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Abstract Migratory birds travel long distances and use
diverse habitats, potentially exposing them to a broad range of
microbes that could negatively affect their health and survival.
Gut microbiota composition may be related to organismal
health especially during periods of impaired immunity due to
stress, by functioning as a reservoir for potential pathogens.
We provide an insight into the composition of the gastroin-
testinal microbiota in migratory Red Knot (Calidris canutus)
and Ruddy Turnstone (Arenaria interpres) staging in Dela-
ware Bay, USA, by analyzing fecal bacterial communities of
three individuals per species with 16S rRNA clone libraries. In
the 313 bacterial sequences we analysed from Red Knots, we
identified 19 bacterial classes across 29 genera, and from the
218 Ruddy Turnstone sequences, we identified 11 bacterial
classes across 17 genera. In Red Knots and Ruddy Turnstones,
27 and 41 % of all sequences were closely related to Cam-
pylobacter spp., which include several human pathogens. Only
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5 of the 46 genera, and 8 out of 124 operational taxonomic units
were shared between species, suggesting that gut microbial
community structure can be species-specific under environ-
mentally similar conditions. Our study provides baseline
information that can be used in future studies to better under-
stand diversity and function of gut microbes, and can be
expanded to investigate how gut microbiota of migratory birds
affects their body condition, immune function, and demo-
graphic performance.

Keywords Gut microbiota - Shorebirds - 16S rRNA -
Staging - Campylobacter

Zusammenfassung

Die Magen-Darmflora zweier Arten ziehender Kiistenvo-
gel wihrend des Friihlingszuges im Rastgebiet Delaware
Bay, USA

Zugvogel ziehen lange Strecken und nutzen verschiede-
nartige Lebensrdume, wo sie einer groBen Anzahl vers-
chiedener Mikroben ausgesetzt sind, die sich negativ auf
Gesundheit und Uberleben auswirken konnten. Die Zu-
sammensetzung der Darmflora konnte mit der Gesundheit
zusammenhingen, da sie ein Reservoir moglicher Krank-
heitserreger bildet, besonders in Zeiten von geschwichter
Immunabwehr durch Stress. Wir untersuchten die Zu-
sammensetzung der mikrobiellen Biozonose in Magen und
Darm aus Stuhlproben von jeweils drei Individuen des
Knutts (Calidris canutus) und des Steinwilzers (Arenaria
interpres) aus dem Rastgebiet Delaware Bay anhand von
16S rRNA Klon-Datenbanken. In den 313 Sequenzen
bakterieller RNA, die wir fiir die Knutts analysierten, wa-
ren 19 Klassen und 29 Gattungen Bakterien vertreten. In
den 218 Sequenzen der Steinwilzer fanden wir 11 Klassen
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und 17 Gattungen von Bakterien. In Knutts und Stein-
wilzern waren jeweils 27 und 41 % der Sequenzen nah
verwandt mit Campylobacter spp., welche einige mens-
chliche Krankheitserreger beinhalten. Nur fiinf der 46
Gattungen und acht von 124 taxonomischen Einheiten
waren beiden Vogelarten gemeinsam, was darauf hindeu-
tet, dass die Magen-Darmflora auch unter dhnlichen 6ko-
logischen Bedingungen artspezifisch sein kann. Unsere
Studie gibt eine Grundidee der Vielfalt und Funktion von
Magen-Darmbakterien, auf die sich zukiinftige Studien
stiitzen konnen. Darauf aufbauend konnte untersucht wer-
den, wie die Magen-Darmflora von Zugvogeln ihre Kor-
perkondition, Immunabwehr und  demographische
Merkmale beeinflusst.

Introduction

Migratory animals travel long distances and use diverse
habitats, potentially exposing themselves to a broad range
of pathogens with potential for the spread of infectious
disease. However, the assumption that migrating animals
affect the spread of pathogens has not been rigorously
tested (Altizer et al. 2011). An important step toward
testing the role of migratory animals as potential disease
vectors is to ascertain what microorganisms these animals
encounter and carry with them as their geographic loca-
tions change within their annual cycles.

Migrating shorebirds visit many locations with varying
habitat types over their annual cycle, and some of these habitats
are known hotspots for pathogen exposure (Krauss et al. 2010).
Shorebird annual migrations span a large latitudinal range and
total distances of over 5,000 km are not uncommon. To
accomplish long-distance migrations, most shorebird species
rely on staging sites between their origin and destination.
Staging sites are visited annually with often high site fidelity
because they provide an abundance of quality food, allowing
for arapid gain of body mass (Pfister et al. 1998). One such site,
used extensively by ~ half a million shorebirds during spring
migration is Delaware Bay, USA (Clark and Niles 1993). This
stopover site is one of the main spawning grounds for Horse-
shoe Crabs (Limulus polyphemus). Horseshoe Crabs deposit
eggs at extremely high densities on Delaware Bay beaches in
May, and these eggs serve as a key resource for staging
shorebirds, providing a protein-rich food source that enables
them to complete migration to their breeding grounds.

One consequence of large aggregations of migratory
birds in Delaware Bay is that transmission of infectious
agents could be increased through direct contact between
birds and/or indirectly through ingestion of other birds’
feces. Delaware Bay is a hotspot for low-virulent avian
influenza (AI) viruses, with highest prevalence in Ruddy
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Turnstones (Arenaria interpres) (Krauss et al. 2010), but
increased exposure is possible for all species due to contact
with AI viral particles shed in Ruddy Turnstone feces.
Migratory birds can be physiologically stressed when
arriving at staging areas and may be vulnerable to infection
due to the possible immuno-suppressing effect of migratory
movements (Owen and Moore 2006). In Delaware Bay,
recent arrivals are still recovering protein lost during their
journey, and have lower indices of several constitutive
immune parameters than birds that had recovered lost
protein and were storing fat (Buehler et al. 2010).

To date, the majority of studies investigating disease in
shorebirds have focused on Al infections. However, outside of
Delaware Bay, the prevalence of Al viruses in shorebirds is
extremely low (Munster et al. 2007; Pearce et al. 2012). One
aspect of shorebird biology that may have a potentially large
influence on health is the gastro-intestinal microbiota com-
munity. Mammalian gut microbiota are known to play an
important role in maintaining health through close interac-
tions with the immune system and by facilitating nutrient
uptake from symbiotic and commensal interactions between
the host and non-pathogenic gut microbes (Neish 2009; Cle-
mente et al. 2012; Hooper et al. 2001). While bacterial effect
in nutrient uptake in avian hosts is unknown, lowering nutrient
uptake due to imbalances in gut microbial composition of
migratory birds might decrease body condition, which may
resultin failure to migrate, reduced reproductive performance,
or even mortality. Perhaps equally relevant is the potential for
the avian gut microbiota to provide competitive exclusion
from pathogens as in other animals, while in other instances
providing a reservoir for potential pathogens, especially dur-
ing periods of impaired immunity due to stress.

Birds can alter their environment’s microbial commu-
nity through deposition of feces, especially at congrega-
tional sites like Delaware Bay. High prevalence of the
human pathogens Campylobacter jejuni and Escherichia
coli has been shown in gulls (Larus spp.) (Camarda et al.
2006; Keller et al. 2011; Lu et al. 2011), but the impact of
fecal deposition at high shorebird densities on individual
animals’ gut microbiota has received little attention. One
study has examined shorebird microbiota along the East-
Atlantic Flyway in Portugal (Santos et al. 2012), but it is
unlikely that these birds using Eurasian and African fly-
ways are exposed to the same microbial environment as
shorebirds using the Delaware Bay area.

To assess how shorebird fecal deposition impacts their
health as well as their environment and associated organ-
isms, it is essential to first identify what microbes shore-
birds carry in their gastro-intestinal tract and whether gut
microbiota communities vary between species. Therefore,
the goal of our study is to describe the microbial commu-
nity in shorebirds during one period in their annual cycle,
namely the spring migratory staging period in Delaware
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Bay. Furthermore, to gain insight into inter-specific dif-
ferences in gut microbiota composition, we compared gut
microbiota in two migratory shorebird species, the Red
Knot (Calidris canutus) and Ruddy Turnstone. Very little
is known about the microbes that shorebirds carry, and
about how this microbial community changes over time.
This may present a problem if microbial turnover rate is
slow, as it would be impossible to distinguish between
microbiota acquired at the staging site and microbiota
remaining in the gut from the geographical origin of
migration. However, shorebirds were observed to defecate
every 5 min on their non-breeding grounds (Rose and Nol
2010). The defecation rate may be higher during the
staging period of migratory birds in Delaware Bay, due to
the high food intake necessary to reach the required pre-
migration body mass. In addition, a study on food and fluid
retention time of different bird species showed a range
from 1.9 to 17 h, with the Rock Ptarmigan (Lagopus muta),
which is closest in size to shorebirds, retaining food and
fluid for only between 1.9 and 9.9 h (Stevens and Hume
1998). Although ptarmigans and shorebirds differ sub-
stantially in phylogeny and diet, these retention time
frames suggest that it is reasonable for us to assume that
shorebirds present in Delaware Bay for a number of days
will have replaced their intestinal content several times.
Hence, micro-organisms that shorebirds acquired from
food and environment at their wintering ground are unli-
kely to still be present in the bird’s small intestine even
after a short stay in Delaware Bay.

We predict that, if gut microbiota composition is
mainly determined by underlying genetics, we would
expect large differences in communities between shore-
bird species. However, if environment is the main force
shaping gut microbiota composition, we hypothesize that
gut microbiota composition of Red Knots and Ruddy
Turnstones will be similar as both species use the same
environment and food source during their stay in Dela-
ware Bay. To better understand the microbial composi-
tion of migratory shorebirds gut, we analyzed 16S rRNA
clone libraries developed from fecal DNA extracts. To
our knowledge, this study is the first project to identify
both culturable and unculturable gastro-intestinal micro-
biota of different shorebird species in the western
hemisphere from fecal matter.

Methods
Sample collection
Red Knots and Ruddy Turnstones were captured at Dela-

ware Bay (38°55'3"N, 75°18'29"W) beaches using canon
nets between 7 and 29 May, 2010. Red Knots on average

stage in Delaware Bay for 8—12 days between 10 May and
10 June (Gillings et al. 2009). Data on staging behavior of
Ruddy Turnstone is lacking, but as they rely on the same
temporary food source as Red Knot and face the same time
constraints due to the short high-arctic breeding window,
we assume similar staging durations for them. Upon cap-
ture, birds were placed in individual cardboard boxes lined
with sterile waxed paper for up to 5 min for collection of
feces. Feces of cecal origin were avoided during samples
collection to avoid comparison between cecal and small
intestine microbiota. Fecal pellets were transferred to
sterile 2-ml collection tubes pre-filled with 96 % ethanol
and stored at 4 °C until further analyses.

Molecular methods

We selected three Red Knot and three Ruddy Turnstone
fecal samples for analyses of their gastrointestinal micro-
biota. All birds selected were captured within 2 days of
each other (15-17 May) and were of similar body mass
(Red Knot: 122.0 g & 5.9; Ruddy Turnstone: 117.8 g +
3.2) to limit bias due to variation in staging time prior to
sampling. Also, by selecting individuals with a body mass
that was above the arrival mass of 111.1 g (Gillings et al.
2009), we attempted to sample healthy individuals as low
body mass is often linked to poor body condition (Mgller
et al. 1998). We are aware that sampling unhealthy indi-
viduals would provide us with more knowledge on poten-
tial pathogens these birds can transmit to the population,
but as it is difficult to determine health of birds in the field,
and as we are presenting a first overview of shorebird gut
microbiota in Delaware Bay, we decided to sample pre-
sumably healthy birds to establish accurate baseline
information.

We regressed body mass of both species against struc-
tural size measurements (wing length, total head length,
and culmen length) of all conspecifics caught within 2 days
of 16 May, to explore the need for a size correction on
body mass of the individuals sampled for this study. We
found no relationship between any structural size mea-
surement and body mass for either species (maximum
r* = 0.07 for Red Knot wing length-body mass linear
regression; other results not shown), and therefore used
original body mass in our staging duration estimations.

Body mass of Red Knot upon arrival was estimated at
111.1 g by Gillings et al. (2009), and the average body
mass of 122.0 g in our study was estimated to be equivalent
to an approximately 3-day presence in Delaware Bay prior
to sampling based on a weight gain of 4.05 +
0.32 g day~'. No body mass-staging duration relationship
has been published for Ruddy Turnstone, for which body
mass at the earliest catch (12 March) in 2010 averaged
97.1 £ 13.0 g (Delaware Division of Fish and Wildlife,
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unpublished data ) and as food availability is similar for
Red Knots and Ruddy Turnstone, we assume that a com-
parable daily weight gain is possible for Ruddy Turnstone
resulting in a sampling time of approximately 5 days after
arrival.

Before DNA extractions, fecal samples were spun using
a microcentrifuge at 14,000 rpm for 10 min to harvest the
biomass. The fecal pellets were washed three times with
sterile water to remove ethanol residue (Wilson 1997).
After ethanol removal, we dried samples at 60 °C for
40 min. Total DNA was extracted from fecal samples using
the Mo Bio Power soil kit following manufacturer’s
instructions (Mo Bio Laboratorie, Carlsbad, CA, USA).
DNA extracts were used to generate community 16S rRNA
gene PCR products using general bacterial primers 8F (5'-
AGAGTTTGATCMTGGCTCAG-3’) and 785R (5'-ACT
ACCRGGGTATCTAATCC-3') (Ley et al. 2008; Lu et al.
2008). PCR reactions contained a buffer solution (10 mM
Tris—HCI, pH 8.3, 50 mM KCl, 2.5 mM MgCI2, 0.01 %
gelatin, and 160 pg/ml bovine serum albumin (Hagelberg
1994), 0.04 mM each deoxyribonucleotide triphosphate,
0.2 uM of each forward and reverse primer, 1/4 U Taq
DNA polymerase (Invitrogen, Carlsbad, CA, USA), and
fecal DNA as the template in a final reaction volume of
25 pl. The PCR cycling conditions were 2 min at 94 °C,
followed by 30 cycles of 45 s at 94 °C, 45 s at 56 °C, and
90 s at 72 °C and a final primer extension step at 72 °C for
5 min. PCR products were cloned into TOPO TA Cloning
Kit One Shot TOP10 Chemically Competent E. coli
(Invitrogen) and plated on 1.5 % agar plates with 100 mg
ampicillin L™'. Clones were screened with M13F (5-T
TTTCCCAGTCACGACGTTGTA-3’) and M13R (5'-CA
GGAAACAGCTATGACC-3') as described by Ryu et al.
(2012a). Positive clones were determined using electro-
phoresis, and DNA was recovered from agarose gels by
band excision and filtered pipette tip centrifugation (Dean
and Greenwald 1995). Clones were then sequenced using
Big Dye Terminator v.3.1 chemistry on an ABI 3100
automated sequencer (Applied Biosystems, Foster City,
CA, USA).

Sequences with >500-bp high-quality base calls were
pooled per species and used in further analyses. Sequences
were aligned and checked for chimeras using the Bellero-
phon program (http://comp-bio.anu.edu.au/bellerophon/bel
lerophon.pl; Huber et al. 2004). Base pair window was set
at 300 bp and a Huber—Hugenholtz correction was applied
to correct for potential partial length sequences in the
alignment. 16S rRNA gene sequences were then compared
to known bacterial 16S rRNA gene sequences in the
GenBank (NR) database using National Center for Bio-
technology Information (NCBI), BLAST (www.ncbi.nlm.
nih.gov/BLAST/), and through the Greengenes program
(DeSantis et al. 2006). We visually checked the ten closest
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matches to our sequences to ensure that identification of
sequences was similar and reliable. Sequences were then
classified to class or genus level using RDP Classifier with
a 95 % confidence level (http://rdp.cme.msu.edu/classifier;
Wang et al. 2007).

Nucleotide sequence accession numbers

Cloned 16S rRNA gene sequences obtained in this study
were deposited in the GenBank database under the fol-
lowing accession numbers: KC478310-KC478351.

Results and discussion

In our exploratory study, we investigated the composition
of gut microbiota in two migratory shorebird species
staging in Delaware Bay, through sequencing of bacterial
16S rRNA genes from fecal samples. A total of 531 clone
sequences were analyzed (n = 313 for Red Knot; n = 218
for Ruddy Turnstone) and classified into 41 bacterial
genera belonging to 18 classes (Table 1). Red Knots
exhibited higher bacterial diversity, with sequences repre-
senting 29 known bacterial genera versus 17 in Ruddy
Turnstones. An additional 16 unknown genera were iden-
tified to class level including two Bacilli classes (Entero-
coccaceales and Lactobacillales orders). The dominant
bacterial classes were Bacilli in Ruddy Turnstone (37.8 %)
and Epsilonproteobacteria (40.6 %) in Red Knot. The most
common bacterial genus was Campylobacter comprising
40.6 and 26.8 % of all clones in Red Knot and Ruddy
Turnstone, respectively. In Ruddy Turnstones, a large
fraction of clones was attributed to unclassified Lactoba-
cillales. All unclassified Lactobacillales clones were nearly
identical to available sequences of uncultured bacteria with
approximately 93 % sequence identity.

Only five genera were present in both Red Knot and
Ruddy Turnstone. This large level of interspecific variation
suggests that there are host-specific factors that influence
the gut microbiota community structure of these species,
rather than gut microbiota being solely impacted by envi-
ronmental conditions which were similar for both shorebird
species. However, because the number of sampled indi-
viduals in this study is quite small, it is possible that there
could be large inter-individual differences causing intra-
specific variation even within Red Knots or Ruddy Turn-
stones. Future studies with larger samples sizes and sam-
pling over longer timescales will help resolve this
possibility.

On an operational taxonomic unit (OTU) level (>97 %
sequence similarity), Red Knot and Ruddy Turnstone
sequences were assigned to 72 and 27 unique and 8 shared
OTUs, respectively (Fig. 1). Despite the small overlap,


http://comp-bio.anu.edu.au/bellerophon/bellerophon.pl
http://comp-bio.anu.edu.au/bellerophon/bellerophon.pl
http://www.ncbi.nlm.nih.gov/BLAST/
http://www.ncbi.nlm.nih.gov/BLAST/
http://rdp.cme.msu.edu/classifier

J Ornithol (2014) 155:969-977

973

Table 1 16S rRNA sequences obtained from Red Knot (Calidris canutus) (REKN) and Ruddy Turnstone (Arenaria interpres) (RUTU) clone

libraries

Class and % of total (REKN)/(RUTU)

Genus

No. sequences REKN

No. sequences RUTU

Acidobacteria (1.6)/(0.0)

Actinobacteria (19.0)/(0.0)

Bacilli (9.5)/(37.8)

Chloroflexi (0.3)/(0.0)
Clostridia (0.3)/(9.2)

Erysipelotrichi (1.3)/(0.5)
Flavobacteria (3.8)/0.0)

Fusobacteria (1.0)/(1.4)
Mollicutes (0.6)/(0.0)
Nitrospira (1.0)/(0.0)
Planctomycetacia (0.3)/(0.5)
Sphingobacteria (0.3)/(0.0)
Alphaproteobacteria (7.9)/(16.1)

Betaproteobacteria (0.3)/(1.0)

Gammaproteobacteria (5.4)/(1.0)

Group 3

Group 10

llumatobacter
Corynebacterium

Unclassified Actinobacteria
Catellicoccus

Streptococcus

Unclassified Lactobacillales
Unclassified Enterococcaceales
Caldilinea

Clostridium X1Vb

Clostridium X1

Clostridium XIX

Unclassified Clostridiales
Unknown

Cellulophaga

Vitellibacter

Tenacibaculum

Unclassified Flavobacteriaceae
Cetobacterium

Micoplasma

Nitrospira

Unclassified Planctomycetaceae
Unclassified Rhodothermaceae
Sulfitobacter

Loktanella

Rhizobium

Ahrensia

Paracoccus

Ruegeria

Labrenzia

Caulobacter

Hoeflea

Phaeobacter
Pseudorhodobacter
Roseovarius

Sphingopyxis

Unclassified Sphingomonadaceae
Unclassified Rhodobacteraceae
Unclassified

Unclassified Rhodocyclaceae
Achromobacter

Hahella

Vibrio

Thalassomonas
Aestuariibacter

Altermonas

Acinetobacter

16

12

W R = =W WO = R = A =

—

— = O = = = = W

—_ N = = A

20

59

—_— ] = O W

—
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Table 1 continued

Class and % of total (REKN)/(RUTU) Genus No. sequences REKN No. sequences RUTU
Anaerobiospirillum - 2
Unclassified 6 -
Unclassified Pasteurellaceae 1 -
Deltaproteobacteria (0.3)/(0.5) Unclassified 1 1
Epsilonproteobacteria (40.6)/(26.7) Campylobacter 128 57
Helicobacter - 1
OD1 OD1 genera incertae sedis 1 -
™7 TM7 genera incertae sedis 1 1
Unclassified Bacteroidetes (phylum) Unclassified 2 2
Unclassified Firmicutes (phylum) Unclassified 15 7
Unclassified Unclassified 1 1
Total 315 217
— Not found

Red Knot Ruddy Turnstone

87
35.7%

Fig. 1 Venn diagram for the shared and non-shared OTUs between
Red Knot (Calidris canutus) and Ruddy Turnstone (Arenaria
interpres). Number of unique and shared OTUs (bold) and percentage
of total sequences are shown within the diagram (>97 % sequence
similarity between our sequences and sequences available in
Genbank)

55.3 % of all sequences analyzed belonged to the 8 shared
OTUs, suggesting that the most common OTUs are shared
while OTUs unique to Red Knot and Ruddy Turnstone are
relatively rare. Shared OTUs included members of the
genera Enterococcus, Campylobacter, Corynebacterium,
and Thalassobius, and could be matched to species level
with 88-100 % similarities to Genbank sequences.
Enterococci are a known member of the commensal flora
community in humans and have been identified in several
migratory and non-migratory bird species (Janiga et al.
2007; Silva et al. 2012; Ryu et al. 2013).

The identification of sequences closely related to Cam-
pylobacter spp. in fecal samples of both Red Knots and
Ruddy Turnstones is interesting since members of this
genus are recognized as human pathogens. However, fur-
ther in depth studies focusing on identification of these
Campylobacter spp. to species level should be conducted to
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determine if the Campylobacter populations are pathogenic
to bird hosts.

Actinobacteria were among the numerically dominant
sequences in Red Knots (19.1 %), but were absent in
Ruddy Turnstones. Members of the class of Actinobacteria
are among the most common bacteria found in terrestrial
and fresh marine environments. They have also been found
to inhabit animals, as shown in a recent study investigating
the ceca microbiota of wild and captive Western Caper-
caillie (Tetrao urogallus; Wienemann et al. 2011). In
addition, Actinobacteria have been isolated from different
gull species (Larus spp.; Lu et al. 2008; Ryu et al. 2012a),
Canada Goose (Branta canadensis; Lu et al. 2009), New
Zealand Mallard Duck (Anas platyrhynchos) feces (Mur-
phy et al. 2005), and shorebird cloacal communities
(Santos et al. 2012). Although the majority of Actinobac-
teria have not been identified as harmful, the class includes
the Corynebacterium genus which includes several species
harmful to mammals and birds (Potti et al. 2002; Hoelzle
et al. 2013). Nearly all Actinobacteria found in our study
were identified as belonging to this genus. Although in low
abundance, Corynebacterium spp. have also been isolated
from Black-winged Stilts (Himantopus himantopus) (San-
tos et al. 2012).

Approximately 38 % of clones of Ruddy Turnstone
feces in our study were identified as belonging to the
genera in the class Bacilli, whereas Red Knot clones only
contained 9.5 % Bacilli, despite similarities in diet and
habitat in Delaware Bay. Several studies have reported
high prevalence of Bacilli in avian species such as Canada
Goose (Lu et al. 2009), gull (Larus spp.; Lu et al. 2008;
Ryu et al. 2012a), Sandhill Crane (Grus canadensis) and
Snow Goose (Chen caerulescens; Ryu et al. 2012b) and
three species of shorebird: Black-winged Stilt, Icelandic
Black-tailed Godwit (Limosa limosa) and Common
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Redshank (Tringa totanus) (Santos et al. 2012). The class
Bacilli includes the order Lactobacillales, which is
believed to make up a large part of the human gastro-
intestinal microbiota (Guarner and Malagelada 2003). Two
known genera detected were Catellicoccus and Strepto-
coccus, but the majority of Bacilli sequences found in
Ruddy Turnstone could not be identified beyond the Lac-
tobacillales order level. Interestingly, Catellicoccus-like
sequences were identified in both bird species. Catelli-
coccus spp. have only been detected in large quantities in
gulls (Lu et al. 2008; Ryu et al. 2012a). Ingestion of Ca-
tellicoccus originating from gull feces by shorebirds is
possible in Delaware Bay because large numbers of gulls
(predominantly Greater Black-backed Gull Larus marinus,
Laughing Gull L. atricilla, and European Herring Gull L.
argentatus) forage in mixed flocks with Red Knots and
Ruddy Turnstones, but, as Catellicoccus was also isolated
from Common Redshank in Portugal (Santos et al. 2012),
microbes from this genus could also represent a regular
component of shorebird gut microbiota.

One other study has examined gut microbiota in shore-
birds (Santos et al. 2012). Compared to that study, our
study detected a high proportion of Campylobacter ssp.
clones for both Red Knot (41 %) and Ruddy Turnstone
(26 %). Santos et al. (2012) detected <9 % Campylobacter
spp. in their samples of three shorebird species (Common
Redshank, Black-winged Stilt, and Black-tailed Godwit)
staging in the Tagus estuary, Portugal. Moreover, the
overall gut microbial diversity of shorebird species studied
by Santos et al. (2012) was lower than in Red Knot and
Ruddy Turnstone with a total of 9 classes and 25 genera,
although this may be due to the fact that we analyzed close
to 10 times more sequences than the previous study.
Another difference between these studies was the type of
sample studied, that is, cloacal swabs used by Santos et al.
(2012) versus full fecal pellets used in our study. A total of
10 bacterial classes identified in our study were not found
by Santos et al. (2012): Acidobacteria, Chloroflexi, Erysi-
pelotrichi, Flavobacteria, Fusobacteria, Mollicutes, Nitro-
spira, Planctomycetacia, Sphingobacteria, and Delta-
proteobacteria. Samples from these classes comprised 14
bacterial genera, but together made up only 8 % of total
clones sequenced, suggesting low abundance. However, of
the seven classes which shorebird species from both studies
had in common, only six genera overlapped, which indi-
cates large global variation in gut microbiota diversity in
shorebird species.

In our study, we pooled bacterial 16S rRNA sequences
derived from fecal matter of three individuals per species.
As the main purpose of this exploratory study was to gain a
first insight into shorebird gut microbiota, we feel that
number of sequences analyzed was of higher importance
than sampling a broad range of individuals. The latter would

have resulted in fewer sequences per individual, reducing
the overall sequencing depth. The use of next-generation
sequencing (NGS) methods can circumvent the depth at
which we can study the relatively less abundant member of
the microbial community. However, the read length asso-
ciated with these methods does not allow for the identifi-
cation of members at lower taxonomic levels. Additionally,
the error rates of associated with NGS can falsely introduce
unique members, making it more difficult to perform
microbial diversity analyses (Kozich et al. 2013).

It should also be noted that we studied the fecal samples
rather than intestinal contents, as collecting latter samples
can only be performed by sacrificing birds, which was not
possible due to the protected status and current population
declines of Turnstones and Knots. Although microbial
structure associated with the intestine and feces may differ,
we assume fecal microbiota as a proxy for intestinal mic-
robiota due to its role as fecal storage area. Thus, we
assume that comparison of fecal samples between bird
species can provide a general picture of the bacterial
composition of the intestinal microbiota. By avoiding cecal
material, we were able to focus on the intestinal samples,
rather than including bacteria that are selected in the cecum
(Lu et al. 2003). Additionally, fecal samples are often used
to isolate bacterial pathogens as well as intestinal parasites.
In this study, we sampled only once and we made the
assumption that micro-organisms acquired by shorebirds
from food and environment at their wintering ground are
unlikely to still be present in the bird’s gastro-intestinal
tract even after a short stay in Delaware Bay. Future studies
should increase the level of sampling and collect fecal and
intestinal samples to further validate our findings with
respect to microbial turnover rates and potential fecal/
intestinal microbiota discrepancies in shorebirds.

The use of DNA-based methods for detecting bacteria in
environmental samples cannot discriminate between viable
and non-viable bacteria (Hirsh et al. 2010). Therefore,
some of the bacterial species detected may not play an
important role within the shorebird gut microbiome, as they
may have been killed during digestion. However, the fact
that some of these bacterial groups have been detected in
other birds via cultured-based methods (Lu et al. 2003)
suggests that many of these bacteria are capable of with-
standing the prevailing conditions in the avian gut. More-
over, some of the bacterial groups have been detected in
many different birds using molecular techniques suggesting
that these bacteria are not transitory but rather persist and
perhaps thrive in the avian gut (Lu et al. 2009; Ryu et al.
2012a, b). Future studies using RNA as the target molecule
in PCR and cloning-based approaches (Revetta et al. 2011)
may further confirm the presence of such bacteria, as well
as provide information on the relative level of activity of
different groups inhabiting migratory birds gut.
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Our results have potential implications for determining
the importance of fecal deposition by migratory birds on
human and avian health in the Delaware Bay during
stopover periods. Also, the differences we observed in the
gut microbiota community of two ecologically similar
species inhabiting the same environment will be valuable
in helping to identify signature sequences that can be used
in the development of methods to identify each bird spe-
cies’ importance in fecal pollution (Ryu et al. 2012b).

Conclusion

Our study is the first to describe gut microbiota composi-
tion of Red Knots and Ruddy Turnstones using one of the
most important staging sites in the western hemisphere,
Delaware Bay, USA. Gut microbiota are known to play a
large role in maintaining health in organisms and therefore
an insight into gut microbiota of shorebirds is a necessary
first step to the identification and prevention of spread of
potentially harmful pathogens. We found that Red Knots
harbor a higher gut microbial diversity than Ruddy Turn-
stones, and that Red Knots and Ruddy Turnstones differ
from each other in gut microbial profiles, despite their
shared habitat and food source during the staging period in
Delaware Bay. Our study provides baseline information
that can be used in future studies to better understand
diversity and function of gut microbes, and can be
expanded to investigate how gut microbiota of migratory
birds affects their body condition, immune function, and
demographic performance.
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