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Abstract

Migration is one of the most physical and energetically demanding periods in an individual bird’s life. The composi-
tion of the bird’s gut or cloacal microbiota can temporarily change during migration, likely due to differences in diets,
habitats and other environmental conditions experienced en route. However, how physiological condition, migratory
patterns, and other drivers interact to affect microbiota composition of migratory birds is still unclear. We sampled
the cloacal bacterial microbiota of a long-distance migrant, the steppe buzzard (Buteo buteo vulpinus), at an impor-
tant spring stopover bottleneck in Eilat, Israel, after crossing the ca. 1800 km Sahara Desert. We examined whether
diversity and composition of the cloacal microbiota varied with body condition, sex, movement patterns (i.e,, arrival
time and migration distance), and survival. Early arrival to Eilat was associated with better body condition, longer
post-Eilat spring migration distance, higher microbial a-diversity, and differences in microbiota composition. Spe-
cifically, early arrivals had higher abundance of the phylum Synergistota and five genera, including Jonquetella and
Peptococcus, whereas the phylum Proteobacteria and genus Escherichia-Shigella (as well as three other genera) were
more abundant in later arrivals. While the differences in a-diversity and Escherichia-Shigella seem to be mainly driven
by body condition, other compositional differences associated with arrival date could be indicators of longer migra-
tory journeys (e.g., pre-fueling at wintering grounds or stopover habitats along the way) or migratory performance.
No significant differences were found between the microbiota of surviving and non-surviving individuals. Overall, our
results indicate that variation in steppe buzzard microbiota is linked to variation in migratory patterns (i.e., capture/
arrival date) and body condition, highlighting the importance of sampling the microbiota of GPS-tracked individuals
on multiple occasions along their migration routes to gain a more detailed understanding of the links between migra-
tion, microbiota, and health in birds.
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Background

Many bird species spend a significant part of their
annual cycle migrating [1, 2], flying thousands of
kilometers between favorable breeding- and non-
breeding locations while coping with variable
flight conditions and foraging habitats en route [3].
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Long-distance migration is physiologically and ener-
getically demanding and involves morphological and
physiological adjustments, such as shifts in flight mus-
cles, body fat, and overall body mass [4], as well as
downregulation of digestion [5] or immune response
[6]. The physiological adjustments associated with
migration could be linked to the microbiota compo-
sition found in an individual’s gut, known to play an
important role in processes like digestion and nutrient
uptake [7], immune system function [8] and protec-
tion against pathogenic infections [9]. Host-associated
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microbiota are influenced by various intrinsic (e.g.
genetics, physiology, sex [10, 11]) and extrinsic factors
(e.g. habitat, behavior, diet [12—14]). The physical chal-
lenges and changing environments experienced during
migration could thus be accompanied by important
changes and/or beneficial adjustments in migratory
birds” microbiota.

Recent studies have suggested that bird migration can
indeed affect the microbial diversity and composition
found in birds (e.g., [15-18]). However, these findings
mainly highlight (but did not directly test) the role of
diet-related environmental conditions. For example, resa-
mpling the same Kirtland’s warbler (Setophaga kirtlandii)
individuals revealed that their fecal microbiota signifi-
cantly differs between wintering and breeding grounds,
yet remains similar over two months at the breeding
grounds [18]. Fecal and cloacal microbiota composi-
tion, respectively, have also been found to differ between
migrant and resident barn swallows (Hirunda rustica)
[17], curlew sandpipers (Calidris ferruginea) and red-
necked stints (Calidris ruficollis) [16, 19]. Additionally,
bacterial communities were more diverse among indi-
vidual migrant barn swallows compared to their resident
counterparts, potentially due to migrants being exposed
to a greater diversity of bacteria either at their differ-
ent breeding areas or various stopover sites visited dur-
ing migration [17]. High inter-individual variation in gut
microbiota (measured from feces) has also been observed
in other migratory passerine species and variation has
been found to decrease with time spent at a shared
stopover site (observed in Swainson’s thrush (Catharus
ustulatus), wood thrush (Hylocichla mustelina) and gray
catbird (Dumetella carolinensis) [15, 20]), or at the breed-
ing grounds (observed in Kirtland’s warbler [18]). Alto-
gether, these studies highlight the substantial variation in
microbiota composition in migratory birds, which is typi-
cally hypothesized to be caused by exposure to new bac-
teria when migrants change environments or their diets
(15,17, 18, 20].

Previous studies have shown that physiological stress
can decrease microbial diversity [21] and both stress and
poor body conditions have been connected to microbial
dysbiosis [15, 22]. Changes in microbial diversity and
community dysbiosis have also been associated with
lower survival rates [23-26]. Further, although age- and
sex-related variation in microbiota composition is com-
monly reported for birds (e.g., [14, 24, 27, 28]), details
about such effects are still missing in the context of bird
migration. Likewise, only a few studies investigating the
microbiota of migratory birds have incorporated impor-
tant drivers like physiological condition [15], whereas no
studies to date have included detailed information about
the migration routes or timing of microbiota-sampled
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birds, or have compared the microbiota of individuals
that completed their migration journey versus those that
died along the way.

To address these knowledge gaps, we investigated how
cloacal microbiota composition is linked to different
aspects of migratory movements and performance (i.e.,
body condition, arrival time to stopover site, movement
patterns, and survival) in migrating steppe buzzards
(Buteo buteo vulpinus). Migratory connectivity in this
long-distance migrant has been inferred from ring recov-
eries of birds that (likely) bred across a wide range (20—
100° E, 35—65° N) of the Palearctic region and wintered in
southern Africa [29-31], suggesting large inter-individual
variation in migration routes (total distances range from
9200 to 14,200 km [32]). Along with millions of other
migratory birds, steppe buzzards migrate through the
important migratory bottleneck in the southern Arava of
Israel during spring migration [33, 34], right after cross-
ing a large ecological barrier, the Sahara Desert. More
detailed information on their migration routes (e.g. from
GPS tracking), however, has been lacking thus far. Pre-
vious studies revealed that adult buzzards arrive in the
southern Arava earlier than juveniles and that early arriv-
ing individuals of all ages and sexes are in better physi-
ological state than late arrivals [33]. The possibility for
capture, sampling and tracking of individuals that follow
different migration routes that funnel through a single
major stopover site makes the steppe buzzard a promis-
ing model species to investigate microbiota-migration
links.

We examined several hypotheses on the links
between bacterial microbiota and migration by com-
bining GPS tracking and microbiota sampling. Spe-
cifically, we considered how variation in age, sex,
physiological condition, arrival time and survival are
linked to cloacal microbiota composition in steppe
buzzards. Disentangling the independent role of each
of these potential drivers is constrained by known
innate correlations among age, body condition and
arrival time, further supported by our data. We thus
focused on the following three main hypotheses. First,
since sex-related differences in microbiota composition
have previously been observed in bird species show-
ing other sex-related physiological or behavioral differ-
ences [14, 27, 28], we expect the microbial community
to differ between male and female buzzards (H-1) due
to the notable sexual size dimorphism in raptor spe-
cies [35]. Second, given that body condition of birds has
been associated with changes in microbiota diversity
and composition [15, 36], and that average body condi-
tion tends to differ with arrival date at stopovers [33,
37, 38] (H-2a), we expect that early arriving individuals
will differ from later-arriving individuals in microbiota



Thie et al. Movement Ecology (2022) 10:46

diversity and composition (H-2b). Third, because body
condition is a strong predictor of migration survival
[39-42], we expect individuals with poorer body con-
ditions to have a different microbiota diversity and
composition (H-3a), and similarly, individuals that died
during migration will differ in their microbiota diver-
sity and composition from those that survived (H-3b).

Methods
Study system and sample collection
The steppe buzzard (Buteo buteo vulpinus) is a subspecies
of the abundant common buzzard (Buteo buteo buteo)
[43]. They are opportunistic predators that are mainly
associated with open country or edges of woodland areas,
where they mainly feed on small mammals but also birds,
reptiles, and invertebrates [35, 43, 44]. Steppe buzzards
breed throughout the northern Palearctic region, rang-
ing from eastern Europe to central or western Asia, and
winter throughout southern Africa [29-31, 43], and dur-
ing migration seasons pass in large numbers through the
Middle East, especially in the Southern Arava [33, 34].
We trapped steppe buzzards in April 2019 during
spring migration in the southern Arava region of Israel
(Fig. 1a). A total of 54 steppe buzzards (36 females, 18
males) were caught using bal-chatri traps [45], from
which they were immediately extracted and kept in
individual cloth bags for up to 30 min until processing.
Captured individuals were ringed, measured (tarsus and
wing length), weighed and aged (EURING age codes [46])
based on plumage [47], followed by sample collection
for bacterial community characterization (cloacal swab,
stored in sterile 1.5 mL centrifuge tubes with 1 mL 95%
EtOH) and genetic sex determination (3 chest feathers,
stored dry [17, 48]). Samples were kept frozen at — 20 °C
in temporary storage in the field for up to 5 days until
reaching the laboratory for long-term storage at — 80 °C.

GPS tracking

In addition to sample collection, a total of 37 buzzards (30
females, 7 males) were fitted with 20- or 25 g solar-pow-
ered GPS tags (Ornitela, Lithuania) attached in leg-loop
formation. The GPS tags were only fitted on individuals
weighing > 550 g, such that the tag plus harness (weighing
24 or 29 g) did not exceed the generally recommended
5% (mean £s.d.: 4.0+ 0.4%) of the individual’s body mass
to reduce the possibility of introducing adverse effects on
the individuals’ behavior and survival caused by the addi-
tional weight [49]. The tags recorded GPS positions and
acceleration (ACC) data once every 10-20 min. Sampling
frequency was reduced to once every 3 h when battery
levels dropped below 25%.
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Demographics and body condition

Individuals were split into two categories, juvenile (1st
year: EURING age 5) or adult (2nd year and older: EUR-
ING age>6). Despite the strong sexual dimorphism in
steppe buzzards, there is still a considerable overlap in
body mass and size [33]; we measured a body mass of
629+ 77 g for females (n=36) and 518 £ 60 g for males
(n=18). Therefore, a genetic assay was used to assign sex
(as in [17] but using the 2550 forward and 2718 reverse
primers described in [50]). Body mass and wing length
were used to calculate a scaled mass index (SMI: stand-
ardizing mass to the arithmetic mean of wing length)
related to body condition [51]. SMI was calculated sepa-
rately for female and male individuals due to the strong
sexual dimorphism in steppe buzzards, which may affect
the relationship between morphometrics and true body
condition (i.e., fat load vs. lean mass) for each sex. For the
same reason, subsequent analyses including body condi-
tion as a variable were performed for females and males
separately.

Movement analysis

The dataset was filtered to only include spring migra-
tion tracks of each individual. For this, we subsampled to
60 min intervals between sunrise and sunset of each day
and calculated daily movement characteristics including
total distance traveled, beeline distance (measured by
rhumb line) between roosting sites (i.e., start and end of
each day), and directionality of beeline and turning angle
compared to the previous day. Arrival to the breeding/
summer area was characterized by a cessation in long-
distance daily movements (>50 km) in a general north-
ern direction (azimuth >270° and <90°) and an increased
turning angle compared to the track of the previous day
(>100°), which was validated by visual inspection of the
tracks. Alternative migration endpoints were death (i.e.,
cessation of general movement accompanied by flatline
ACC measurements) or loss of connection (i.e., sudden
stop in data reception without prior changes in move-
ment or ACC patterns). Each day of post-Eilat spring
migration was then classified as either migratory or
stopover, with migratory days defined as days in which
the individual’s total distance covered>40 km and/
or included a beeline distance between roosting sides
of>19 km (cf. mixed model method from [52]). Next,
total distance covered during post-Eilat spring migration
was calculated by adding up the total distance covered
(from hourly GPS track) per migration day.

Additional information on wintering locations in the
following season could be obtained from 13 tagged indi-
viduals that survived until the next winter. These data
were used to calculate total spring migration distance
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Fig. 1 Association of steppe buzzard capture date with body condition and migration distances. a Capture locations in the southern Arava, Israel. b
Post-Eilat spring migration routes to breeding grounds and ¢ total migration connectivity for GPS-tagged individuals that survived an entire spring
migration or until the next wintering season, respectively. The routes are colored by capture date, ranging between earlier arrival in purple to later
arrival in yellow. d Capture (Julian) date was negatively correlated with body condition based on a scaled mass index (SMI) for females (green), but
not for males (purple). e Capture date was negatively related to post-Eilat migration distance. f Total migration distance was positively related to
post-Eilat migration distance

for these individuals, by adding up the beeline distances
(measured as rhumb line) between wintering grounds
and Eilat stopover (of the next year) and between Eilat
stopover and breeding grounds (of the current/cap-
ture year; “post-Eilat” distances to the suspected breed-
ing site). While this measure underestimates the actual
length of the migratory tracks and obscures potentially
important path deviations taken by the birds and interan-
nual variation, it incorporates the travel through Eilat as a
major stopover site, and might better reflect the variation

in the distance to the goal area (assuming high breed-
ing-site fidelity; [32, 35, 53]) among adults compared to
an estimate of the actual migration path (e.g., the total
length of all 1-h or 1-day displacements).

Demographic and migration statistical analyses

All statistical analyses and visualizations were performed
in R version 4.1.2 [54]. We first tested whether there
were any differences with age or sex in body condition
(Student’s T-test) and capture date (non-parametric
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Scheier-Ray-Hare test) for all captured birds (n=54) as
well as for survival (alive vs. dead [binomial]; Pearson’s
Chi-squared Test) and post-Eilat migration distance
(Two-way ANOVA) for GPS-tagged individuals (thus
with reduced sample sizes of n=34 and n=19 respec-
tively). We also tested whether there were differences
in body condition between surviving and non-surviving
individuals (#=27 for females and n="7 for males) using
a Student’s T-test. We considered results with p values
of <0.05 as significant.

Additionally, we tested whether steppe buzzard body
condition was associated with capture date and/or post-
Eilat migration distance (H-2a), and whether these asso-
ciations were influenced by age. For this we used two sets
of linear regression models with either capture date or
post-Eilat migration distance as dependent variable and
body condition and/or age as explanatory variables. Each
set of models contained a null model, a model with only
body condition as explanatory variable and two models
with both body condition and age either as additive or
interacting explanatory variables. After running all mod-
els, we used a model selection function (aictab from the
AlCcmodavg package [55]) to identify the best fitting
model(s) (AAICc<2 [56]). While the set of capture date
models was run separately for each sex, the model with
post-Eilat migration distance was only ran for females
due to insufficient sample size for males (i.e., one juve-
nile and two adults). The selected models were fitted
using the stats package [54] and numeric variables were
centered and scaled. Lastly, we also tested whether there
were correlations between total migration distance and
post-Eilat migration distance (#=13) and between cap-
ture date and post-Eilat migration distance, using Pear-
son’s correlation tests (stats package).

Microbiota DNA extraction and sequencing

We used a Qiagen PowerLyzer PowerSoil DNA Kit to
extract DNA from our samples. We used a modified ver-
sion of the kit’s protocol, slightly reducing the amount
of Bead Solution (615 pl) and Solution C1 (50 pl) at
the beginning of the protocol. These reduced volumes
allowed us to transfer all the liquid containing DNA
throughout the subsequent parts of the protocol, which
we found increased DNA yield. We heated the tubes
to 65 °C for 10 min before homogenization as recom-
mended for fecal material (Mobio Laboratories Inc 2018)
and then performed bead-beating with a PowerLyzer
homogenizer set at 3500 rpm for 16 cycles of 30 s on and
30 s off.

We controlled for potential bacteria introduced
through the DNA extraction process [57, 58] by ran-
domly grouping sets of samples for extraction, thereby
preventing any bacterial contaminants from confounding
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potential relationships between bacterial communi-
ties and migratory factors of interest. Preliminary DNA
extraction tests on cloacal swabs taken from the buzzards
outside of this study has poor success when the swab was
included in the homogenization tube, probably because
the swab did not leave sufficient room for proper homog-
enization. Therefore, we extracted fecal material from
the swab as follows: (1) shake the swab in the ethanol
so that fecal material would fall off, (2) remove the swab
from its tube and store it for possible re-extraction, (3)
spin down the tube that had held the swab to a pellet of
fecal material that had fallen off the swab, (4) pipette off
the ethanol, (5) pipette in the Bead Solution plus Solu-
tion C1 to resuspend the pellet, and (6) pipette the result-
ing mix into the bead tubes for homogenization. Samples
for which the extraction resulted in low amounts of DNA
were re-extracted. If re-extraction again yielded low
amounts of DNA, the extractions were combined. Com-
bining extractions did not result in any general micro-
biota differences among the post-filtering samples (see
"Microbiota sequence data pre-processing and filtering"
and Additional file 1: Results S1).

We used 5 pL of each sample to quantify the DNA
with a Qubit fluorometer and then concentrated all
samples to 40 uL of volume using a Centrivap vacuum
centrifuge. Half of each sample (20 pL) was sent to the
Argonne Sequencing Center at Argonne National Labo-
ratory, Lemont, IL, USA where PCR amplification of the
V4 region of the 16S rRNA gene was conducted in tripli-
cate for each sample. The PCR primers for the V4 region
(515F and 806R) contained adapter sequences for Illu-
mina sequencing and Golay barcodes [59] on the forward
primer. Each PCR had 12.5 pL of QuantaBio’s AccuStart
II PCR ToughMix, 9.5 pL of MO BIO PCR Water (Cer-
tified DNA-Free), 200 pM of each primer, and 1 pL of
DNA (more DNA was used if the first PCR failed). The
PCR protocol had an initial denature at 94 °C for 3 min,
then it cycled 35 times at 94 °C for 45 s, 50 °C for 60 s,
and 72 °C for 90 s, and ended with a final hold at 72 °C for
10 min. The triplicate PCRs were combined for each sam-
ple and then a pool was made of equimolar amounts of
all our buzzard samples (plus additional species for other
projects) before sequencing. Sequence data was pro-
duced from two runs of an Illumina HiSeq 2500 machine
set to yield 150 bp paired-end data.

Microbiota sequence data pre-processing and filtering

We processed the sequence data in R version 4.1.2 [54])
following the methods detailed in [60]. We trimmed off
the first 10 base pairs of each read and then used DADA2
[61] to infer amplicon sequence variants (ASVs) based
on the pool of all sequence reads. We merged the for-
ward and reverse reads and then filtered out chimeric
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sequences. Taxonomic information was assigned to
the sequences using the SILVA 138.1 database [62, 63].
Sequences were aligned using DECIPHER [64]. A maxi-
mum likelihood phylogeny was inferred using the pack-
age phangorn [65]. The table of the ASVs was joined with
taxonomic information, the phylogeny, and metadata on
the buzzards in the package phyloseq [66] for analyses of
the bacterial communities.

Two negative control samples went through the DNA
extraction protocol along with the 54 collected buzzard
samples. These two negative control samples, along with
an additional blank control sample (Invitrogen UltraPure
water), went through 16S rRNA PCR amplification and
sequencing. These three control samples were then used
to identify any bacterial contaminants that arose from
the laboratory environment. We used the prevalence
method (0.5 threshold) in the decontam package [67], to
identify 20 ASV sequences as contaminants, which were
then removed from the dataset. Any ASV sequences that
were not assigned to the kingdom Bacteria, that were
identified as mitochondria or chloroplasts, or which
could not be resolved to the phylum level were also
removed (n=57), resulting in a final dataset of 1508 bac-
terial ASVs. Six buzzard samples were removed from the
dataset due to problems in PCR amplification (i.e., aver-
age post-PCR concentration <7 ng/ul). The average num-
ber of reads per individual for the remaining samples was
48,391 (range =6825-76,393). After examining rarefac-
tion curves of the data (Additional file 1: Figure S2), we
set a minimum read depth of 10,000 reads for our sam-
ples, which led to the removal of one additional sample
from the dataset. To standardize the sequencing efforts,
the remaining samples were then rarefied to the sequenc-
ing depth of the sample with the lowest number of reads
(14,523 reads) using the rarefy_even_depth function from
the phyloseq package (random seed 999). After rarefac-
tion, the final microbiota dataset included a total of 1322
unique ASVs across 47 individuals. The dataset includes
three samples from combined extractions (see "Micro-
biota DNA extraction and sequencing"), which did not
differ from the rest of the samples in general microbiota
features (Additional file 1: Results S1) and could thus be
left in the dataset.

Microbiota characterization and comparisons

Microbial a-diversity was measured by the Shannon’s
diversity index, Chaol richness index (phyloseq package),
and Faith’s phylogenetic diversity (picante package [68,
69]). We used log,, and inverse transformations for Shan-
non and Faith’s PD, respectively, to conform to normal
distributions. To examine microbial differences between
males and females (H-1), we performed an initial exami-
nation of general demographic differences in microbial
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diversity using a two-way ANOVA including both sex
and age. Subsequent examinations of links with migra-
tion parameters were performed only for females (1= 36,
and n=30 for survival). We used linear regression mod-
els (stats package) to test whether there were correlations
of the different a-diversity measures with body condition
(H-3a) and capture date (H-2b) (both continuous data).
Additionally, we determined whether the o-diversity
measures differed between survivors and non-survivors
(H-3b) (categorical data — excluding individuals that lost
GPS connection) by using Student’s T-tests.

We then investigated microbial community composi-
tion (B-diversity) using distances calculated by four dif-
ferent metrics: Unifrac, Weighted Unifrac, Jaccard and
Bray—Curtis (phyloseq package). Permutational mul-
tivariate analyses of variance (PERMANOVAs) were
performed using the adonis2 function with 9999 per-
mutations (vegan package [70]) to test whether the
bacterial communities were significantly different (dis-
similarity) between sex or age (H-1) and survival (H-3b),
and whether bacterial communities varied with body
condition (H-3a) and capture date (H-2b). Comparisons
of bacterial communities between groups (i.e., sex, age,
and survival) additionally included testing for differences
in within-group variance (homogeneity of variance) using
the betadisper function (vegan package). Differences in
microbial communities were visualized using multidi-
mensional scaling (MDS) analyses. Group dissimilarity
(adonis2) was tested with sex and age included as addi-
tive explanatory factors using by = “margin” to assess the
marginal effects of the tested factors instead of assessing
them sequentially. Since body condition, capture date
and survival were not found to differ with age and micro-
biota examinations of these parameters were only carried
out for females, there was no need to include any addi-
tional demographic factors into the variance and dissimi-
larity models for these parameters.

To determine specific bacteria taxa leading to com-
munity differences, we used an analysis of composition
of microbiomes with bias correction (ANCOM-BC,
ANCOMBC package [71]) to identify which phyla
and genera (present in>10% of samples) showed sig-
nificant differences in abundance between the demo-
graphic groups (H-1), body condition (H-3a), capture
date (H-2b), and between survivors and non-survivors
(H-3b—excluding individuals that lost GPS connection).
We considered taxa to be differentially abundant if the
Benjamini—-Hochberg adjusted p<0.01 and W-statistics
above the 85% percentile.

Results on general demographic differences in microbi-
ota composition described below include all sex and age
groups. However, due to limited sample size for males,
the results on how body condition, arrival time and
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survival relate to microbiota diversity and composition
are only described for females (n=236, survival: n=30).
Results on males (n=13, survival: #=6) are included for
the sake of completeness in Additional file 1: Results S2.

Results

Variation in body condition, migration timing and distance
and survival in relation to age and sex

Differences in body condition of juvenile and adult
individuals were only marginally significant in females
(mean SMI+s.d.; juveniles: 622.5+73.0 g, n=16; adults:
666.6+68.2 g, n=20; Student’s T-test: t=-—1.851,
df=31.24, p=0.074) and non-significant in males (juve-
niles: 526.9+£51.0 g, n="7; adults: 544.3+60.4 g, n=11;
Student’s T-test: t=-—0.656, df=14.53, p=0.522).
Capture date also did not differ significantly by sex
(P,qj=0.123) or age (p,q;=0.327) (Additional file 1:
Table S1). Among the tagged individuals (n=34, not
including individuals with tags that lost connection), the
overall survival rate was 56%, which did not differ sig-
nificantly by sex (p,q;=0.725) or age (p,q;=0.490) (Addi-
tional file 1: Table S1). In contrast to our expectation
(H-3b), we did not find significant differences in body
condition between survivors and non-survivors for both
females (surviving: 675.1+69.9 g, n=16; non-surviv-
ing: 657.8+64.1 g, n=11; Student’s T-test: t=—0.664,
df =22.85, p =0.514) and males (surviving: 618.3£37.3 g,
n=3; non-surviving: 570.9+20.1 g, n=4; Student’s
T-test: t=—1.995, df=2.87, p=0.144) (Additional file 1:
Figure S3). For all individuals that did not survive spring
migration (n=15), median distance until death was
0.73 km from the capture location in Eilat (range 0.09—
827 km), with most individuals (n=11) dying within
1 km from their capture location. Mean duration until
death was 6.7+6.6 days (range 0—23 days). For the sur-
viving individuals (n=19), post-Eilat migration distance
was found to differ significantly between juvenile (mean
distance +s.d. units 10° km: 2.31+0.94, n=7) and adult
(4.38+1.74, n=12) individuals (p,q;=0.018; Additional
file 1: Table S1) but differences were only marginally sig-
nificant between females (3.2941.61, #=16) and males
(males: 5.36+2.01, n=3) (p,q;=0.078; Additional file 1:
Table S1).

The best fitting model (AAICc<2) explaining female
capture date included only body condition as an explana-
tory variable (Additional file 1: Table S2). In line with
our hypothesis (H-2a), this model indicated a nega-
tive association between capture date and body condi-
tion for females (linear regression: R?>=0.17, F)3,=6.77,
p=0.014, n=36; Fig. 1d). For males, however, the best
fitting model was the null model (Additional file 1:
Table S2), indicating there was no relationship between
male capture date and body condition (linear regression:
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R?<0.001, F,,4<0.001, p=0.986, n=18; Fig. 1d). The
model selection function performed on female post-Eilat
migration distance included three models with AAICc
values < 2. Since the three best fitting models included the
null-model (AAICc=1.708), there is no conclusive sup-
port for an association between post-Eilat migration dis-
tance and SMI, presumably due to the limited sample size
when separated by age (n=10 for adult females and n=3
for juvenile females; Additional file 1: Table S2). However,
for all individuals together, post-Eilat migration distance
by itself was negatively correlated to capture date (Pear-
son’s correlation test: R=—0.60, t=—3.077, df=14,
p=0.007, n=19; Fig. 1b,e), indicating earlier arriving
individuals generally have a longer post-Eilat migra-
tion distance. Additionally, post-Eilat migration distance
was strongly positively correlated with total migration
distance (Pearson’s correlation test: R=0.79, t=4.254,
df=11, p=0.001, n=13; Fig. 1b,c,f).

Microbiota: general description and demographic
differences

Across all samples (n=47), the most abundant phyla
were Firmicutes (mean relative abundance=s.d.:
41.6+19.0%), Actinobacteriota (35.1423.8%), Proteo-
bacteria (10.6 £ 14.3%), Bacteriodota (5.9 +6.2%), Fuso-
bacteriota (4.6+£4.5%) and Synergistota (1.7+3.3%)
(Fig. 2a). The most abundant genera were Corynebac-
terium (relative abundance: 21.5+22.8%: prevalence:
100%), Varibaculum (9.8+8.0%: 100%), Clostridium
sensu stricto 1 (9.2412.8%: 100%) and Escherichia-Shi-
gella (7.3£13.1%: 100%). All other genera with preva-
lence of >80% are shown in Additional file 1: Table S3.
Overall, the average prevalence of ASVs was 13.9%. A
total of 16 ASVs occurred in>90% of the samples, how-
ever most (n=11) at low (<1%) relative abundances
(Additional file 1: Table S4).

We did not find any significant differences in micro-
bial a-diversity by sex (Shannon: F, 4,=0.413; p=0.524,
Chaol: F, ,,=0.108, p=0.744; Faith’s PD: F, ,,=1507,
p=0.226; Additional file 1: Table S5) or age (Shannon:
Fy=1289, p=0.262, Chaol: F,,,=0.000, p=0.993;
Faith’s PD: F),,=0.001, p=0.970; Additional file 1:
Table S5). However, in accordance with our hypothesis
(H-1), the community compositions (S-diversity) were
found to differ significantly between females and males
(unweighted Unifrac: p=0.006, Fig. 2b; Weighted Uni-
frac: p=0.011, Fig. 2¢; Jaccard: p=0.010, Additional
file 1: Figure S4a; Bray—Curtis: p=0.011, Additional
file 1: Figure S4b; Table S5), without differences in disper-
sion of their communities (p >0.05 for all metrics; Addi-
tional file 1: Table S5). Differential abundance analyses
revealed higher abundances of the genera Oceanivirga,
Mycoplasma, Veillonella and Campylobacter, and lower
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abundances of Ercella, Desulfovibrio, Paraeggerthella,
Sarcina, Negativicoccus, Arcanobacterium and Jonque-
tella in males (Fig. 2d; Additional file 1: Table S5). We
found that community differences with age were not
significant (communities and dispersal p>0.05 for all
metrics; Additional file 1: Table S5). However, we found
significantly higher abundances in the genera Arcanobac-
terium, Negativicoccus and Salmonella in adult individu-
als (Additional file 1: Table S5).

Microbiota associations with body condition

Female (n=36) body condition (SMI) upon capture
was positively correlated with the Shannon a-diversity
index (R*=0.22, F, 4 =4.264, p=0.023) but not with
the Chaol index (R*=0.03, F, 5, =0.506, p=0.608) or
Faith’s PD (R*=0.06, F,5 =1.017, p=0.373). We did
not find a significant relationship between body con-
dition and composition of the microbiota community
(unweighted Unifrac: R*=0.04, F, 5,=1.270, p=0.148;
Weighted Unifrac: R*=0.04, F,,,=1.450, p=0.185;
Jaccard: R*=0.04, F) 3,=1.328, p=0.123; Bray—Curtis:
R*=0.05, F, 5,=1.534, p=0.110), but did find that the
relative abundance of the genus Escherichia-Shigella
significantly increased with decreasing body condition
(ANCOM-BC: W=-5.437, g<0.001). These results
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partly support our third hypothesis stating that micro-
biota would differ with body condition (H-3a).

Microbiota associations with capture date

In accordance with our second hypothesis (H-2b), we
found that female (n=36) capture date was significantly
negatively correlated with Shannon a-diversity (R*=0.28,
F, 3, =6.062, p=0.006; Fig. 3a), but not with Chaol index
(R*=0.01, F,;=0.083, p=0921) or Faith’s PD (inv.
transf.; R>=0.02, F, 3, =0.364, p=0.698). Moreover, cap-
ture date was also significantly correlated with commu-
nity composition using the unweighted Unifrac metric
(R*=0.05, F, 3,=1.535, p=0.048; Fig. 3b), Jaccard metric
(R*=0.06, F, 5,=1.927, p=0.015; Additional file 1: Fig-
ure S5a), and Bray—Curtis metric (R*=0.07, F, 5, =2.431,
p=0.017; Additional file 1: Figure S5b), but the correla-
tion was only marginally significant for the Weighted
Unifrac metric (R*=0.06, F, 5,=2.003, p=0.067; Fig. 3c).
Relative abundance of the phylum Proteobacteria
(ANCOM-BC: W=2.813, g=0.027) increased with cap-
ture date, while abundance of the phylum Synergistota

(ANCOM-BC: W=-2.907, g=0.027) decreased with
capture date. Additionally, abundances of the genera
Latilactobacillus, Sellimonas, Fusibacter and Escherichia-
Shigella increased with capture date, while abundances
of the genera Jonquetella, Peptococcus, Arcanobacterium,
Negativicoccus and Parvimonas decreased with capture
date (Fig. 3d,e), which additionally supports our hypoth-
esis that arrival time is connected to differences in gut
microbiome (H-2b).

Microbiota associations with survival

Since we found no difference in overall spring-migration
survival rate between juveniles and adults (Section Vari-
ation in body condition, migration timing and distance in
relation to age and sex), the two age classes were grouped
together for subsequent microbiota analyses. Contrary
to our expectations (H-3b), female individuals that did
(n=14) and did not (n=11) survive post-Eilat spring
migration did not differ in a-diversity (p>0.05 for all
metrics; Additional file 1: Table S6) or community com-
position (S-diversity: p>0.05 for all metrics; Fig. 4a,b;
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Additional file 1: Figure S6; Table S6) or dispersal (p >0.05
for all metrics; Additional file 1: Table S6). However,
surviving individuals had significantly higher relative
abundances of the genera Alloprevotella and Citrobacter
(ANCOM-BC: W=-2.306, 4<0.001 and W=—1.565,
g<0.001, respectively; Fig. 4c), whereas non-surviving
individuals had significantly higher abundances of the
genera Rickettsiella and Turicibaceter (ANCOM-BC:
W=1.099, ¢<0.001 and W=1.090, g<0.001, respec-
tively; Fig. 4c). We also tested associations between the
microbiota and these same parameters when considering
survival within 5- and 10-days post trapping rather than
overall migratory survival; results were consistent across
all three time periods and are therefore not shown.

Discussion

In this study, we investigated links between cloacal bac-
terial microbiota composition, body condition, and
migratory patterns in GPS-tagged birds. We found that
steppe buzzards that arrived earlier to the stopover in
Eilat generally had better body condition and longer sub-
sequent migratory journeys. This relationship did not
differ with sex or age, despite juveniles having a gener-
ally shorter migration journey than adults. In contrast,
microbiota composition (S-diversity) was markedly dif-
ferent between males and females. Subsequent investiga-
tion of just female buzzards revealed that body condition
was positively correlated with microbial diversity (Shan-
non index) and negatively correlated with abundance of
the genus Escherichia-Shigella, whereas capture date was

negatively correlated with microbial diversity and posi-
tively correlated with abundance of the genus Escheri-
chia-Shigella. Additionally, earlier arriving individuals
had a distinct bacterial community composition, charac-
terized by higher prevalence and abundance of specific
bacterial genera, including Jonquetella and Peptococcus.
In contrast to our expectations, survival was not associ-
ated with inter-individual variation in body condition,
microbiota diversity or composition.

Migration and survival of steppe buzzards

Birds arriving to Eilat during spring migration have
just finished crossing a large ecological barrier; the ca.
1800 km Sahara Desert. Individuals crossing such ecolog-
ical barriers must fly for longer periods of time, expend-
ing more energy while experiencing limited abilities
to feed and replenish energy along the way, which may
result in deteriorated body condition upon arrival at their
next stopover [72, 73]. Specifically, crossing of the Sahara
Desert during spring migration has been connected to
elevated levels of mortality in other raptor species, such
as osprey (Pandion haliaetus), marsh harrier (Circus aer-
uginosus), and Montagu’s harrier (Circus pygargus) [74].
While high mortality rates are also a common phenom-
enon for steppe buzzards passing through Eilat in spring
(pers. comm. IBRCE, Eilat Birding Center), the overall
mortality of 46% of tagged individuals found in this study
is likely additionally increased due to a potential capture-
and tagging bias towards individuals with lower body
condition [33]. We only captured individuals attracted
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to a baited trap, which has been shown to indicate high
refueling motivation in steppe buzzards [75]. At the same
time, individuals with relatively higher body conditions
and energy availability may have been strong enough to
continue migrating after crossing the ecological barriers
and may have stopped at more northern locations instead
of at the first suitable stopover locations around Eilat.
However, despite the potential bias towards lower body
conditions, earlier arriving individuals generally had bet-
ter body condition at capture than later arriving indi-
viduals. This trend has previously been found for steppe
buzzards measured in Eilat’s stopover and could indicate
higher migratory performance of early arriving individu-
als that generally migrate more efficiently or encounter
more favorable environmental conditions and so experi-
ence less body condition decline along their migratory
route [33]. An alternative explanation is the variation in
the anticipated goal area among adult birds, assuming
high breeding- and wintering-site fidelity as reported for
the closely related common buzzard (Buteo buteo buteo
[53]) and many other raptor species [32, 35], and sup-
ported by data from three of our tracked birds with data
from>2 years (Additional file 1: Figure S8). The signifi-
cant negative correlation of arrival date with both body
condition and post-Eilat migration distance suggests that
individuals might aim to arrive at a stopover earlier and
in better condition relative to the remaining post-stopo-
ver distance. Therefore, the better body condition of early
arriving adults could reflect not only variation among
individuals in the past events prior to arrival to Eilat, but
also in the adjustments they made in relation to the sub-
sequent migration towards the goal area.

Microbiota characterization of steppe buzzards in a major
migration bottleneck

Steppe buzzard microbiota was dominated by the same
phyla found in most bird species; Firmicutes, Actino-
bacteriota, Proteobacteriota and Bacteriodota [76]. We
additionally found relatively high abundances of Fuso-
bacteriota, a phylum that seems to be a common feature
in the microbiota of carnivorous birds [77], and the genus
Corynebacterium (most prevalent and abundant genus in
our study), abundances of which have previously found to
be elevated in migratory birds [16, 17, 19].

The microbiota composition (f-diversity) of male and
female individuals differed significantly. While micro-
biota diversity (a-diversity) was similar, there were 12
differentially abundant genera—with higher abundances
of the genera Oceanivirga, Mycoplasma, Veillonella and
Campylobacter in males, and higher abundances of the
genera Negativicoccus, Arcanobacterium, Anaerococ-
cus and Jonquettella in females. Differences between the
microbiota composition of sexes in human and animal
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studies is not uncommon (as reviewed in [78]). Bird stud-
ies have also found microbiota differences with sex [14,
27, 28] though not consistently (e.g., [17]). The presence
of such differences in the microbiota generally seems to
be associated with other sex-related differences like hor-
mone levels [27], diet [28] or differential changes in body
size or weight [79]. Sampled female steppe buzzards were
roughly 20% larger and heavier than their male counter-
parts, which by itself could potentially drive microbiota
differences [80]. In addition, females might experience
different time versus energy (body condition) pressures
during spring migration due to the need to (immediately)
commence breeding upon reaching the breeding grounds
[32]. Maintaining superior body and energetic conditions
throughout migration might additionally come with dif-
ferences in refueling, foraging patterns, and other behav-
iors, which could explain the differences we observed
between male and female steppe buzzards. However,
other factors known to cause sexual dimorphism in males
and females and are known to influence microbiome
composition, including immune function [81] and hor-
mone levels [27].

Migration-microbiota links in steppe buzzards

Our results confirm that the microbiota composition
of migrating female steppe buzzards is linked to varia-
tion in migratory patterns. Certain features of the steppe
buzzard microbiota composition that changed with
arrival date, for example the negative correlation with
a-diversity and relative abundance of the genera Escher-
ichia-Shigella, could be mainly caused by its interaction
with body condition. Not only are arrival date and body
condition negatively correlated, body condition itself was
also positively correlated with a-diversity and negatively
correlated to Escherichia-Shigella. Microbial a-diversity
can change with host health and condition because
decreases in a-diversity have been connected to disease
and death [10, 25]. Moreover, decreased a-diversity can
make the host more vulnerable to invasion by opportun-
istic and pathogenic taxa [25, 82]. Similar processes could
potentially have affected the steppe buzzard microbiota,
with lowered body condition being related to both lower
a-diversity and increased abundances of the potentially
pathogenic members of the genera Escherichia-Shigella
[83]. The higher abundances of the genera Jonquetella,
Peptococcus, Arcanobacterium, and Negativicoccus may
be more directly connected to exposures to different
environments along migration routes or the distance
travelled. Peptococcus, for example, includes anaero-
bic organisms that are related to respiratory glucose
metabolism [84, 85], which might play a beneficial role
during longer migratory journeys. Steppe buzzards are
also known to significantly increase body mass prior to
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starting migration and require refueling along the way to
be able to fly back to the breeding grounds [33]. The iden-
tified taxa could thus also be a signature of certain pre-
migratory (on wintering grounds) or recent pre-stopover
environments/refueling patterns associated with longer
migration distances, and/or reflect the level of energetic
stress experienced while crossing the Sahara Desert.
However, this study only provides a “snapshot” in time
of the microbiota communities, and without sampling
at multiple time points, shotgun sequencing to assess
gene content, or metabolomics of the collected samples,
assigning specific functions or causes for the presence of
the identified bacterial lineages can only be speculative.

Contrary to our hypothesis, we did not find any sig-
nificant differences in body condition, microbiota diver-
sity or composition between females that survived and
did not survive spring migration. While previous stud-
ies have found a connection between microbiota and
survival, the results actually vary significantly between
studies and species, with, for example, higher a-diversity
for non-surviving blue tits (Cyanistes caeruleus, n=>54
[23]), higher B-diversity for non-surviving barn swal-
lows (Hirunda rustica, n=42 [24]), and higher abun-
dances of potentially pathogenic genera in non-surviving
Seychelles warblers (Acrocephalus sechellensis, n=268
[26]). While this could mean that microbiota signa-
tures of survival are species- and location dependent,
survival in these studies was determined by whether a
sampled bird was recaptured [24] or resighted [23, 26]
in the same area after several months and up to a year
post-capture. Depending on the species, such methods
tend to overestimate death rates because they do not dif-
ferentiate among dispersal events, incomplete sampling,
and true death, and are not comparable with GPS-ACC
measurements that can record incidents of these events
for all tracked individuals in a direct and detailed man-
ner [86]. We further emphasize that all the three studies
cited above either focused on resident non-migratory
populations (tits and warblers), or on a migratory spe-
cies that was sampled only in the breeding site in succes-
sive years (swallows). We did not find any previous study
that examined the relationship between host survival and
microbiota diversity or composition during migration,
and our lack of support of H-3b should not discourage
further efforts for examining these links during chal-
lenging migration journeys, where and when variation in
microbiota might still affect the fate of individuals.

The absence of a strong link between microbiota and
directly monitored survival in this study is accompanied
by an unexpected absence of differences in body condi-
tion. This could suggest that the sampled individuals all
showed signs of physical stress due to recently cross-
ing the Sahara Desert, which, as mentioned above, is
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common in migratory birds crossing ecological barri-
ers [33, 72, 73]. These similar levels of physical stress
and exhaustion thus might have been reflected similarly
in their microbiota composition at the time of capture,
while survival was more heavily determined by post-
capture events. Since the mortality rate of 46% found
in this study is elevated compared to other studies and
most of these individuals have been found dead within
1 km from their capture location, it is possible that
other explanations are involved. For example, is possible
that the capture, sampling, and attachment of GPS-tags
caused additional stress to already physically stressed
and exhausted birds. Capture and restraint of birds are
known to increase corticosterone levels [87, 88] whereas
carrying a harness and additional weight from a GPS-tag
have been shown to influence bird behavior and survival
(e.g., [89, 90]). Even though we used recommended han-
dling and harnessing techniques and stayed below the
recommended threshold of 5% [49], it is possible that
these processes had unforeseen adverse effects on the
steppe buzzard. This could have caused more individuals
to die than one would expect based on physical condi-
tion upon capture alone, especially during a time of high
physical stress. Other, non-physical, causes of mortality
that are not reflected in microbiome composition, like
predation, hunting or other human-induced effects (e.g.
collisions with powerlines or poisoning) (74, 91, 92], can
be excluded for most of the deceased birds. We were able
to locate the carcasses of all birds (7= 11) that died close
to their capture location (i.e., within the date plantations)
within two days, none of which showed any signs for pre-
dation, hunting or other potentially deadly injuries upon
external examination.

Conclusions and future directions

This study provides new evidence that variation in micro-
biota of a migratory bird can be linked to variation in
body condition during migration and migratory patterns.
Our key finding—the higher a-diversity and distinct
microbiota composition found in early arriving birds in
relation to their body condition and migratory distance/
route—could not have been obtained without the move-
ment data from the GPS-tracked individuals. Further
work is needed to develop a more detailed understanding
of the relationship between bacterial diversity and migra-
tion, and to identify bacterial groups associated with cer-
tain migratory characteristics, such as areas visited or
(recent) refueling sessions. Subsequent research should
aim to collect more frequent and detailed information
on migration routes (e.g., number and length of visited
stopovers) and performance (e.g., speeds, flapping rate,
and energy expenditure), by measuring and re-sampling
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tracked individuals on multiple occasions along their
migration routes.
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