate the factors that drive its
colonization from hatching and through development into
adulthood. Mammalian microbiota colonization occurs dur-
ing live birth, through the offspring’s contact with microbiota
in the birth canal, which is a unique colonization strategy that
contrasts with many other taxa (Koenig et al. 2011, Perez-
Muioz et al. 2017). Oviparous vertebrates such as birds were
presumed to hatch from internally sterile eggs (Grond et al.
2017); however, recent evidence discovered distinct in ovo
bacterial communities in wild bird eggs, suggesting that ovip-
arous vertebrates may acquire maternal microbiota through
the inoculation of egg yolk prior to shelling (Trevelline et al.
2018). However, these in ovo microbial communities occur in
low abundance (Lauder et al. 2016), and birds exhibit weak
to no specificity between gut microbial community similarity
and host phylogeny (Song et al. 2020). Thus, the majority
of gut microbiota within developing birds must be obtained
horizontally from the nest environment (van Veelen et al.
2017, Campos-Cerda and Bohannan 2020, van Veelen et al.
2020) or diet items either individually foraged or delivered
via parents to the nest (Hird et al. 2015, Ballou et al. 2016,
Youngblut et al. 2019, Dion-Phénix et al. 2021).

Diet plays a predominant role in shaping gut microbial
communities even at an individual scale (Bolnick et al. 2014).
Diet determines a high proportion of the variation in micro-
bial community composition in avian systems with natural
(Hird et al. 2015, Youngblut et al. 2019, Dion-Phénix et al.
2021, Bodawatta et al. 2022, Schmiedov4 et al. 2022) and
experimentally manipulated diets (Davidson et al. 2020,
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Teyssier et al. 2020, Bodawatta et al. 2021a). For example,
rural house sparrows Passer domesticus naturally host more
diverse gut communities than urban conspecifics, and birds
experimentally given a rural-like diet exhibit increased gut
microbiota diversity compared to controls, likely driven by
protein, fat, and fiber level differences between rural versus
urban diets (Teyssier et al. 2020).

Because of their implications for host health and develop-
ment, gut microbial composition and diversity may have pro-
found impacts on the developmental trajectory of phenotypic
traits related to individual fitness (Mitchell et al. 2013, Burton
and Metcalfe 2014, Ost et al. 2020). Within birds, individual
variation in nestling development has been well documented,
and in many cases linked to variation in ecological conditions
such as lay date (McKinnon et al. 2012, Samplonius et al.
2016, Cornell and Williams 2017), interannual variation
(Kalinski et al. 2015, Markowski et al. 2015), weather and
temperature patterns (Ardia 2013, Rodriguez and Barba
2016, de Zwaan et al. 2020), food availability, or parental
provisioning rate (Merino and Potti 1998, Forero et al. 2002,
Scheuerlein and Gwinner 2006). However, few studies have
explored how natural gut microbial composition may be
related to these ecological conditions or individual variation
in development of key morphological and physiological traits
related to nestling fitness.

Physiology underlying aerobic capacity, such as hema-
tocrit (i.e. volume percentage of red blood cells in blood),
may be a particularly important aspect of development at the
critical life history transition of fledging, as birds go from
a sedentary to a highly active, aerobic lifestyle necessary to
sustain flight, and experience high post-fledging mortal-
ity rates (reviewed by Naef-Daenzer and Griiebler 2016,
Newton et al. 2016). Hematocrit has been linked to fledgling
flight ability (Cornell et al. 2017), body condition (Lill et al.
2013), and recruitment (Bowers et al. 2014). Glucose con-
centration, a physiological metric related to metabolism, is
also vital to host health, as sustaining energetically expensive
flight requires fast metabolism and efficient absorption of
glucose (Hazelwood 2000). The mechanistic link connecting
individual variation in nestling development with ecologi-
cal variation could be the gut microbiota of the host, given
that its composition may be directly determined by the envi-
ronment, and its substantial role in host health (Vispo and
Karasov 1997, Rowland et al. 2018).

Although studies focused on host health implications of
avian gut microbiota are gaining popularity, much of the pres-
ent literature focuses on poultry and the application of probi-
otics to enhance chicken growth (reviewed by Patterson and
Burkholder 2003), leaving our understanding of the role of gut
microbiota to the health and condition of wild hosts limited.
Of the studies conducted on wild birds, many have investi-
gated the role of gut microbiota in host weight gain (Potti et al.
2002, Kohl et al. 2018, Teyssier et al. 2018, Videvall et al.
2019). In wild great tits Parus major, gut microbial composi-
tion early in nestling development predicts body mass later
in the nestling period (Davidson et al. 2021), and changes in
gut microbial composition throughout the nestling period are
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associated with mass gain (Teyssier et al. 2018). A negative
relationship between gut microbial alpha diversity and future
weight gain was found in juvenile ostriches (Struthio camelus;
Videvall et al. 2019) and nestling great tits (Davidson et al.
2021), but a positive relationship was reported in a different
population of great tit nestlings (Teyssier et al. 2018). Due to
the intraspecific and interspecific variation in the timing and
direction of the relationship between gut microbial diversity
and host weight, we hypothesized that gut microbial diversity
would be related to host body mass in either a contemporary
or time-lagged manner, but with no a priori predictions about
directionality of the relationship. No studies to our knowledge
have examined how individual variation in development of
both nestling morphology (e.g. body mass) and physiology
underlying aerobic capacity (e.g. hematocrit) and metabo-
lism (e.g. blood glucose concentration) change throughout
the nestling period in relation to gut microbial diversity in
wild birds. Owing to the lack of investigations between gut
microbial diversity and host physiology such as hematocrit
and glucose in wild birds, we explore both contemporary and
time-lagged associations.

Here, we investigated how natural variation in diet
(i.e. percentage of prey types, diet diversity) influences gut
microbial diversity, and how gut microbial diversity predicts
morphological (i.e. body mass) and physiological develop-
ment (i.e. hematocrit and glucose) in American kestrel Falco
sparverius nestlings throughout the nestling period over two
years. The American kestrel is a common falcon species that
has a diverse diet consisting of small mammals, songbirds,
and invertebrates, potentially allowing for gut microbiota to
be obtained from a variety of prey sources (Boal et al. 2021).
In addition, some kestrel breeding pairs exhibit bias towards
a single prey type (Melo, M., unpubl.), making them an ideal
model species for correlating diet with gut microbial com-
munity diversity and composition. Correlations between
ecological conditions and nestling development have been
previously identified in this system (Cornell et al. 2021). In
this paper, we test whether gut microbiota may link ecologi-
cal conditions, via diet, to individual variation in nestling
development. We predicted that 1) host intrinsic factors such
as age and sex would be significantly related to gut micro-
biota across both sampling years of this study; 2) nestling diet
diversity would positively predict gut microbial diversity; 3)
gut microbial diversity would be related to host body mass
either in a contemporary or time-lagged manner; and 4) gut
microbial diversity would be related to nestling physiology
either in a contemporary or time-lagged manner.

Material and methods
Study species

The American kestrel is a cavity-nesting rural falcon species
that readily occupies artificial nest-boxes, allowing for ease
of repeated measures in free-living individuals. American
kestrels typically lay a clutch size of 4-5 eggs with an

average incubation time of 26-32 days and have a fledge
age of 28-31 days (Smallwood and Bird 2020). They hatch
asynchronously within 1-2 days with incubation usually
starting with the penultimate egg laid (Love et al. 2003).
Kestrel nestlings follow mass overshoot recession growth
profiles whereby nestling mass exceeds adult mass values
prior to fledging and subsequently recedes post-fledging
(Cornell et al. 2021). Kestrels also display reverse sexual
dimorphism (i.e. female kestrels typically weigh about 10%
more than male kestrels), with sex-related differences in mass
being detected as early as 14 days post-hatch (Cornell et al.
2021). Development of tarsus length and wing length is
unrelated to sex; however, female nestlings exhibit longer
tarsi by 21 days post-hatch (Cornell et al. 2021). Individual
variation is prevalent in both somatic and physiological
trait development but correlations between the two on the
individual level appear absent (Cornell et al. 2021), and
there are presently no investigations relating development
to post-fledge survival. Somatic traits and offspring survival
have, however, been correlated with environmental condi-
tions such as weather and prey abundance (Dawson and
Bortolotti 2000). In our study, survival prior to fledging was
95.45%, with only two nestlings dying before day 21 (i.e.
nestlings 633-1 and 630-1).

Sample collection

We monitored American kestrel nest-boxes in Berks, Lehigh,
and Schuylkill Counties, Pennsylvania, USA, beginning in
early May 2018 and 2019 to document occupancy, egg-lay-
ing date, and hatching as described in Cornell et al. (2021).
In 2018, we sampled 12 nestlings from 4 nests, and in 2019
we sampled 32 nestlings from 10 nests (n=44 nestlings
total). On days 7, 14, and 21 after hatching (hatch day =day
0), we removed nestlings from the nest and collected mor-
phometrics, blood samples, and fecal samples between 08:00
and 12:00 (following university IACUC and US Fish and
Wildlife Service banding permits). Birds were sexed on day
21 from coloration of primary feathers: blue for males and
brown for females (Smallwood and Bird 2020). We measured
mass to the nearest 0.01 g using a digital scale. We banded
nestlings with uniquely colored temporary leg bands on day 7
for identification within nests and banded with USGS alumi-
num bands on day 21. We obtained blood samples by pierc-
ing the brachial vein with a 26.5 gauge needle and collecting
whole blood into heparinized tubes. We switched the sam-
pled wing (left or right) between repeated sampling events
to reduce soreness. We measured glucose in mg/dL with the
first drop of blood to appear using a blood glucose meter.
Hematocrit was measured as described in Cornell et al.
(2021). To characterize gut microbial diversity, we collected
fecal samples (n=131 total) from nestlings by abdominal
palpation in sterile collection containers. We swabbed fecal
macter with sterile flocked swabs placed in autoclaved micro-
centrifuge tubes. We stored fecal samples on ice in the field
and then at —80°C until DNA extractions. See Supporting
information for all metadata associated with each sample.
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In the second sampling year only (2019), we assessed nest
level diet by monitoring the nests with cameras mounted to
the outside of the nest-box for an average of 122 min (range
60-253 min) on days 5, 6, 12, 13, 19, and 20 of nestling
development. Two nests had only five days of recording due to
equipment malfunction; however, longer recordings on other
days mitigated this difference such that there was no effect on
overall time recorded (t-test, r=—0.14, p=0.91). To avoid
influencing natural behavior, we mounted a dummy camera
to the box when not filming. We filmed nests between 07:00
and 14:00. We recorded weather during filming categorically
(sunny, cloudy, light rain, steady rain), with over 90% of film-
ing completed during no precipitation. There was no effect of
weather (one-way ANOVA, F,,, =1.5, p=0.20) or time of
day (linear mixed effects model, nest as a random effect, F, ., <
0.1, p=0.88) on provisioning rate. We categorized prey items
recorded on video into groups: mammal, passerine, arthropod,
annelid, and other. The ‘other’ category included two novel
prey items observed only once each: a green frog Rana clami-
tans and a northern fence lizard Sceloporus undulatus. We used
mass values of each prey type from the literature (Supporting
information) to determine the percentage of each prey type in
the diet representative of the majority of the nestling period
(days 5-20 of nestling development), by summing the total
mass of prey delivered to the nest and dividing by the total
mass of all prey and multiplying by 100. We calculated diet
diversity (Shannon index) representative of the majority of the
nestling period (days 5-20 of nestling development) using the
diversity function in the ‘vegan’ package ver. 2.6-2 in R (www.r-
project.org, Oksanen et al. 2019) using the percentage of prey
types corrected for mass of the prey as described above.

DNA extractions, PCR, and sequencing

We extracted DNA from whole swabs using DNeasy
PowerSoil Pro DNA Isolation Kits (Qiagen Inc., Valencia,
CA, USA) following the manufacturer’s protocol. We ampli-
fied the V4 region of the 16S rRNA gene (i.e. a universal
marker gene for bacteria and archaea) using the primers 515F
and 806R with Illumina adapters added. We followed the
Earth Microbiome Project 16S Illumina Amplicon protocol
(Caporaso et al. 2011, Caporaso et al. 2012) except for using
10 pl total reaction volumes instead of 25 pl. Each PCR reac-
tion was run in triplicate and included 5 pl of 2X Platinum
Hot Start Master Mix (Invitrogen, Waltham, MA, USA), 0.5
pl of 10 pM primers, 3 pl of nuclease free water, and 1 pl of
template DNA. Cycling conditions were 3 min at 94°C fol-
lowed by 35 cycles of 94°C for 45 s, 50°C for 60 s, and 72°C
for 90 s before a final extension at 72°C for 10 min.

We pooled the three replicate reactions for each sample
and ran a 1% agarose gel to confirm that amplification was
successful for the V4 region of the 16S rRNA gene (- 350
bp). Each PCR run included negative controls (nuclease-free
water in place of template DNA but were not sequenced).
We also extracted, amplified, and sequenced 4 negative kit
reagent controls. We submitted our final pooled PCR prod-
ucts to the Cornell Biotechnology Resource Center for quan-
tification, normalization, library preparation, and sequencing
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in one Illumina MiSeq paired-end 2 X 250 bp run (n=131

fecal samples, n=4 negative controls).

Gut microbiota bioinformatics

We demultiplexed forward and reverse sequences and qual-
ity filtered using default settings in QIIME2 (ver. 2021.11)
(Bolyen et al. 2019). After visually inspecting quality scores,
we used the DADA2 plugin to remove primers, truncate reads
at 180 bp, and generate amplicon sequence variants (ASVs).
We assigned taxonomy to the ASVs by fitting a naive-Bayes
classifier trained on the Silva 132 database using the sk-learn
classifier (Quast et al. 2012, Yilmaz et al. 2014). The phylog-
eny plugin was applied to construct a rooted phylogenetic
tree by employing FastTree and MAFFT. We removed single-
tons, archaea, eukaryotes, mitochondria, chloroplasts, and
ASVs unassigned to a bacterial phylum in QIIME2 with the
filter-table plugin before we combined the ASV table, sam-
ple metadata, taxonomy table, and phylogenetic tree using
the ‘phyloseq’ package ver. 1.40.0 in R (www.r-project.org,
McMurdie and Holmes 2013). We used the ‘decontam’ pack-
age ver. 1.16.0 in R (www.r-project.org) to identify and remove
likely contaminants based on associations with sample biomass
and comparisons with negative kit controls using the default
settings (Davis et al. 2018). We identified 25 out of 7173 ASVs
as contaminants and removed them from the ASV table.
After potential contaminants were removed, we imported
all data objects back into QIIME2 to calculate alpha and beta
diversity metrics and removed the negative control samples
for all subsequent analyses. To limit bias due to differing read
library sizes, we rarefied samples to 1640 reads to retain the
majority of samples (see Supporting information for rarefac-
tion curve), eliminating 13 samples, leaving us with a final
sample size of 122 samples (n= 118 fecal samples, n=4 nega-
tive controls). We calculated alpha diversity metrics including
Shannon index (Shannon and Weaver 1949), Chaol index
(Chao 1984), and Faith’s phylogenetic diversity (PD, Faith
1992) with the diversity plugin in QIIME2. The Shannon
index incorporates both richness (the number of observed
ASVs) and evenness, whereas the Chaol index estimates the
number of rare taxa missed from under-sampling. Faith’s PD
takes phylogenetic relatedness of microbial taxa into account
by summing the branch lengths of a phylogenetic tree (Faith
1992). We calculated comparisons of beta diversity by com-
puting Bray—Curtis dissimilarity distances (Sorenson 1948)
which account for richness and abundance of the ASVs in
the communities, and Jaccard similarity distances (Jaccard
1908), which only measure community richness, also using
the diversity plugin in QIIME2. We exported raw alpha and
beta diversity values from the QIIME2 artifacts with the
export plugin for statistical analyses in R (www.r-project.org).

Statistical analyses

Alpha diversity: age, sex, and year

All statistical analyses were conducted in R ver. 4.2.1 (www.r-
project.org). We checked for suitability of models by examin-
ing plots of residuals versus fits and qq normality to identify
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outliers. We approximated normality of alpha diversity met-
rics with Shapiro Wilk tests (W > 0.95). We log transformed
the Chaol index and Faith’s PD; the Shannon index was
normal without transformation. We used linear mixed effects
models (LMMs) run in the ‘nlme’ package ver. 3.1-157
(Pinheiro et al. 2020). We used separate models for each gut
microbial alpha diversity metric: Shannon index, log Chaol
index, and log Faith’s PD in relation to each fixed effect as
described below. The purpose of the following analyses was
exploratory in order to generate rather than confirm hypoth-
eses (Bender and Lange 2001, Ranstam 2019); therefore, we
did not correct p values for multiple comparisons as discussed
in Davidson et al. (2021).

To test the relationship between host intrinsic factors
including age and sex on gut microbial alpha diversity across
sampling years, we ran separate LMMs with each gut micro-
bial alpha diversity metric as a response variable and an age*sex
interaction and year as fixed effects with nested random effects
of nestling ID within nest (fixed=microbial alpha diversity
~ age*sex +year + random = ~ 1|nest/nestling ID). The age*sex
interaction was not significant, so we removed the interac-
tion term and ran age, sex, and sampling year as separate
fixed effects in each model (fixed = microbial alpha diversity ~
age + sex + year + random = ~ 1|nest ID/nestling ID). Sampling
year was significant for log Chaol index so sampling year
was controlled for in all appropriate Chaol models. Sample
sizes for each host intrinsic factor were as follows: age (day 7:
n=39, day 14: n=41, day 21: n=38), sex (female: n=58,
male: n=60), and sampling year (2018: n=34,2019: n=_84).

Alpha diversity: diet diversity and prey percentage

We assessed nest level diet at the scale of the majority of the
nestling period (average of 122 min total across days 5, 6, 12,
13, 19, and 20 of nestling development); therefore, we only
compared diet diversity metrics with gut microbial diversity
on nestling day 21 since it was the terminal sample at the
end of the nestling period and the most likely timepoint
to capture the scale of diet diversity measured. To test for
relationships between diet alpha diversity and gut microbial
alpha diversity, we ran separate LMMs with each gut micro-
bial alpha diversity metric from day 21 samples only as a
response variable and diet alpha diversity (Shannon index) as
a fixed effect with nest as a random effect (fixed =microbial
alpha diversity ~ diet alpha diversity + random=~ 1|nest).
Only nest was included as a random effect instead of nest-
ling ID nested within nest because only one timepoint was
used from each nestling (i.e. day 21). We also ran separate
LMMs with each gut microbial alpha diversity metric from
day 21 samples only as a response variable and percentage of
each prey type as separate fixed effects with nest as a random
effect (fixed =microbial alpha diversity ~ mammals + passer-
ines + arthropods + annelids + random =~ 1|nest). Sampling
year was not included as a fixed effect for log Chaol models
because diet data were only collected in the second sampling
year (2019). Sample size for all diet analyses includes day 21
samples in 2019 only (n=27).

Alpha diversity: morphology and physiology

To test for relationships between gut microbial alpha diver-
sity and nestling morphological and physiological traits, we
examined whether gut microbial alpha diversity at the time
of sampling was associated with host morphological or physi-
ological trait values at the same developmental stage (i.e.
contemporary relationship), or whether gut microbial alpha
diversity at an early developmental stage predicted future
host trait values (i.e. time-lagged relationship), while control-
ling for the starting trait value. Raw trait values were used
as the response variable, instead of change in trait values,
as this allowed us to control for the starting trait value as a
covariate in time-lagged models. Sample sizes for all contem-
porary analyses were: day 7 (n=39), day 14 (n=41), and
day 21 (n=38). For time-lagged relationships, we only com-
pared consecutive time points using day 7 microbial diver-
sity with day 14 trait values (n=39), and day 14 microbial
diversity with day 21 trait values (n=41). Sampling year was
controlled for as a fixed effect in all models with log Chaol
microbial alpha diversity.

To test for an effect of gut microbial alpha diversity on
host body mass in a contemporary manner, we ran separate
LMMs for each age (days 7, 14, and 21) with host body mass
as a response variable and microbial alpha diversity (Shannon
index, log Chaol index, or log Faith’s PD) as a fixed effect
with nested random effects of nestling ID within nest
(fixed=day 7 mass ~ day 7 microbial alpha diversity + ran-
dom=~ 1|nest/nestling ID). We controlled for sex in mass
models at days 14 and 21 when kestrels are sexually dimor-
phic for mass (fixed=day 14 mass ~ day 14 microbial alpha
diversity + sex + random = ~ 1|nest/nestling ID).

To test for an effect of gut microbial alpha diversity on
host body mass in a time-lagged manner, we ran separate
LMMs for each age time-lagged comparison (day 7 micro-
bial diversity and day 14 trait values; day 14 microbial
diversity and day 21 trait values) with host body mass at
the latter timepoint as the response variable and microbial
alpha diversity at the previous timepoint (Shannon index,
log Chaol index, or log Faith’s PD) and starting body mass
and sex as fixed effects with nested random effects of nest-
ling ID within nest (fixed=day 14 mass - day 7 microbial
alpha diversity + day 7 mass+sex+random=~ 1|nest/nest-
ling ID).

To test for an effect of gut microbial alpha diversity on host
physiological traits (i.e. glucose and hematocrit) in a contem-
porary manner, we ran separate LMMs for each age (days 7,
14, and 21) with either glucose or hematocrit as the response
variable and microbial alpha diversity (Shannon index, log
Chaol index, or log Faith’s PD) as a fixed effect with nested
random effects of nestling ID within nest (fixed=day 7 glu-
cose ~ day 7 microbial alpha diversity + random=~ 1| nest/
nestling ID).

To test for an effect of gut microbial alpha diversity on host
physiological traits in a time-lagged manner, we ran separate
LMMs for each age time-lagged comparison (day 7 microbial
diversity and day 14 trait values; day 14 microbial diversity
and day 21 trait values) with either glucose or hematocrit at
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the latter timepoint as the response variable and microbial
alpha diversity at the previous timepoint (Shannon index, log
Chaol index, or log Faith’s PD) and starting trait value as
fixed effects with nested random effects of nestling ID within
nest (fixed = day 14 hematocrit ~ day 7 microbial alpha diver-
sity + day 7 hematocrit + random = - 1| nest/nestling ID).

Beta diversity: age, sex, and year

Distance matrices for both Bray—Curtis and Jaccard dis-
similaricy were exported from QIIME2 with the export
plugin for statistical analyses in R (www.r-project.org). To
test for changes in microbial beta diversity, we conducted
a separate permutational multivariate analysis of variation
(PERMANOVA) with each distance matrix (Jaccard or
Bray—Curtis) as the response variable to statistically partition
the sources of variation in microbial community structure
with the adonis2 function in the ‘vegan’ package ver. 2.6-2,
with the ‘by’ parameter set for ‘margin’ to account for mar-
ginal effects of the tested variables. Permutations (1000)
were restricted within nested blocking factors of nestling ID
within nest with the Aow function in the ‘permute’ package
ver. 0.9-7 (Simpson et al. 2016) unless otherwise noted. An
assumption of the adonis test is that groups have homoge-
neity of variance. The dispersion of the groups outlined in
each section below was checked for homogeneity of variance
using the Betadisper and permutest functions from the ‘vegan’
package. All model formulas and sample sizes for each beta
diversity analysis were the same as their corresponding alpha
diversity analysis (above).

To test the relationship between host intrinsic factors
including age and sex on gut microbial beta diversity across
sampling years, we ran separate PERMANOVAs with each
microbial beta diversity distance matrix (Bray—Curtis or
Jaccard) as the response variable and an age*sex interaction
and sampling year as separate fixed effects with the nested
random effects structure described above. The age*sex inter-
action was nonsignificant for both beta diversity metrics, so
we removed the interaction term and ran age, sex, and sam-
pling year as separate fixed effects in each model. Age was
the only significant host intrinsic factor, so we subsequently
conducted pairwise PERMANOVAs between consecutive
time points (day 7 versus day 14 and day 14 versus day 21)
with age as the only fixed effect. We conducted a similarity
percentage (SIMPER) analysis to identify the average con-
tribution of each bacterial genus to the Bray—Curtis dissimi-
larity of each significant pairwise age group comparison in
PAST (ver. 4.11), with a 70% cutoff for low contributions to
dissimilarity. Beta diversity ordinations were visualized with
principal component analyses (PCoA) calculated with the
‘phyloseq’ package.

Beta diversity: diet diversity and prey percentage

We ran Mantel tests (1000 permutations) to test for rela-
tionships between gut microbial beta diversity (Jaccard and
Bray—Curtis) and nest level diet beta diversity (Jaccard)
in the ‘vegan’ package. To test for relationships between
prey type and gut microbial beta diversity, we ran separate
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PERMANOVAs with each microbial beta diversity distance
matrix (Bray—Curtis or Jaccard) as the response variable and
percentage of each prey type (mammal mass, passerine mass,
arthropod mass, and annelid mass) as separate fixed effects
with nest as a random effect. To investigate whether specific
diet prey types impact bacterial genera differently, we exam-
ined the correlations (Kendall’s rank correlations) between
relative abundances of the top 11 bacterial genera and the
percentage of diet prey type (mammal, passerine, arthropod,
and annelid) in individual diets using the cor and correst
functions in base R (www.r-project.org).

Microbial composition: morphology and physiology

We conducted separate LMMs with body mass, glucose,
or hematocrit as a response variable with either phylum-
level relative abundances of Firmicutes or Proteobacteria as
the main fixed effect (see ‘Alpha diversity: morphology and
physiology’). Firmicutes and Proteobacteria were selected for
these analyses because they were the top two phyla, whereas
Bacteroidota was only present in 7 samples. All visualizations
were made with the ‘ggplot2’ package ver. 3.3.6 and edited

in Biorender.

Results

Sequencing results

Before filtering, there were 4 461 203 total reads and 7198
unique ASVs. Mean reads per sample were 33 046 with
samples ranging from 0 to 74 625 reads. After filtering, we
retained a total of 122 samples (n=118 fecal samples, n=4
negative controls) resulting in 4 089 054 reads and 6447
unique ASVs that were used to calculate gut microbial alpha
and beta diversity metrics. Mean reads per sample were 31
946 with samples ranging from 36 to 73 720 reads.

Nestling age, sex, and gut microbial diversity across
sampling years

Across sampling years, gut microbial alpha diversity dif-
fered for log Chaol (F, ;,=7.71, p < 0.02) but not Shannon
(F,,=0.44, p=0.52) or log Faiths PD (F ,=1.22,
p=0.29) with higher log Chaol diversity in 2019 than 2018
(Fig. 1a, Table 1). Gut microbial composition did not dif-
fer by sampling year for either metric (Bray—Curtis: pseudo-
F,¢;=4.11, p=0.47; Jaccard: pseudo-F| ;;=5.01, p=0.55)
(Fig. 1b, Supporting information).

No alpha diversity metric (Shannon index, log Chaol
index, or log Faith’s PD) showed any significant relationship
to age (Fig. 1c, Table 1), but microbial composition did differ
by age (Supporting information). When comparing consecu-
tive timepoints, nestling day 7 and day 14 differed in micro-
bial composition for both beta diversity metrics (Bray—Curtis:
pseudo-F,,,=1.47, p=0.05; Jaccard: pseudo-F,, =1.47,
p=0.04). Nestling day 14 also differed from day 21 for both

beta diversity metrics (Bray—Curtis: pseudo-F, ,,=1.52,
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Figure 1. Relationships between nestling age, sampling year, and gut microbial alpha diversity of American kestrel Falco sparverius nestlings.
(a) Gut microbial alpha diversity (log Chaol index) differed between sampling years (2018: n=34, 2019: n=284). (b) Principal coordinates

analysis (PCoA) ordination plot of beta diversity (Jaccard) differences between the two sampling years. (c) Gut microbial alpha diversity (log
Chaol index) did not change between nestling age (day 7: n=39, day 14: n=41, day 21=38). (d) PCoA ordination plot of beta diversity

(Jaccard) differences between nestling age (days).

Table 1. Results of linear mixed effects models testing the effect of host intrinsic traits including age and sex across sampling years on gut
microbial alpha diversity of American kestrel Falco sparverius nestlings (n=44). Each model included (a) Shannon index, (b) log Chaol
index, or (c) log Faith’s phylogenetic diversity (PD) as the response variable; and age, sex, and year as fixed effects with nested random effects
of nestling ID within nest. An asterisk and bold denote a significant p value (a=0.05).

Response variable Fixed effects Degrees of freedom Estimate F value p value
(a) Shannon index (Intercept) 1,72 4.06 414.65 < 0.0001*
Age 2,72 0.18 0.64 0.5295
Sex 1,29 0.22 0.83 0.3704
Year 1,12 -0.30 0.44 0.5205
(b) Chao1 index (log) (Intercept) 1,72 3.96 2200.57 < 0.0001*
Age 2,72 0.07 0.08 0.9217
Sex 1,29 0.02 0.00 0.9511
Year 1,12 0.58 7.71 0.0168*
(c) Faith's PD (log) (Intercept) 1,72 1.81 848.48 < 0.0001*
Age 2,72 0.00 0.01 0.9898
Sex 1,29 0.03 0.05 0.8293
Year 1,12 0.16 1.22 0.291
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p < 0.01; Jaccard: pseudo-F,, =1.52, p=0.01, Fig. 1d,
Supporting information).

At the phylum level, Firmicutes dominated across all ages
(day 7=94.69%, day 14=94.03%, day 21=91.70%) fol-
lowed by lower relative abundances of Proteobacteria (day
7=>5.24%, day 14=5.97%, day 21=8.24%) and less than
1% relativeabundances of Bacteroidota (Bacteria) (Supporting
information). At the genus level, the top 10 genera, including
an unassigned genus from class Bacilli, dominated across all
ages (day 7=45.49%, day 14=48.13%, day 21=45.03%)
followed by lower relative abundances of Enterococcus (day
7=21.13%, day 14=20.87%, day 21 =16.86%), an unas-
signed genus from order Lactobacillales (day 7=13.18%, day
14=10.89%, day 21=12.83%), Bacillus (day 7=06.74%,
day 14=7.56%, day 21=8.30%), Carnobacterium (day
7=4.41%, day 14=1.08%, day 21=4.28%), an unas-
signed genus in order Bacillales (day 7=1.64%, day
14=3.10%, day 21=2.00%), Vibrio (day 7=0.53%, day
14=1.92%, day 21=4.02%), an unassigned genus in class
Gammaproteobacteria (day 7=1.40%, day 14=1.27%,
day 21=1.74%), Exiguobacterium (day 7=1.20%, day
14=1.37%, day 21=1.58%), and an uncultured genus in
family Comamonadaceae (day 7=1.34%, day 14=1.24%,
day 21 =1.01%) (Supporting information).

Next, we ran a SIMPER analysis to determine the aver-
age contribution of each bacterial genus to the average dis-
similarity in microbial composition among consecutive
age timepoints (Supporting information). Over 80% of
the dissimilarity between nestling days 7 versus 14 and 14
versus 21 can be attributed to changes in the relative abun-
dances of 5 bacterial genera. Increases in the relative abun-
dances of an unassigned genus from class Bacilli, and the
genus Bacillus, respectively, explained 26.77% and 10.34%
of the average dissimilarity between nestling day 7 and day
14, whereas decreases in Enterococcus, an unassigned genus
from order Lactobacillales, and Carnobacterium explained
26.01, 12.60, and 9.24% of the dissimilarity, respectively.
When comparing nestling days 14 and 21, decreases in the
relative abundances of Enterococcus and an unassigned genus
from class Bacilli explained 25.38 and 23.98% of the aver-
age dissimilarity, respectively; whereas increases in an unas-
signed genus from order Lactobacillales, and in Bacillus and
Carnobacterium explained 13.17, 11.08, and 9.18% of the
dissimilarity, respectively.

We found no significant differences in gut microbial alpha
diversity (Table 1) or composition according to the sex of the
nestlings (Supporting information).

Diet and gut microbial diversity

In the second sampling year (i.e. 2019 when diet data were
collected), the Shannon index for gut microbial diversity at
day 21 was positively correlated with the Shannon index
for diet diversity (F,,=7.05, p=0.03, Fig. 2, Table 2) but
log Chaol index (F,,=3.97, p=0.09) and log Faith’s PD
(F,,=4.05, p=0.08) for gut microbial diversity were not
related to diet alpha diversity (Table 2). Percentage of prey

Page 8 of 18

° [ )
° Nest ID
5 6 e 157
>§ e 630
. ° 633
P
Z3 ° 636
T2 o 639
o) 4
o5 ° 661
oc
sc 668
o
@ 704
901
[ ]
2.
L ]

0.5 07 09 11
Diet diversity (Shannon Index)

Figure 2. Nestling diet diversity (Shannon index) was positively cor-
related with gut microbial alpha diversity (Shannon index) on day
21 (n=27) in American kestrel Falco sparverius nestlings in 2019.
Diet diversity (Shannon index) is representative of the entire sam-
pling period (days 5-20 of nestling development). Each datapoint
denotes an individual nestling colored by nest ID, and gray shading
denotes 95% confidence interval around the line of best fit.

items including mammal, passerine, arthropod, and annelid
were not related to gut microbial alpha diversity for either
the Shannon index or log Chaol index, or overall microbial
composition for either Bray—Curtis or Jaccard (Supporting
information). Diet beta diversity (Jaccard) did not corre-
late significantly with day 21 gut microbial beta diversity
(Bray—Curtis: Mantel r=0.04, p=0.26; Jaccard: Mantel
r=0.02, p=0.37). The relative abundance of Lactobacillus
was negatively correlated with the percentage of arthropods
in the diet (t=-0.49, p < 0.01). The relative abundance of
Enterococcus was positively correlated with the percentage of
passerines (T=0.42, p < 0.01) but negatively correlated with
the percentage of mammals in the diet (t=-0.31, p=0.03,
Supporting information).

Morphological and physiological development and
gut microbial diversity

For contemporary or same day relationships, microbial
diversity was negatively related to nestling body mass on
day 14 for log Faith’s PD (F ,;=6.05, p=0.02, Fig. 3a) but
not for Shannon index (£, ,;=3.01, p=0.09) or log Chaol
index (F,,5=3.09, p=0.09; Supporting information). In
addition to the contemporary relationship found on day 14,
early nestling gut microbial diversity was predictive of nest-
ling body mass at a later stage of development. Microbial
alpha diversity at day 7 negatively predicted nestling body
mass at day 14 for log Faith’s PD (£, =11.21, p < 0.01,
Fig. 3b) and log Chaol (F, ,,=10.86, p < 0.01, Fig. 3¢), but
not for Shannon index (F,,,=0.02, p=0.88; Supporting
information). Microbial alpha diversity (Shannon index)
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Table 2. Results of linear mixed effects models testing the relationship between diet alpha diversity and gut microbial alpha diversity of
American kestrel Falco sparverius nestlings. Each model included (a) Shannon index, (b) log Chaot index, or (c) log Faith’s phylogenetic diver-
sity (PD) for day 21 microbiome samples only (n=27) as the response variable and diet alpha diversity (Shannon index) as a fixed effect with
nest as a random effect. Year was not included as a fixed effect in the Chao1 model because diet data were only collected in 2019. Diet alpha

diversity is representative of the majority of nestling development (days 5-20). An asterisk and bold denote a significant p value («=0.05).

Response variable Fixed effects Degrees of freedom Estimate F value p value
(a) Shannon index (Intercept) 1,18 0.14 183.18 < 0.0001*
Diet alpha diversity (Shannon index) 1,7 4.75 7.05 0.0327
(b) Chao1 index (log) (Intercept) 1,18 2.74 601.49 < 0.0001*
Diet alpha diversity (Shannon index) 1,7 2.18 3.97 0.0865
(c) Faith’s PD (log) (Intercept) 1,18 0.7 238.10 < 0.0001*
Diet alpha diversity (Shannon index) 1,7 1.48 4.05 0.0839

at day 14 negatively predicted nestling body mass at day
21 (F,,,=6.87, p=0.02, Fig. 3d), but not for log Chaol
index (£, ,;=1.00, p=0.33) or log Faith’s PD (£, ,,=2.39,
p=0.14; Supporting information). There were no other
significant contemporary or time-lagged relationships
between gut microbial alpha diversity and nestling body
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mass for Shannon index, log Chaol index, or log Faith’s PD
(Supporting information).

Nestling body mass at day 21 was negatively correlated
with the day 21 relative abundance of Firmicutes (¥, ,;=5.86,
p=0.02) and positively correlated with the relative abun-
dance of Proteobacteria (F,,;=5.75, p=0.03; Supporting
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Figure 3. Contemporary and time-lagged relationships between nestling body mass and gut microbial alpha diversity of American kestrel
Falco sparverius nestlings. (a) Nestling body mass (g) on day 14 was negatively correlated with gut microbial alpha diversity (log Faith’s
phylogenetic diversity (PD)) on day 14 (n=39). (b—c) Nestling body mass (g) on day 14 was negatively correlated with gut microbial alpha
diversity on day 7 (n=39) for both (b) log Faith’s PD and (c) log Chaol index. (d) Nestling body mass (g) on day 21 was negatively cor-
related with gut microbial alpha diversity (Shannon index) on day 14 (n=41). Each datapoint denotes an individual nestling colored by
sampling year with shapes corresponding to nestling sex (F =female, M =male), and shading denotes 95% confidence interval around the
line of best fit for each sampling year.
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information). The relative abundance of Firmicutes at
day 14 positively predicted nestling body mass at day 21
(F,,,=11.03, p < 0.01), whereas the relative abundance of
Proteobacteria at day 14 negatively predicted body mass at
day 21 (F,,,=11.03, p < 0.01). There were no other sig-
nificant contemporary or time-lagged relationships between
the relative abundances of Firmicutes and Proteobacteria and
nestling body mass (Supporting information).

Early gut microbial diversity was related to physiology
underlying metabolism (i.e. blood glucose) but not aerobic
capacity (i.e. hematocrit) at a later stage of development.
Gut microbial diversity on day 7 (Shannon index) was
positively related to blood glucose concentrations on day
14 (F,,,=10.34, p < 0.01; Fig. 4) but not for log Chaol
index (£,,,=3.66, p=0.07) or log Faith’s PD (F,,,=3.09,
p=0.09, Supporting information). There were no other sig-
nificant contemporary or time-lagged relationships between
gut microbial alpha diversity and blood glucose for Shannon
index, log Chaol index, or log Faith’s PD (Supporting infor-
mation). Gut microbial diversity was not related to hemato-
crit in a contemporary or time-lagged manner (Supporting
information). The relative abundances of Firmicutes and
Proteobacteria were not related to blood glucose or hemato-
crit for any contemporary or time-lagged analysis (Supporting
information).

Discussion

Our results suggest that diet diversity may play a major
role in gut microbial diversity, which in turn may impact
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Figure 4. Nestling blood glucose (mg/dL) on day 14 was positively
correlated with gut microbial alpha diversity (Shannon index) on
day 7 (n=39) in American kestrel Falco sparverius nestlings. Each
datapoint denotes an individual nestling colored by sampling year
with shapes corresponding to nestling sex (F=female, M =male),
and shading denotes 95% confidence interval around the line of
best fit for each sampling year.
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morphological and physiological development in American
kestrel nestlings. Gut microbial alpha diversity on nestling
day 21 was positively correlated with diet alpha diversity rep-
resentative of the majority of the nestling period (days 5-20),
and the relative abundances of specific bacterial genera were
correlated with the percentage of certain prey types. Increased
gut microbial diversity was negatively correlated with body
mass in both contemporary and time-lagged manners. Gut
microbial alpha diversity was positively related to host physi-
ology underlying metabolism (i.e. blood glucose), which may
impact host fitness, given the importance of metabolism at
the time of fledging. Contemporary and time-lagged associa-
tions between gut microbial diversity and host development
further support the hypothesis that diversity of gut microbial
communities may be a key component of determining indi-
vidual nestling condition and could ultimately affect fitness.

Nestling age impacts gut microbial beta diversity
but not alpha diversity

Gut microbial alpha diversity did not increase with age in
American kestrel nestlings. This pattern parallels findings
in Eurasian kestrel Falco tinnunculus nestlings, in which gut
microbial alpha diversity did not vary significantly across
different stages of nestling development (Zhou et al. 2020).
However, we cannot rule out the possibility that gut micro-
bial alpha diversity increased from hatching to seven days
post-hatch. Our data suggest that nestlings can attain stable
gut microbial alpha diversity levels by seven days post-hatch,
which are maintained throughout development until fledg-
ing the nest, paralleling the results of Diez-Mendez et al.
(2022). This early procurement of gut microbial diversity is
consistent with Grond et al. (2017) in which alpha diversity
starkly increased between hatching and two days post-hatch
and then remained stable for the rest of the nestling period.
Other avian host species display variation in gut microbial
alpha diversity trajectory, with some species increasing in
alpha diversity throughout development, including black-
legged kittiwakes Rissa tridactyla (which increased in alpha
diversity from 5 to 30 days post-hatch: van Dongen et al.
2013), pigeons Columba livia (which increased in com-
munity richness from 14 to 21 days post-hatch; Ji et al.
2020), chickens Gallus gallus (which increased from 1 to
28 days post-hatch; Awad et al. 2016), and ostriches (which
increased over the first three months of life; Videvall et al.
2019). Great tits exhibited the opposite pattern of decreasing
in gut microbial alpha diversity between two developmental
time points (decreased between 8 and 15 days post-hatch;
Teyssier et al. 2018).

The lack of an effect of age on gut microbial alpha diversity
could also be attributed to the fact that avian gut microbial
diversity and composition are more influenced by extrinsic
factors such as environment and diet than by intrinsic factors
such as host phylogeny (Hird et al. 2014, Song et al. 2020,
Bodawatta et al. 2021c¢). Birds hatch with litde to no gut
microbial diversity (Grond et al. 2017, Trevelline et al. 2018)
and then slowly inoculate their gut microbial communities
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via horizontal transmission with the nest environment and
prey items (Ballou et al. 2016, van Veelan et al. 2020). Even
when nestling gut microbial communities are disrupted with
antibiotics or probiotics, continuous recolonization from the
nest environment and vertical transfer of microbes during
feeding washes out any sign of disturbance to the nestling
microbial communities (Diez-Méndez et al. 2022).

Although gut microbial alpha diversity did not differ
among ages, beta diversity differences suggest that gut micro-
bial composition may transition over time while maintaining
similar alpha diversity levels. Kestrel gut microbial communi-
ties were dominated by Firmicutes across all ages, followed by
a lower relative abundance of Proteobacteria, paralleling gut
microbial community compositions of other wild bird spe-
cies (reviewed by Waite and Taylor 2014, Grond et al. 2018,
Bodawatta et al. 2021b). Other species of raptors includ-
ing the Eurasian kestrel (Zhou et al. 2020), Cooper’s hawk
(Accipiter cooperii, Taylor et al. 2019), and red kite (Milvus
milvus, Blanco 2014) harbored a higher relative abundance of
Proteobacteria rather than Firmicutes in their gut microbiota.
However, another study documented fluctuating dominance
in the relative abundance of Proteobacteria versus Firmicutes
across consecutive samples of an individual Eurasian kes-
trel depending on the host condition. For example, a high
relative abundance of Proteobacteria was observed mainly in
several samples that were collected during surgeries or drug
treatments (Guan et al. 2020). Thus, dominance of specific
microbial taxa in relative abundance of total gut microbial
communities should be interpreted with caution as environ-
mental factors, such as diet shifts, could result in variations
in gut microbial relative abundance over time within a single
individual.

Our data from the SIMPER analysis demonstrate that the
majority of the differences in microbial composition between
consecutive age timepoints can be attributed to changes
in the relative abundances of 5 bacterial genera within the
Firmicutes phylum. Of particular interest, decreases in
Enterococcus explain more than 25% of these differences in
microbial composition between each consecutive age compar-
ison. Though the Enterococcus genus contains some beneficial
species (Hanchi et al. 2018), potentially pathogenic species
such as E. faecalis can lead to decreased hatchability in birds
(Reynolds and Loy 2020). Enterococcus spp. produce anti-
microbial compounds including bacteriocins (Hanchi et al.
2018), allowing them to competitively exclude other bacte-
rial taxa. Semi-altricial species such as American kestrels are
immunologically immature as hatchlings, but they acquire
increased adaptive immunity as they age (Fairbrother et al.
2004). Increased adaptive immunity may explain the decrease
in Enterococcus and increases in other taxa that could colonize
the open niche space within the gut (Kreisinger et al. 2018).
Diet may also influence gut microbial composition shifts
throughout development if prey types are preferentially fed at
different time points in development. Future studies capable
of DNA metabarcoding fecal samples for diet composition or
collecting more detailed provisioning data may seek to inves-
tigate this idea to fill this knowledge gap.

Nestling sex does not impact gut microbial alpha or
beta diversity

Microbial alpha and beta diversity did not differ between
the sexes in American kestrel nestlings, despite exhibiting
sexual dimorphism in plumage characteristics and body mass
by day 14 post-hatch (Anderson et al. 1997). Previous stud-
ies of sexually dimorphic avian species detected sex-related
differences in gut microbial composition (Liu et al. 2020,
Géngora et al. 2021). However, differences in microbial
alpha and beta diversity based on sex in kestrels may not be
apparent until adulthood, when intrinsic factors such as sex-
related differences in immunosuppressant hormones are fully
developed (Grond et al. 2018). Future studies should inves-
tigate the presence of sex-related gut microbial differences in
adult American kestrels and how the gut microbial profiles
shift across the breeding season as demands change (i.e. from
incubation to nestling provisioning).

Sampling year impacts gut microbial alpha diversity
but not beta diversity

In our study, microbial alpha diversity but not beta diversity
differed between sampling years. Several environmental fac-
tors including ambient temperature (reviewed by Sepulveda
and Moeller 2020), predation pressure (Zha et al. 2018), food
availability (Knutie 2020), or nutritional value of prey items
(Chapman et al. 2003) could explain the interannual differ-
ences in gut microbial alpha diversity. Intra-annual variation
in microbial diversity has been attributed to seasonally driven
dietary changes (Davenport et al. 2014, Wu et al. 2017,
Hicks et al. 2018). In wild rhesus macaques Macaca mulatta,
individuals vary significantly in gut microbial composition
among all 4 seasons of the year based on total macronutrient
intake (Cui et al. 2021). In our kestrel system, diet limita-
tions due to annual variation in prey availability may have
also influenced gut microbial alpha diversity between years.
Diet data were not collected in 2018, leaving us unable to test
this hypothesis. Alternatively, alpha diversity may have been
higher in 2019 than in 2018 due to the larger sample size of
nests monitored in 2019 (i.e. 2018: n=4 nests versus 2019:
n=10 nests), elevating detection of uncommon species.

Diet diversity is positively correlated with gut
microbial alpha diversity on nestling day 21

Diet is a major driver of gut microbial diversity and com-
munity composition (Muegge et al. 2011, Hird et al. 2015).
Decreased diet variation can lead to reduced gut microbial
alpha diversity (Wang et al. 2021). As gut microbiota in avian
hosts are typically obtained horizontally from the environ-
ment and prey items, it is logical that a variety of prey types in
the diet would introduce a greater diversity of gut microbiota
to the host (Ballou et al. 2016). Our data support this idea
as gut microbial alpha diversity on day 21 was positively cor-
related with diet alpha diversity representative of the majority
of nestling development. This positive association between
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diet alpha diversity and gut microbial alpha diversity is con-
sistent with findings in other avian (Maul et al. 2005), reptil-
ian (Wang et al. 2021), and mammalian systems (Heiman
and Greenway 2016, Chi et al. 2019).

We did not find significant correlations between gut
microbial beta diversity and diet beta diversity, suggesting
that individuals with different diets did not carry consistently
different gut microbial communities. Paralleling the results
of Bodawatta et al. (2022), the lack of an association between
microbial beta diversity and diet beta diversity could imply
that individual variation in bird gut microbiomes leads to
associations of different bacterial taxa with the same dietary
item. As we broadly categorized prey items (songbird, mam-
mal, annelid, etc.), it is possible that our diet beta diversity
values do not account for variation in microbial contribution
of specific prey species within these broader categories. For
example, granivorous songbird prey may contribute different
microbiota than omnivorous songbirds (Garcia-Amado et al.
2018), where differences in gut microbial diversity or com-
position based on dietary guild would remain undetected by
our methods. Indeed, Bodawatta et al. (2022) discovered dif-
ferences in diet—microbiome associations depending on diet
description method (e.g. visual inspection versus metabar-
coding). Increasing specificity within diet determination by
pairing visual inspection with non-visual methods, such as
metabarcoding, provides a better overall picture of diet and
can lead to more accurate associations of diet beta diversity
with gut microbial diversity.

DPercentage of specific prey items (mammals, passerines,
arthropods, and annelids) was not related to microbial alpha
diversity, but the relative abundances of specific bacterial gen-
era were correlated in variable directions with the percentage
of certain prey types. For example, the relative abundance of
Enterococcus was positively correlated with the percentage of
passerines but negatively correlated with the percentage of
mammals in the diet. Thus, the overall effect of diet alpha
diversity on microbial alpha diversity may be attributed to
a combination of associations between microbial taxa and
specific prey hosts (Bodawatta et al. 2022). Surprisingly,
we found no associations between bacterial genera and the
percentage of annelids in the diet despite the fact that anne-
lids function as decomposers in the soil, potentially expos-
ing them to diverse soil microbiota that are absent in other
prey species (Thompson et al. 2017). Dion-Phénix et al.
(2021) found that hosts of adjacent trophic levels (i.e. pri-
mary consumer caterpillar and secondary consumer blue tit)
had a more similar bacterial microbiota than hosts separated
by two trophic levels (i.e. primary producer plants and sec-
ondary consumer blue tits). Though we found correlations
between some bacterial genera and specific prey types, we
cannot claim causation without diet manipulations. Future
studies should continue to investigate trophic transmission
of microbiota (Dion-Phénix et al. 2021) and employ experi-
mentally manipulated diets of different prey types to disen-
tangle cause and effect relationships between gut microbial
diversity and host diet (Davidson et al. 2020, Teyssier et al.
2020, Bodawatta et al. 2021a).
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Gut microbial alpha diversity is negatively
correlated with body mass in both contemporary
and time-lagged manners

On a contemporary timescale, gut microbial alpha diversity
(log Faith’s PD) was negatively correlated with host body
mass on nestling day 14, but not on day 7 or day 21. The
negative, contemporary association between gut microbial
diversity and host mass observed on day 14 may be explained
by host-microbiota competition (Wasielewski et al. 2016).
Nestling birds exhibit the fastest growth rates among terres-
trial vertebrates (Case 1978), requiring them to direct their
energy and metabolic resources to growth. Nestlings in our
population experienced the most rapid growth from day 7
to day 14 (Cornell et al. 2021). Though we cannot claim
causal links, the presence of particular microbial taxa or over-
all number of different microbial taxa may either promote or
constrain the capacity of the host to absorb nutrients from
the diet and divert energy to growth. For example, lactic
acid bacteria (e.g. order Lactobacillales) can promote mass
gain when given as a probiotic (Angelakis and Raoult 2010).
Though microbiota provide clear benefits, hosts incur an
energetic cost when resident microbial taxa utilize resources,
making them unavailable to the host. Lactic acid bacteria fer-
ment glucose to lactic acid, which reduces the energy avail-
able to the host gut epithelium (Saunders and Sillery 1982).
An unassigned genus of order Lactobacillales was the third
most abundant genus among our samples, but future studies
should either supplement the amount of Lactobacillales spp.
or reduce it with targeted antibiotics to validate its potential
to promote or constrain nestling growth.

Gut microbial alpha diversity early in development was
also negatively correlated with body mass later in develop-
ment. Our findings that log Chaol index and log Faith’s PD
at day 7 negatively predicted mass at day 14, and Shannon
index at day 14 negatively predicted mass at day 21, are
consistent with recent studies in which nestling great its
(Davidson et al. 2021) and juvenile ostriches (Videvall et al.
2019) with high gut microbial diversity early in development
exhibited reduced mass later in development. The negative,
time-lagged associations could be explained by differences
in provisioning rate (Dawson and Bortolotti 2003) or shifts
in diet diversity (Dawson and Bortolotti 2000) throughout
the developmental period in addition to host—microbiota
competition (above). As discussed in Davidson et al. (2021),
time-lagged associations could be evidence that a specific gut
microbial diversity at a critical early life period could prime
the metabolic efficiency of the host for increased growth
needs through development. High gut microbial alpha diver-
sity is commonly linked with greater health of host organisms
(reviewed by Heiman and Greenway 2016), but in some cases
uncommon microbial species, such as opportunistic patho-
gens that increase overall alpha diversity, may have negative
impacts on host health due to the diversion of energy from
morphological growth to less-pertinent functions related to
gut microbiota management (Krams et al. 2017). As space
is limited within the gut tract, unbeneficial species may also

95U8017 SUOLUWIOD 9AIE8.D) 909! jdde a4} A peuenob a1e SoILe WO ‘8SN JO S9N o} ARIq 1T SUIIUO AS]IM UO (SUOTIPLOI-PUE-SLLISH WO A3 1M Alelq 1 BUl|UO//:SANY) SUOIPUOD PUe SLUe | 841 89S *[£202/0T/9T] Uo Akeiqiauliuo AS1IM ‘6TOS0 ARITTTT 0T/I0pAWod A3 | Im Ao g1 Ul |UO//:Sdiy WoJ) pepeojumoq ‘g-/ ‘€202 ‘X8¥0009T



be outcompeting other microbial species during colonization
that may provide more valuable functions to host develop-
ment such as degradation of complex polysaccharides. Some
studies have noted that gut microbial community composi-
tion, rather than diversity, is more influential for host health
and survival as alpha diversity does not account for functional
diversity or unbeneficial species within gut microbial commu-
nities (Worsley et al. 2021). We found variable associations
between phylum-level relative abundances of Firmicutes and
Proteobacteria and nestling body mass in both contemporary
and time-lagged manners. In contemporary relationships, an
increased relative abundance of Proteobacteria and decreased
relative abundance of Firmicutes promote increased nestling
body mass, whereas the opposite pattern exists for the time-
lagged relationship. These findings suggest that the ratios of
phylum-level microbiota may be temporally and context-
dependent. For example, increased ratios of Firmicutes to
Bacteroidetes have been positively correlated with obesity
and Type II diabetes in humans (Magne et al. 2020). Though
a high relative abundance of Firmicutes may be unbeneficial
to humans, developing nestlings may benefit from Firmicute-
mediated degradation of fiber into energy-rich fatty acids
early in development that could be utilized by the host for
tissue growth later in development (Flint et al. 2008).

Gut microbial alpha diversity is positively correlated
with blood glucose in a time-lagged manner

Gut microbial alpha diversity at seven days post-hatch was
positively correlated with blood glucose concentrations at
14 days post-hatch. Like morphological traits such as body
mass, high gut microbial alpha diversity may have negative
developmental consequences in the context of host metab-
olism. Elevated glucose concentrations are known to be a
typical response to physiological stress, though not always in
a straightforward way (Taff et al. 2022). The positive cor-
relation between gut microbial alpha diversity and glucose
concentration may further reveal that high alpha diversity
has negative consequences for host health. In fact, signifi-
cant increases in circulating blood glucose in wild vertebrates
including birds are driven by a decrease in glucose utiliza-
tion rather than increased glucose production (Romero and
Beattie 2021). Studies with germ-free chickens have indeed
shown that colonization by microbiota decreases total absorp-
tion of glucose and vitamins (Ford and Coates 1971). Thus,
maintaining and provisioning fewer gut microbial taxa may
allow the host to absorb and utilize circulating blood glucose
more effectively, though dependent on the specific microbial
taxa present.

We also explored potential correlations between nestling
gut microbial diversity and physiology underlying aerobic
capacity (e.g. hematocrit levels), as hematocrit is predictive of
nestling body condition (Lill et al. 2013) and post-fledging
survival (Bowers et al. 2014). Since physiology underlying
acrobic capacity has been linked to fledgling flight ability
(Cornell et al. 2017) and nestling survival (Nadolski et al.
20006, Kaliriski et al. 2015), it is essential for nestlings to

develop and maintain high hematocrit levels. Low hema-
tocrit levels can be caused by a low supply of healthy red
blood cells. Bacterial pathogens possess transferrin-binding
proteins that compete with human transferrin for access to
iron (Barber and Elde 2014). Microbial iron theft could sub-
sequently lead to host iron deficiency, which in turn decreases
the production of red blood cells (Rusu et al. 2020). Though
we did not find any associations between hematocrit and
gut microbial alpha diversity or phylum-level relative abun-
dances, it still provides a fruitful area for future inquiry as an
eco-physiological mechanism connecting host ecology and
aerobic physiology. To our knowledge, no other studies have
focused on how natural gut microbial diversity in free-living
hosts affects physiology underlying acrobic capacity in a wild
bird, leaving a sizable knowledge gap in the avian gut micro-
biota literature.

Conclusions and future directions

We found interactions among gut microbial diversity, diet
diversity, and host morphological and physiological traits in
developing American kestrel nestlings. The positive relation-
ship between microbial alpha diversity on nestling day 21
and diet alpha diversity must be interpreted with caution,
as the diet metrics presented in this study are representative
of the entire sampling period (days 5-20 of nestling devel-
opment). Within our study population, it was not possible
to estimate diet at a finer scale, particularly for nests with
brood sizes of 1-2 nestlings (3/10 nests). Therefore, group-
ing the prey items throughout the nestling period is the best
way to accurately address the question of how diet during
nestling development relates to American kestrel nestling gut
microbial diversity. We hope future studies can measure diet
at a finer temporal scale, but we also caution researchers to
consider the restraints of observational diet characterization
given their study system.

We found time-lagged relationships with gut microbial
alpha diversity in early nestling development and host physi-
ological (e.g. blood glucose) and morphological parameters
(e.g- body mass) in late nestling development, though our
low sample size may have prevented us from uncovering other
relationships. Recent work found that baseline glucose is neg-
atively correlated with body mass across 30 passerine species
(Tomasek et al. 2019); however, in our dataset of a single rap-
tor species, blood glucose and body mass are not correlated
(Cornell unpublished), and the most rapid growth in our
nestlings occurred during days 7 and 14 (Cornell et al. 2021).
Therefore, we suspect the time-lagged relationships between
gut microbial alpha diversity and both blood glucose and
body mass demonstrate that high microbial alpha diversity
individuals may have unbeneficial bacterial species compet-
ing with beneficial bacteria, or potentially increased stress that
leads to independent effects on circulating glucose (Romero
and Beattie 2021) and body mass (Almasi et al. 2015). These
relationships and their potential trade-offs should be tested
for causality using experimental approaches such as antibiotic
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administration (Potti et al. 2002, Kohl et al. 2018) or nutrient/
food supplementation (Davidson et al. 2020, Knutie 2020).

These time-lagged findings from the present and other
studies (e.g. Davidson et al. 2021) underscore the impor-
tance of longitudinal sampling within individuals when
investigating connections between gut microbial diversity
and host developmental trajectory. Descriptive microbiome
studies lack the ability to directly demonstrate an influence
of gut microbiota on host phenotype that can be shown
with manipulative studies; however, sampling gut micro-
biota of wild populations allows us to uncover unexplored
host—microbiota relationships and provide baseline data
that lead to hypothesis-driven, manipulative studies. We
highlight the potential for gut microbial diversity to serve
as an eco-physiological mediator between the host’s eco-
logical pressures, such as diet, and host physiology, but call
for manipulative follow-up experiments to confirm these
relationships.

Acknowledgements — We would like to thank the numerous field
assistants who helped collect samples as well as Hawk Mountain
Sanctuary’s trainees, collaborators, donors, and supporters. We
also thank the numerous private landowners of Berks, Lehigh, and
Schuylkill Counties for allowing us to conduct this study on their
properties.

Funding — This work was funded by a Blake-Nuttall Avian Research
Grant and Penn State Altoona Research and Development Grant
to A. Cornell, and a Beta Beta Beta Student Research Grant to M.
Melo. J. L. Houtz was supported by a Cornell Presidential Life
Sciences Fellowship and National Science Foundation Graduate
Research Fellowship.

Permits — Studies were conducted under the Cedar Crest College
(Allentown, Pennsylvania, USA) IACUC permit #2018-01 and
USGS banding permit #22749.

Author contributions

Jennifer L. Houtz: Conceptualization (equal); Data cura-
tion (equal); Formal analysis (equal); Investigation (equal);
Methodology (lead); Visualization-Supporting, Writing —
original draft (equal); Writing — review and editing (equal).
Mercy Melo: Conceptualization (equal); Data curation
(equal); Formal analysis (equal); Funding acquisition-Sup-
porting, Investigation (equal); Methodology-Supporting,
Visualization-Supporting, Writing — original draft (equal);
Writing — review and editing (equal). Jean-Francois Therrien:
Conceptualization-Supporting, Resources-Supporting,
Writing — review and editing (equal). Allison Cornell:
Conceptualization (equal); Data curation (equal); Formal
analysis (equal); Funding acquisition (lead); Investigation
(equal); Methodology (equal); Project administration (lead);
Visualization (lead); Writing — original draft-Supporting,
Writing — review and editing (equal).

Transparent peer review

The peer review history for this article is available at heeps://
publons.com/publon/10.1111/jav.03019.

Page 14 of 18

Data availability statement

Data are available from the Dryad Digital Repository: https://
doi.org/doi:10.5061/dryad.3n5tb2rkf (Houtz et al. 2023).

Supporting information

The Supporting information associated with this article is
available with the online version.

References

Almasi, B., Béziers, P, Roulin, A. and Jenni, L. 2015. Agricultural
land use and human presence around breeding sites increase
stress-hormone levels and decrease body mass in barn owl nest-
lings. — Oecologia 17: 89-101.

Anderson, D. J., Reeve, J. and Bird, D. M. 1997. Sexually dimor-
phic eggs, nestling growth and sibling competition in American
Kestrels Falco sparverius. — Funct. Ecol. 11: 331-335.

Angelakis, E. and Raoult, D. 2010. The increase of Lacrobacillus
species in the gut flora of newborn broiler chicks and ducks is
associated with weight gain. — PLoS One 5: ¢10463.

Ardia, D. R. 2013. The effects of nestbox thermal environment on
fledging success and haematocrit in Tree Swallows. — J. Avian
Biol. Res. 6: 99-103.

Awad, W. A., Mann, E., Dzieciol, M., Hess, C., Schmitz-Esser, S.,
Wagner, M. and Hess, M. 2016. Age-related differences in the
luminal and mucosa-associated gut microbiome of broiler nest-
lings and shifts associated with Campylobacter jejuni infection.
— Front. Cell. Infect. Microbiol. 6: 154.

Ballou, A. L., Ali, R. A., Mendoza, M. A,, Ellis, J. C., Hassan, H.
M., Croom, W. J. and Koci, M. D. 2016. Development of the
nestling microbiome: how ecarly exposure influences future
microbial diversity. — Front. Vet. Sci. 3: 2.

Barber, M. E and Elde, N. C. 2014. Nutritional immunity. Escape
from bacterial iron piracy through rapid evolution of transfer-
rin. — Science 346: 1362—1366.

Bender, R. and Lange, S. 2001. Adjusting for multiple testing—
when and how? — ]. Clin. Epidemiol. 54: 343-349.

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Verges, M. C. C.,
Charles, T., Chen, X., Cocolin, L., Eversole, K., Corral, G. H.
and Kazou, M. 2020. Microbiome definition re-visited: old
concepts and new challenges. — Microbiome 8: 1-22.

Blanco, G. 2014. Influence of diet on the gastrointestinal flora of
wintering red kites. — Eur. J. Wildlife Res. 60: 695-698.

Boal, C. W., Thornley, M. A. and Mullican, S. D. 2021. Food
habits of American kestrels in the southern high plains of Texas.
—J. Raptor Res. 55: 574-583.

Bodawatta, K. H., Freiberga, ., Puzejova, K., Sam, K., Poulsen, M.
and Jensson, K. A. 2021a. Flexibility and resilience of great tit
(Parus major) gut microbiomes to changing diets. — Anim.
Microbiome 3: 1-14.

Bodawatta, K. H., Hird, S. M., Grond, K., Poulsen, M. and Jaons-
son, K. A. 2021b. Avian gut microbiomes taking flight. — Trends
Microbiol. 30: 268-280.

Bodawatta, K. H., Koane, B., Maiah, G., Sam, K., Poulsen, M. and
Jonsson, K. A. 2021c. Species-specific but not phylosymbiotic
gut microbiomes of New Guinean passerine birds are shaped
by diet and flight-associated gut modifications. — Proc. R. Soc.
B. 288: 20210446.

Bodawatta, K. H., Kle¢kovd, I., KleCka, J., Puzejovd, K., Koane,
B., Poulsen, M., Jonsson, K. A. and Sam, K. 2022. Specific gut

95U8017 SUOLUWIOD 9AIE8.D) 909! jdde a4} A peuenob a1e SoILe WO ‘8SN JO S9N o} ARIq 1T SUIIUO AS]IM UO (SUOTIPLOI-PUE-SLLISH WO A3 1M Alelq 1 BUl|UO//:SANY) SUOIPUOD PUe SLUe | 841 89S *[£202/0T/9T] Uo Akeiqiauliuo AS1IM ‘6TOS0 ARITTTT 0T/I0pAWod A3 | Im Ao g1 Ul |UO//:Sdiy WoJ) pepeojumoq ‘g-/ ‘€202 ‘X8¥0009T


https://publons.com/publon/10.1111/jav.03019
https://publons.com/publon/10.1111/jav.03019
https://doi.org/doi:10.5061/dryad.3n5tb2rkf
https://doi.org/doi:10.5061/dryad.3n5tb2rkf

bacterial responses to natural diets of tropical birds. — Sci. Rep.
12: 1-15.

Bolnick, D. I., Snowberg, L. K., Hirsch, P. E., Lauber, C. L,
Knight, R., Caporaso, J. G. and Svanbick, R. 2014. Individu-
als' diet diversity influences gut microbial diversity in two fresh-
water fish (threespine stickleback and Eurasian perch). — Ecol.
Lett. 17: 979-987.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet,
C. C., Al-Ghalith, G. A., Alexander, H., Alm, E. ]., Arumugam,
M., Asnicar, E and Bai, Y. 2019. Reproducible, interactive, scal-
able and extensible microbiome data science using QIIME 2.
— Nat. Biotechnol. 37: 852-857.

Bowers, E. K., Hodges, C. J., Forsman, A. M., Vogel, L. A., Mas-
ters, B. S., Johnson, B. G. P, Johnson, L. S., Thompson, C. E.
and Sakaluk, S. K. 2014. Neonatal body condition, immune
responsiveness, and hematocrit predict longevity in a wild bird
population. — Ecology 95: 3027-3034.

Burton, T. and Metcalfe, N. B. 2014. Can environmental condi-
tions experienced in early life influence future generations?. —
Proc. R. Soc. B. 281: 20140311.

Campos-Cerda, F. and Bohannan, B. J. 2020. The nidobiome: a
framework for understanding microbiome assembly in neo-
nates. — Trends Ecol. Evol. 35: 573-582.

Caporaso, ]. G., Lauber, C. L., Costello, E. K., Berg-Lyons, D.,
Gonzalez, A., Stombaugh, J., Knights, D., Gajer, P, Ravel, J.,
Fierer, N. and Gordon, J. I. 2011. Moving pictures of the
human microbiome. — Genome Biol. 12: 1-8.

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D.,
Huntdley, J., Fierer, N., Owens, S. M., Betley, J., Fraser, L.,
Bauer, M. and Gormley, N. 2012. Ultra-high-throughput
microbial community analysis on the Illumina HiSeq and
MiSeq platforms. — ISME J. 6: 1621-1624.

Case, T. J. 1978. On the evolution and adaptive significance of
postnatal growth rates in the terrestrial vertebrates. — Q. Rev.
Biol. 53: 24-83.

Chao, A. 1984. Nonparametric estimation of the number of classes
in a population. — Scand. J. Stat. 11: 265-270.

Chapman, C. A., Chapman, L. J., Rode, K. D., Hauck, E. M. and
McDowell, L. R. 2003. Variation in the nutritional value of
primate foods: among trees, time periods, and areas. — Int. J.
Primatol. 24: 317-333.

Chi, X., Gao, H., Wu, G., Qin, W., Song, P, Wang, L., Chen, ]J.,
Cai, Z. and Zhang, T. 2019. Comparison of gut microbiota
diversity between wild and captive bharals (Pseudois nayaur).
— BMC Vet. Res. 15: 1-8.

Cornell, A. and Williams, T. D. 2017. Variation in developmental
trajectories of physiological and somatic traits in a common
songbird approaching fledging. — Exp. Biol. 220: 4060-4067.

Cornell, A., Gibson, K. E and Williams, T. D. 2017. Physiological
maturity at a critical life history transition and flight ability at
fledging. — Funct. Ecol. 31: 662-670.

Cornell, A., Melo, M., Zimmerman, C. and Therrien, J.-E. 2021.
Nestling physiology is independent of somatic development in
a common raptor, the American kestrel (Falco sparverius). —
Physiol. Biochem. Zool. 94: 99-109.

Cornell, A., Fowler, M. A., Zimmerman, C., Khaku, Z. and Ther-
rien, J. E in press. The role of food quantity and prey type in
nestling development of American Kestrels. — J. Raptor Res.

Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J.
M., Cho, I, Kim, S. G., Li, H., Gao, Z., Mahana, D., Zdrate
Rodriguez, J. G., Rogers, A. B., Robine, N., Loke, > and Blaser,
M. J. 2014. Altering the intestinal microbiota during a critical

developmental window has lasting metabolic consequences. —
Cell 158: 705-721.

Cui, Z., Holmes, A. ]J., Zhang, W., Hu, D., Shao, Q., Wang, Z.,
Lu, J. and Raubenheimer, D. 2021. Seasonal diet and microbi-
ome shifts in wild rhesus macaques are better correlated at the
level of nutrient components than food items. — Am. J. Prima-
tol. 17: 1-15.

Davenport, E. R., Mizrahi-Man, O., Michelini, K., Barreiro, L. B.,
Ober, C. and Gilad, Y. 2014. Seasonal variation in human gut
microbiome composition. — PLoS One, 9: ¢€90731.

Davidson, G. L., Wiley, N., Cooke, A. C., Johnson, C. N., Fouhy,
E, Reichert, M. S., de la Hera, 1., Crane, J. M., Kulahdi, I. G.,
Ross, R. P and Stanton, C. 2020. Diet induces parallel changes
to the gut microbiota and problem solving performance in a
wild bird. — Sci. Rep. 10: 1-13.

Davidson, G. L., Somers, S. E., Wiley, N., Johnson, C. N., Reichert,
M. S., Ross, R. P, Stanton, C. and Quinn, J. L. 2021. A time-
lagged association between the gut microbiome, nestling weight
and nestling survival in wild great tits. — J. Anim. Ecol. 90:
989-1003.

Davis, N. M., Proctor, D. M., Holmes, S. P, Relman, D. A. and
Callahan, B. J. 2018. Simple statistical identification and
removal of contaminant sequences in marker-gene and metagen-
omics data. — Microbiome 6: 1-14.

Dawson, R. D. and Bortolotti, G. R. 2000. Reproductive success
of American kestrels: the role of prey abundance and weather.
— The Condor 102: 814-822.

Dawson, R. D. and Bortolotti, G. R. 2003. Parental effort of Amer-
ican kestrels: the role of variation in brood size. — Can. J. Zool.
81: 852-860.

de Zwaan, D. R., Drake, A., Greenwood, J. L. and Martin, K.
2020. Timing and intensity of weather events shape nestling
development strategies in three alpine breeding songbirds. —
Front. Ecol. Evol. 8: 570034.

Diez-Méndez, D., Bodawatta, K. H., Freiberga, 1., KleCkovd, I.,
Jonsson, K. A., Poulsen, M. and Sam, K. 2022. Gut microbiome
disturbances of altricial Blue and Great tit nestlings are coun-
tered by continuous microbial inoculations from parental micro-
biomes. — bioRxiv, https://doi.org/10.1101/2022.02.20.481211.

Dion-Phénix, H., Charmantier, A., de Franceschi, C., Bourret, G.,
Kembel, S. W. and Réale, D. 2021. Bacterial microbiota simi-
larity between predators and prey in a blue tit trophic network.
—ISME J. 15: 1098-1107.

Fairbrother, A., Smits, J. and Grasman, K. A. 2004. Avian immu-
notoxicology. — J. Toxicol. Environ. Health B. 7: 105-137.
Faith, D. P. 1992. Conservation evaluation and phylogenetic diver-

sity. — Biol. Conserv. 61: 1-10.

Flint, H. J., Bayer, E. A, Rincon, M. T., Lamed, R. and White, B. A.
2008. Polysaccharide utilization by gut bacteria: potential for new
insights from genomic analysis. — Nat. Rev. Microbiol. 6: 121-31.

Ford, D. J. and Coates, M. E. 1971. Absorption of glucose and
vitamins of the B complex by germ-free and conventional
chicks. — Proc. Nutr. Soc. 30: 10A-11A.

Forero, M. G., Hobson, K. A., Bortolotti, G. R., Dondzar, J. A,,
Bertellotti, M. and Blanco, G. 2002. Food resource utilisation
by the Magellanic penguin evaluated through stable-isotope
analysis: segregation by sex and age and influence on offspring
quality. — Mar. Ecol. Prog. Ser. 234: 289-299.

Garcfa-Amado, M. A, Shin, H., Sanz, V., Lentino, M., Martinez,
L. M., Contreras, M., Michelangeli, F. and Dominguez-Bello,
M. G. 2018. Comparison of gizzard and intestinal microbiota
of wild neotropical birds. — PLoS One 13: ¢0194857.

Page 15 of 18

85US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U Aq pauRACD 88 S3[o 1 YO ‘88N JO S3|NJ 1o} A%eiq 18U UO AB| I/ UO (SUO I IPUCD-PUR-SLLLBYWI0D" AB | 1M Afe.q|1BU1|UO//:SHRY) SUORIPUOD PUe SW | 8U3 89S *[£202/0T/9T] Uo A%eiqiT8ulluO A8|IM ‘6TOE0 AR I/TTTT OT/I0p/W0d &S| Im" Afe.q U1 |UO//SARY WO} papeojumoq ‘8- ‘€202 ‘X870009T


https://doi.org/10.1101/2022.02.20.481211

Goéngora, E., Elliott, K. H. and Whyte, L. 2021. Gut microbiome
is affected by inter-sexual and inter-seasonal variation in diet
for thick-billed murres (Uria lomvia). — Sci. Rep. 11: 1-12.

Grond, K., Lanctot, R. B., Jumpponen, A. and Sandercock, B. K.
2017. Recruitment and establishment of the gut microbiome
in arctic shorebirds. — FEMS Microbiol. Ecol. 93: fix142.

Grond, K., Sandercock, B. K., Jumpponen, A. and Zeglin, L. H.
2018. The avian gut microbiota: community, physiology and
function in wild birds. — J. Avian Biol. 49: e01788.

Guan, Y., Wang, H., Gong, Y., Ge, J. and Bao, L. 2020. The gut
microbiota in the common kestrel (Falco tinnunculus): a report
from the Beijing Raptor Rescue Center. — Peer] 8: €9970.

Hanchi, H., Mottawea, W., Sebei, K. and Hammami, R. 2018. The
genus Enterococcus: between probiotic potential and safety con-
cerns—an update. — Front Microbiol 9: 1791.

Hazelwood, R. L. 2000. Pancreas. — In: Whittow, G. C. (ed.), Sturk-
ie’s avian physiology, 5th edn. Academic Press, pp. 539-556.
Heiman, M. L. and Greenway, E L. 2016. A healthy gastrointesti-
nal microbiome is dependent on dietary diversity. — Mol.

Metab. 5: 317-320.

Hicks, A. L., Lee, K. J., Couto-Rodriguez, M., Patel, J., Sinha, R.,
Guo, C., Olson, S. H., Seimon, A., Seimon, T. A., Ondzie, A.
U. and Williams, B. L. 2018. Gut microbiomes of wild great
apes fluctuate seasonally in response to diet. — Nat. Commun.
9: 1-18.

Hird, S. M., Carstens, B. C., Cardiff, S. W., Dittmann, D. L. and
Brumfield, R. T. 2014. Sampling locality is more detectable than
taxonomy or ecology in the gut microbiota of the brood-para-
sitic Brown-headed Cowbird (Molothrus ater). — Peer] 2: e321.

Hird, S. M., Sinchez, C., Carstens, B. C. and Brumfield, R. T.
2015. Comparative gut microbiota of 59 neotropical bird spe-
cies. — Front. Microbiol. 6: 1403.

Houtz, J. L., Melo, M., Therrien, J.-E. and Cornell, A. 2023. Data
from: Disentangling relationships between physiology, morphol-
ogy, diet, and gut microbial diversity in American kestrel nest-
lings. — Dryad Digital Repository, https://doi.org/doi:10.5061/
dryad.3n5tb2rkf.

Jaccard, P. 1908. Nouvelles recherches sur la distribution florale.
— Bull. Soc. Vaudoise Sci. Nat. 44: 223-270.

Ji, E, Zhang, D., Shao, Y., Yu, X., Liu, X., Shan, D. and Wang, Z.
2020. Changes in the diversity and composition of gut micro-
biota in pigeon squabs infected with Zrichomonas gallinae. — Sci.
Rep. 10: 1-13.

Kaliniski, A., Baibura, M., Gladalski, M., Markowski, M., Skwar-
ska, J., Wawrzyniak, J., Zieliriski, P, Cyzewska, I. and Badbura,
J. 2015. Long-term variation in blood glucose concentration in
nestling Great Tits Parus major. — Avian Biol. Res. 8: 129-137.

Knutie, S. A. 2020. Food supplementation affects gut microbiota
and immunological resistance to parasites in a wild bird species.
—J. Appl. Ecol. 57: 536-547.

Koenig, J. E., Spor, A., Scalfone, N., Fricker, A. D., Stombaugh,
J., Knight, R., Angenent, L. T. and Ley, R. E. 2011. Succession
of microbial consortia in the developing infant gut microbiome.
— Proc. Natl Acad. Sci. USA 108: 4578-4585.

Kohl, K. D. 2012. Diversity and function of the avian gut micro-
biota. — J. Comp. Physiol. B. 182: 591-602.

Kohl, K. D., Brun, A., Bordenstein, S. R., Caviedes-Vidal, E. and
Karasov, W. H. 2018. Gut microbiotas limit growth in house
sparrow nestlings (Passer domesticus) but not through limitations
in digestive capacity. — Integr. Zool. 13: 139-151.

Krams, I. A., Kecko, S., Joers, P, Trakimas, G., Elferts, D., Krams,
R., Luoto, S., Rantala, M. J., Inashkina, I., Gudra, D. and

Page 16 of 18

Fridmanis, D. 2017. Microbiome symbionts and diet diversity
incur costs on the immune system of insect larvae. — J. Exp.
Biol. 220: 4204-4212.

Kreisinger, J., Schmiedovd, L., Petrzelkovd, A., Tomdsek, O., Addm-
kovd, M., Michdlkovd, R., Martin, J. E and Albrecht, T. 2018.
Fecal microbiota associated with phytohaemagglutinin-induced
immune response in nestlings of a passerine bird. — Ecol. Evol.
8: 9793-9802.

Lauder, A. P, Roche, A. M., Sherrill-Mix, S., Bailey, A., Laughlin,
A. L., Bittinger, K., Leite, R., Elovitz, M. A., Parry, S. and
Bushman, E D. 2016. Comparison of placenta samples with
contamination controls does not provide evidence for a distinct
placenta microbiota. — Microbiome 4: 1-11.

Lill, A., Rajchl, K., Yachou-Wos, L. and Johnstone, C. P. 2013. Are
haematocrit and haemoglobin concentration reliable body con-
dition indicators in nestlings: the welcome swallow as a case
study. — Avian Biol. Res. 6: 57-66.

Liu, G., Meng, D., Gong, M., Li, H., Wen, W., Wang, Y. and
Zhou, J. 2020. Effects of sex and diet on gut microbiota of
farmland-dependent wintering birds. — Front. Microbiol. 2813.

Love, O. P, Bird, D. M. and Shutt, L. J. 2003. Plasma corticoster-
one in American kestrel siblings: effects of age, hatching order,
and hatching asynchrony. — Horm. Behav. 43: 480-488.

Magne, E, Gotteland, M., Gauthier, L., Zazueta, A., Pesoa, S.,
Navarrete, P. and Balamurugan, R. 2020. The firmicutes/bacte-
roidetes ratio: a relevant marker of gut dysbiosis in obese
patients? — Nutrients 12: 1474.

Markowski, M., Baribura, M., Gladalski, M., Kaliriski, A., Skwar-
ska, J., Wawrzyniak, J., Zieliiski, . and Baribura, J. 2015.
Variation in haematocrit of nestling Blue Tits (Cyanistes caer-
uleus) in central Poland. — Avian Biol. Res. 8: 179-184.

Maul, J. D., Gandhi, J. P. and Farris, J. L. 2005. Community-level
physiological profiles of cloacal microbes in songbirds (Order:
Passeriformes): variation due to host species, host diet, and
habitat. — Microb. Ecol. 50: 19-28.

McKinnon, L., Picotin, M., Bolduc, E., Juillet, C. and Béty, J.
2012. Timing of breeding, peak food availability, and effects of
mismatch on nestling growth in birds nesting in the High Arc-
tic. — Can. J. Zool. 90: 961-971.

McMurdie, P. J. and Holmes, S. 2013. phyloseq: An R package for
reproducible interactive analysis and graphics of microbiome
census data. — hteps://bioconductor.org/packages/devel/bioc/
manuals/phyloseq/man/phyloseq.pdf.

Merino, S. and Potti, J. 1998. Growth, nutrition, and blow fly para-
sitism in nestling Pied Flycatchers. — Can. J. Zool. 76: 936-941.

Mitchell, T. S., Warner, D. A. and Janzen, E J. 2013. Phenotypic
and fitness consequences of maternal nest-site choice across
multiple early life stages. — Ecology 94: 336-345.

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C.,
Gonzdlez, A., Fontana, L., Henrissat, B., Knight, R. and Gor-
don, J. 1. 2011. Diet drives convergence in gut microbiome
functions across mammalian phylogeny and within humans.
— Science 332: 970-974.

Nadolski, J., Skwarska, J., Kalinski, A., Badnbura, M., Sniegula, R.
and Banbura, J. 2006. Blood parameters as consistent predictors
of nestling performance in great tits Parus major in the wild.
— Comp. Biochem. Physiol. Mol. Integr. Physiol. 143: 50-54.

Naef-Daenzer, B. and Griiebler, M. U. 2016. Post-fledging survival
of altricial birds: ecological determinants and adaptation. — J.
Field Ornithol. 87: 227-250.

Newton, 1., Mcgrady, M. J. and Oli, M. K. 2016. A review of
survival estimates for raptors and owls. — Ibis 158: 227-248.

85US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U Aq pauRACD 88 S3[o 1 YO ‘88N JO S3|NJ 1o} A%eiq 18U UO AB| I/ UO (SUO I IPUCD-PUR-SLLLBYWI0D" AB | 1M Afe.q|1BU1|UO//:SHRY) SUORIPUOD PUe SW | 8U3 89S *[£202/0T/9T] Uo A%eiqiT8ulluO A8|IM ‘6TOE0 AR I/TTTT OT/I0p/W0d &S| Im" Afe.q U1 |UO//SARY WO} papeojumoq ‘8- ‘€202 ‘X870009T


https://doi.org/doi:10.5061/dryad.3n5tb2rkf
https://doi.org/doi:10.5061/dryad.3n5tb2rkf
https://bioconductor.org/packages/devel/bioc/manuals/phyloseq/man/phyloseq.pdf
https://bioconductor.org/packages/devel/bioc/manuals/phyloseq/man/phyloseq.pdf

Oksanen, J., Blanchet, E. G., Friendly, M., Kindt, R., Legendre, P,
McGlinn, D., Minchin, P. R., O’Hara, R. B., Simpson, G. L.,
Solymos, P, Stevens, M. H. H., Szoecs, E. and Wagner, H.
2019. vegan: Community Ecology Package. — https://cran.r-
project.org/web/packages/vegan/index.html.

Ost, M., Noreikiene, K., Angelier, F. and Jaatinen, K. 2020. Sex-
specific effects of the in ovo environment on early-life pheno-
types in eiders. — Oecologia 192: 43-54.

Park, W. 2018. Gut microbiomes and their metabolites shape
human and animal health. — J. Microbiol. 56: 151-153.

Patterson, J. A. and Burkholder, K. M. 2003. Application of prebi-
otics and probiotics in poultry production. — Poult. Sci. 82:
627-631.

Perez-Munoz, M. E., Arrieta, M. C., Ramer-Tait, A. E. and Walter,
J. 2017. A critical assessment of the ‘sterile womb’ and ‘in utero
colonization’ hypotheses: implications for research on the pio-
neer infant microbiome. — Microbiome 5: 48.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. and R Core Team.
2020. nlme: linear and nonlinear mixed effects models. —
hetps://cran.r-project.org/web/packages/nlme/nlme.pdf.

Potti, J., Moreno, J., Yorio, P, Briones, V., Garcia-Borboroglu, P,
Villar, S. and Ballesteros, C. 2002. Bacteria divert resources
from growth for magellanic penguin nestlings. — Ecol. Lett. 5:
709-714.

Quast, C., Pruesse, E., Yilmaz, P, Gerken, J., Schweer, T., Yarza,
P, Peplies, J. and Glockner, E O. 2012. Data from: The SILVA
ribosomal RNA gene database project: improved data process-
ing and web-based tools. — Nucleic Acids Res. 41: D590-D596.

Ranstam, J. 2019. Hypothesis-generating and confirmatory studies,
Bonferroni correction, and pre-specification of trial endpoints.
— Acta Orthop. 90: 297.

Reynolds, D. L. and Loy, J. D. 2020. Decrease in hatchability of
pheasant eggs associated with Enterococcus faecalis. — Avian Dis.
64: 517-521.

Rodriguez, S. and Barba, E. 2016. Effects of cool nest microcli-
mates on nestling development: an experimental study with
Mediterranean great tits Parus major. — Ardeola 63: 251-260.

Romero, L. M. and Beattie, U. K. 2021. Common myths of glu-
cocorticoid function in ecology and conservation. — J. Exp.
Zool., Part A 337: 7-14.

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele,
I. and Tuohy, K. 2018. Gut microbiota functions: metabolism
of nutrients and other food components. — Eur. J. Nutr. 57:
1-24.

Rusu, I. G., Suharoschi, R., Vodnar, D. C., Pop, C. R., Socaci, S.
A., Vulturar, R., Istrati, M., Morosan, 1., Fércas, A. C., Kerezsi,
A. D. and Muresan, C. I. 2020. Iron supplementation influence
on the gut microbiota and probiotic intake effect in iron defi-
ciency—a literature-based review. — Nutrients, 12: 1993.

Samplonius, J. M., Kappers, E. E, Brands, S. and Both, C. 2016.
Phenological mismatch and ontogenetic diet shifts interactively
affect offspring condition in a passerine. — J. Anim. Ecol. 85:
1255-1264.

Saunders, D. R. and Sillery, J. 1982. Effect of lactate and H+ on
structure and function of rat intestine. — Dig. Dis. Sci. 27:
33-41.

Scheuerlein, A. and Gwinner, E. 2006. Reduced nestling growth of
East African Stonechats Saxicola torquata axillaris in the pres-
ence of a predator. — Ibis 148: 468-476.

Schmiedova, L., Tomasek, O., Pinkasova, H., Albrecht, T. and Kre-
isinger, J. 2022. Variation in diet composition and its relation
to gut microbiota in a passerine bird. — Sci. Rep. 12: 1-13.

Sepulveda, J. and Moeller, A. H. 2020. The effects of temperature
on animal gut microbiomes. — Front. Microbiol. 11: 384.
Shannon, C. E. and Weaver, W. 1949. The mathematical theory of

communication. — Univ. of Illinois Press.

Simpson, G. L., R Core Team, Bates, D. M., Oksanen, J. and
Simpson, M. G. L. 2016. Package ‘permute’. — hteps://github.
com/gavinsimpson/permute.

Smallwood, J. A. and Bird, D. M. 2020. American Kestrel (Falco
sparverius), version 1.0. — In: Poole, A. E and Gill, E B. (eds),
Birds of the world. Cornell Lab of Ornithology, https://doi.
org/10.2173/bow.amekes.01.

Song, S. J., Sanders, J. G., Delsuc, E, Metcalf, J., Amato, K., Tay-
lor, M. W., Mazel, E, Lutz, H. L., Winker, K., Graves, G. R.
and Humphrey, G. 2020. Comparative analyses of vertebrate
gut microbiomes reveal convergence between birds and bats.
— MBio 11: €02901-19.

Sorenson, T. 1948. A method of establishing groups of equal ampli-
tude in plant sociology based on similarity of species content.
— Kongelige Danske Videnskabernes Selskab 5: 1-34.

Taff, C. C., Zimmer, C., Ryan, T. A., van Oordt, D. C., Aborn, D.
A., Ardia, D. R., Johnson, L. S., Rose, A. P. and Vitousek, M.
2022. Individual variation in natural or manipulated corticos-
terone does not covary with circulating glucose in a wild bird.
— J. Exp. Biol. 225: jeb243262.

Taylor, M. J., Mannan, R. W, U'Ren, J. M., Garber, N. P, Gallery,
R. E. and Arnold, A. E. 2019. Age-related variation in the oral
microbiome of urban Cooper’s hawks (Accipiter cooperii). —
BMC Microbiol. 19: 47.

Teyssier, A., Lens, L., Matthysen, E. and White, J. 2018. Dynam-
ics of gut microbiota diversity during the early development of
an avian host: evidence from a cross-foster experiment. — Front.
Microbiol. 9: 1-12.

Teyssier, A., Matthysen, E., Hudin, N. S., De Neve, L., White, J.
and Lens, L. 2020. Diet contributes to urban-induced altera-
tions in gut microbiota: experimental evidence from a wild pas-
serine. — Proc. R. Soc. B. 287: 20192182.

Thompson, L. R., Sanders, J. G., McDonald, D., Amir, A., Ladau,
J., Locey, K. J., Prill, R. J., Tripathi, A., Gibbons, S. M., Ack-
ermann, G. and Navas-Molina, J. A. 2017. A communal cata-
logue reveals Earth’s multiscale microbial diversity. — Nature
551: 457-463.

Tomasek, O., Bobek, L., Kralova, T., Adamkova, M. and Albrecht,
T. 2019. Fuel for the pace of life: baseline blood glucose con-
centration co-evolves with life-history traits in songbirds. —
Funct. Ecol. 33: 239-249.

Trevelline, B. K., MacLeod, K. J., Knutie, S. A., Langkilde, T. and
Kohl, K. D. 2018. In ovo microbial communities: a potential
mechanism for the initial acquisition of gut microbiota among
oviparous birds and lizards. — Biol. Lett. 14: 20180225.

van Dongen, W. E, White, J., Brandl, H. B., Moodley, Y., Merk-
ling, T., Leclaire, S., Blanchard, P, Danchin, E., Hatch, S. A.
and Wagner, R. H. 2013. Age-related differences in the cloacal
microbiota of a wild bird species. - BMC Ecol. 13: 1-12.

van Veelen, H. P. J., Salles, J. E and Tieleman, B. 1. 2017. Multi-
level comparisons of cloacal, skin, feather and nest-associated
microbiota suggest considerable influence of horizontal acquisi-
tion on the microbiota assembly of sympatric woodlarks and
skylarks. — Microbiome 5: 1-17.

van Veelen, H. P, J., Falcio Salles, J., Matson, K. D., van der Velde,
M. and Tieleman, B. 1. 2020. Microbial environment shapes
immune function and cloacal microbiota dynamics in zebra
finches Taeniopygia guttata. — Anim. Microbiome 2: 1-17.

Page 17 of 18

85US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U Aq pauRACD 88 S3[o 1 YO ‘88N JO S3|NJ 1o} A%eiq 18U UO AB| I/ UO (SUO I IPUCD-PUR-SLLLBYWI0D" AB | 1M Afe.q|1BU1|UO//:SHRY) SUORIPUOD PUe SW | 8U3 89S *[£202/0T/9T] Uo A%eiqiT8ulluO A8|IM ‘6TOE0 AR I/TTTT OT/I0p/W0d &S| Im" Afe.q U1 |UO//SARY WO} papeojumoq ‘8- ‘€202 ‘X870009T


https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/nlme/nlme.pdf
https://github.com/gavinsimpson/permute
https://github.com/gavinsimpson/permute
https://doi.org/10.2173/bow.amekes.01
https://doi.org/10.2173/bow.amekes.01

Videvall, E., Song, S. J., Bensch, H. M., Strandh, M., Engelbrecht,
A., Serfontein, N., Hellgren, O., Olivier, A., Cloete, S., Knight,
R. and Cornwallis, C. K. 2019. Major shifts in gut microbiota
during development and its relationship to growth in ostriches.
— Mol. Ecol. 28: 2653-2667.

Vispo, C. and Karasov, W. H. 1997. The interaction of avian gut
microbiotas and their host: an elusive symbiosis. — In: Mackie,
R. I. and White, B. A. (eds), Gastrointestinal microbiology.
Springer, pp. 116-155.

Waite, D. W. and Taylor, M. W. 2014. Characterizing the avian gut
microbiota: membership, driving influences, and potential
function. — Front. Microbiol. 5: 223.

Wang, Y., Smith, H. K., Goossens, E., Hertzog, L., Bletz, M. C,,
Bonte, D., Verheyen, K., Lens, L., Vences, M., Pasmans, F. and
Martel, A. 2021. Diet diversity and environment determine the
intestinal microbiome and bacterial pathogen load of fire sala-
manders. — Sci. Rep. 11: 1-11.

Wasielewski, H., Alcock, J. and Aktipis, A. 2016. Resource conflict
and cooperation between human host and gut microbiota:
implications for nutrition and health. — Ann. N. Y. Acad. Sci.
1372: 20-28.

Worsley, S. E, Davies, C. S., Mannarelli, M. E., Hutchings, M. L,
Komdeur, J., Burke, T., Dugdale, H. L. and Richardson, D. S.

Page 18 of 18

2021. Gut microbiome composition, not alpha diversity, is
associated with survival in a natural vertebrate population. —
Anim. Microbiome 3: 1-18.

Wu, Q., Wang, X., Ding, Y., Hu, Y., Nie, Y., Wei, W., Ma, S., Yan,
L., Zhu, L. and Wei, F. 2017. Seasonal variation in nutrient
utilization shapes gut microbiome structure and function in
wild giant pandas. — Proc. R. Soc. B. 284: 20170955.

Yilmaz, P, Parfrey, L. W., Yarza, P, Gerken, J., Pruesse, E., Quast,
C., Schweer, T., Peplies, J., Ludwig, W. and Gléckner, E O.
2014. The SILVA and “all-species living tree project (LTP)”
taxonomic frameworks. — Nucleic Acids Res. 42: D643-D648.

Youngblut, N. D., Reischer, G. H., Walters, W., Schuster, N.,
Walzer, C., Stalder, G., Ley, R. E. and Farnleitner, A. H. 2019.
Host diet and evolutionary history explain different aspects of
gut microbiome diversity among vertebrate clades. — Nat. Com-
mun. 10: 1-15.

Zha, Y., Eiler, A., Johansson, F. and Svanbick, R. 2018. Effects of
predation stress and food ration on perch gut microbiota. —
Microbiome 6: 1-12.

Zhou, L., Huo, X., Liu, B., Wu, H. and Feng, J. 2020. Compara-
tive analysis of the gut microbial communities of the Eurasian
Kestrel (Falco tinnunculus) at different developmental stages. —
Front. Microbiol. 11: 592539.

85US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U Aq pauRACD 88 S3[o 1 YO ‘88N JO S3|NJ 1o} A%eiq 18U UO AB| I/ UO (SUO I IPUCD-PUR-SLLLBYWI0D" AB | 1M Afe.q|1BU1|UO//:SHRY) SUORIPUOD PUe SW | 8U3 89S *[£202/0T/9T] Uo A%eiqiT8ulluO A8|IM ‘6TOE0 AR I/TTTT OT/I0p/W0d &S| Im" Afe.q U1 |UO//SARY WO} papeojumoq ‘8- ‘€202 ‘X870009T



	Introduction
	Material and methods
	Study species
	Sample collection
	DNA extractions, PCR, and sequencing
	Gut microbiota bioinformatics
	Statistical analyses
	Alpha diversity: age, sex, and year
	Alpha diversity: diet diversity and prey percentage
	Alpha diversity: morphology and physiology
	Beta diversity: age, sex, and year
	Beta diversity: diet diversity and prey percentage
	Microbial composition: morphology and physiology


	Results
	Sequencing results
	Nestling age, sex, and gut microbial diversity across sampling years
	Diet and gut microbial diversity
	Morphological and physiological development and gut microbial diversity

	Discussion
	Nestling age impacts gut microbial beta diversity but not alpha diversity
	Nestling sex does not impact gut microbial alpha or beta diversity
	Sampling year impacts gut microbial alpha diversity but not beta diversity
	Diet diversity is positively correlated with gut microbial alpha diversity on nestling day 21
	Gut microbial alpha diversity is negatively correlated with body mass in both contemporary and time-lagged manners
	Gut microbial alpha diversity is positively correlated with blood glucose in a time-lagged manner

	Conclusions and future directions
	Permits – Studies were conducted under the Cedar Crest College (Allentown, Pennsylvania, USA) IACUC permit #2018-01 and USGS banding permit #22749.
	Author contributions
	Transparent peer review
	Data availability statement
	Supporting information

	References

