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Abstract

Gut microbiotas have important impacts on host health, reproductive success, and survival. While extensive research in mammals
has identified the exogenous (e.g. environment) and endogenous (e.g. phylogeny, sex, and age) factors that shape the gut microbiota
composition and functionality, yet avian systems remain comparatively less understood. Shorebirds, characterized by a well-resolved
phylogeny and diverse life-history traits, present an ideal model for dissecting the factors modulating gut microbiota dynamics. Here,
we provide an insight into the composition of gut microbiota in two high-altitude (ca. 3200 m above sea level) breeding populations
of Kentish plover (Charadrius alexandrinus) and Tibetan sand plover (Charadrius altrifrons) in the Qinghai-Tibetan Plateau, China. By
analysing faecal bacterial communities using 16S rRNA sequencing technology, we find a convergence in gut microbial communities
between the two species, dominated by Firmicutes, Proteobacteria, and Bacteroidetes. This suggests that the shared breeding environ-
ment potentially acts as a significant determinant shaping their gut microbiota. We also show sex- and age-specific patterns of gut
microbiota: female adults maintain a higher diversity than males, and juveniles are enriched in Rhizobiaceae and Exiguobacterium due
to their vegetative food resource. Our study not only provides a comprehensive descriptive information for future investigations on
the diversity, functionality, and determinants of avian microbiomes, but also underscores the importance of microbial communities

in broader ecological contexts.
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Introduction

Microbiome research is an emerging field in ecology and evolu-
tionary biology. The gut microbiota, is a diverse community of
bacteria, archaea, or eukaryotes that reside within the gastroin-
testinal tract, influencing the physiology, behaviour, and fitness of
the host (Ley et al. 2008, Kohl 2012, Waite and Taylor 2014, Escal-
16n et al. 2017). Being capable of powered flight and wide distri-
bution, the diversity on morphology and physiology make avian
species occupy a plenty of niches in ecosystem (Pigot et al. 2020)
and also associated with more diverse microbiome environment
(Waite and Taylor 2014). Changes on environment like urbaniza-
tion will influence the diversity and composition of wild-bird mi-
crobiomes (Waite and Taylor 2014, Teyssier et al. 2020), also in-
crease the colonization of pathogens (Murray et al. 2020), which
may have the risk of human infection (Smith et al. 2020) and
carry antimicrobial-resistance genes (Marcelino et al. 2019, Cao et

al. 2020). Therefore, the investigate of avian gut microbiome con-
tribute to both conservation and public health.

Several studies have investigated the factors that shape gut
microbiota, with host phylogeny, environment, sex, and develop-
ment being identified as important (Foster et al. 2017, Grond et
al. 2018, McDonald et al. 2018, Watson et al. 2019). Gut microbial
communities exhibit greater similarity among conspecific individ-
uals than among individuals of different species (Ley et al. 2008,
Goodrich et al. 2014, Waite and Taylor 2014, Hird et al. 2015). The
environment, however, appears to have a significant effect. For in-
stance, individuals from sympatric species (e.g. migratory passer-
ines, chimpanzees, and gorillas; Moeller et al. 2013) show conver-
gent gut microbial communities reflecting their similar ecology,
environment, and diet. Conversely, individuals from populations
at different locations can show divergent gut microbiota. For ex-
ample, onshore polar bears exhibit significantly higher gut bacte-
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rial diversity compared to their offshore counterparts (Watson et
al. 2019). Furthermore, there is evidence that behaviour like mi-
gration will lead to elevated abundance of certain bacterial gen-
era in sandpipers (Risely et al. 2018). Sex can also be a factor since
the gut microbiota of males and females differ in several species
including humans (Elderman et al. 2018, Kim et al. 2020).

Sex differences can result from behavioural differences be-
tween males and females and primarily stem from intrinsic phys-
iologic. In the former case, gut microbiota patterns in males and
females should vary based on behavioural differences in species:
some studies has shown that social contact can mediate the ac-
quisition and flow of microbiomes between individuals (Degnan
et al. 2012, Song et al. 2013, Nuriel-Ohayon et al. 2016). In the
latter case, it could be expected that patterns of difference be-
tween males and females should be consistent across species.
Most studies have suggested that the sex differences in gut micro-
biota stem from sex-dependent physiological conditions (e.g. sex
hormone and body mass index) and diet (Dominianni et al. 2015,
Neuman et al. 2015, Org et al. 2016, Escallén et al. 2017). Previ-
ous research has demonstrated that sex hormones may correlate
with gut microbiota community diversity and the abundance of
specific genera in both domesticated and wild animals (Flores et
al. 2012, Org et al. 2016, Escallén et al. 2017, Wu et al. 2022). In do-
mesticated mice and cows, hormone treatment shift the structure
and composition of intestinal bacterial communities, suggesting
the influence of hormones on the microbiome through metabolic
processes and the immune system (Org et al. 2016, Wu et al. 2022)
In wild male rufous-collared sparrows (Zonotrichia capensis), indi-
viduals with higher testosterone levels were more likely to be ex-
posed to the risk of infection and more complex bacterial environ-
ment, therefore leads a higher diversity of microbiota community
in breeding season (Escallén et al. 2017).

Several studies have reported changes in gut microbiome as the
host develops (Cox et al. 2012, Faith et al. 2013, Grond et al. 2017,
Videvall et al. 2018). For instance, gut microbial communities dur-
ing early life in the young display substantial variability in diver-
sity and abundance and are markedly different from gut micro-
biotas of conspecific adults (Gonzalez-Braojos et al. 2012, van Don-
gen et al. 2013, Waite and Taylor 2014). Nevertheless, the mecha-
nism behind age-related gut microbial difference is poorly stud-
ied, such differences can be caused by parenting behaviour (e.g.
biparental care versus uniparental care). In several species, there
is evidence of vertical transmission from mother to offspring play-
ing an important role in the establishment of gut microbiotas dur-
ing early life offspring (Nuriel-Ohayon et al. 2016). Another line of
the alteration in microbiota community in the early stage would
be the food resource (Michl et al. 2017, Prince et al. 2019, Zhu et
al. 2021, Xu et al. 2023). In several studies, with the growth of ju-
veniles, changes on diet can significantly influence the stability
of the microbiota community structure (Michl et al. 2017, Prince
et al. 2019, Zhu et al. 2021, Xu et al. 2023). In the red-crowded
crane (Grus japonensis) and the crested ibis (Nipponia nippon), the in-
troduction of high-protein food resource will increase the certain
of several bacterial, and as the development, the diversity of the
community will declines, suggesting a stable gut microbiome en-
vironment (Michl et al. 2017, Prince et al. 2019, Zhu et al. 2021, Xu
et al. 2023). Besides the external factors, the development of im-
mune system as a physiological factor can also influence the com-
munity of gut microbiome during the growth and aging (Badal et
al. 2020, Zhang et al. 2022). In addition, during the growth period,
changes in gut morphology can also modify the gut microbiome
community, especially in amphibians undergoing metamorphosis
(Zhang et al. 2020).

However, previous findings were mostly centring around mam-
malian species, studies of nonmammalian species are more lim-
ited, especially in shorebirds (sandpipers, plovers, and allies).
Shorebirds breed on all continents and are highly diverse in life
history, ecology, and behaviours (Székely 2019), thus represent-
ing a good system to disentangle the factors that control gut
microbiota. A recent study on Arctic shorebirds shows that the
local environment has greater impact than phylogeny on gut
microbiota composition in wild, migratory birds under natural
conditions (Grond et al. 2019). To promote our understanding of
gut microbiome in shorebirds, we focus on two Charadrius plover
species, Charadrius alexandrinus (Kentish plover, KP) and the re-
cently Charadrius altrifrons (Tibetan sand plover, TSP) (Wei et al.
2022), to understand how host phylogeny, sex, and development
relate to gut microbiota composition. These two species are ideal
as they share similar life history traits and breeding habitat. Both
KP and LSP are migratory, socially monogamous, biparental care,
and they both breed at high-altitude Qinghai Lake from May to
July (see the section ‘Methods’ for more information about study
site) (Su et al. 2020). Therefore, the investigation on these two
plover populations will assist understanding the phylogenetic ef-
fect on gut microbiome as well as how the microbiome in host
contribute to adapting oxygen deficiency and extreme low tem-
perature of local environment. The other, these two species still
keep discriminant preference on habits like nesting site and for-
aging site: KP prefer to activate and nest along the coast of the
Qinghai lake while TSP prefer the grassland (Halimubieke et al.
2024). This preference also provides an insight on the association
between behaviour and difference on microbiome composition in
these two species.

Here, we analyse microbial biodiversity in faecal samples col-
lected from two wild populations of KP and TSP to assess the roles
of species, sexes, and age groups in shaping the gut microbiota. We
focus on exploring three main hypotheses to understand gut mi-
crobiota diversity and composition at different scales. First, we hy-
pothesize gut microbiota composition to be convergent between
both species due to the shared life history and breeding environ-
ment (Rothschild et al. 2018, Grond et al. 2019). We expect the
main structure of gut microbial communities was similar in these
two species but the microbiome in a more general taxonomy level
(i.e. phylum) would be divergent among the individuals. Second,
we expect sex-specific microbiomes as we speculate that phys-
iological differences between the sexes influence gut microbiota
composition and diversity (Bolnick et al. 2014, Kim et al. 2020, Hall
et al. 2021). And microbiome highly abundant or insufficient in
specific sex would be identified. Third, we predict differences in
gut microbiota between adults and juveniles due to the intrin-
sic differences in the physiology of the two life stages (Waite and
Taylor 2014, Zhu et al. 2021). We expect the microbiome diversity
would be low because they neither had developed mature digest
system nor had been equipped with foraging experience to diver-
sify their food resource (Grond et al. 2017, Kozik et al. 2022). And
the specific diet-related microbiome would be identified in juve-
niles as they lead a different diet and gut morphology.

Materials and methods

Study site and sample collection

Fieldwork was carried out at the Qinghai Lake (37°00'N 100°08'E),
an alkaline lake on the Tibetan Plateau, in May and June of 2019.
Qinghai Lake (36°50'30.78"N, 100°44'37.92"E) is the largest lake in
China, located on the Qinghai-Tibetan Plateau with an elevation
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of 3200 m above sea level, where the temperature the average
temperature in May and June is around 10.6°C and the oxygen
concentration is low (Shi et al. 2021, Cedar Lake Ventures 2023).
KPs and TSPs breed along the lake shore (Song et al. 2020). Breed-
ing pairs were captured on their nest while incubating eggs, using
funnel traps (Székely et al. 2008). The sex was determined by mor-
phological characters in adults, and molecular sexing in chicks
(see Que et al. 2019). Gut microbiota samples were collected from
24 captured KPs (7 adult males, 10 adult females, 5 male chicks,
and 2 female chicks) and 9 TSPs (2 adult males, 5 adult females,
1 male chick, and 1 female chick). Faecal samples are generally
representative of the bacterial community in the large intestine
(Yan et al. 2019). We adopted faecal sampling protocol in Knu-
tie and Gotanda (2018). The captured bird was put into a paper
bag with sterile wax paper on the bottom. A metal grate was set
over the wax paper to prevent the bird from directly encountering
the faeces after defecation. After defecation, faecal samples were
collected using sterile polyester swabs, placed in sterile cryotubes
without medium, and kept in liquid nitrogen. The grate was ster-
ilized by soaking them in a 10% bleach solution for at least 10 min
before each collection to reduce potential cross-contamination
between different individuals. To minimize stress, birds were held
for no longer than 15 min before being released. Samples were
transported in liquid nitrogen to a laboratory freezer at —80°C.
As studies suggest, differences in bacterial composition resulting
from storage conditions do not eclipse differences between sam-
ples, even when left at ambient temperatures for 2 weeks (Lauber
et al. 2010, Dominianni et al. 2014, Song et al. 2016), we assume
that changing of the storage environment had minimal effect on
microbial composition of the samples collected.

DNA isolation, amplification, and sequencing

To obtain enough genomic DNA for sequencing library prepara-
tion, the faecal sample on the sterile tips was used to extract ge-
nomic DNA with the FastDNA Spin Kit for Faeces (MP Biomedicals
Co., Ltd., USA) following the manufacturer’s instructions. Then,
the concentration and purity of the extracted DNA samples were
measured using a Nanodrop 2000 spectrometer (Thermo Fisher
Scientific, Wilmington, DE, USA). 16S rRNA gene libraries were
amplified from DNA extracts using PCR (Polymerase Chain Re-
action) primers 515F (5-GTGYCAGCMGCCGCGGTAA-3) and 806R
(5-GGACTACNVGGGTWTCTAAT-3), targeting the variable region 4
of the 16S rRNA gene (Caporaso et al. 2012). The 250-bp paired-
end amplicons are then combined and sequenced on an Illu-
mina Miseq platform in two separate runs. The quality control
of the sequencing data was performed using the VSEARCH (ver-
sion 1.9.6) platform (Rognes et al. 2016). Paired-end reads were
merged and reads paired less than 20 bp or containing unknown
base calls were discarded. Then the PCR amplification primers
were trimmed, and the sequences with length greater than 200 bp
were kept for further quality control, and those displaying greater
than 0.5% Expected Error were discarded. Using the VSEARCH
(version 1.9.6) platform (Rognes et al. 2016), chimera sequence
were removed according to the chimera annotation in the Ribo-
somal Database Program (RDP) (Cole et al. 2014). Operational tax-
onomic units (OTUs) were created by clustering sequences with
97% sequence identity, discarding chimeric sequences after being
aligned to the SILVA reference (Pruesse et al. 2007). Taxonomic as-
signments of representative sequences from each OTU were per-
formed using the RDP classifier (version 2.2) (Cole et al. 2014). Se-
quences with >97% similarity were assigned to the same OTU. Our
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rarefaction analysis shows the result of our sequencing data suf-
ficiently represents the community (Supplementary Figure 1).

Statistical analyses

All the faecal samples were classified into three groups: (a) species
(KPversus TSP); (b) sex (female versus male); and (c) age (adult ver-
sus juvenile). To test our first hypothesis regarding convergence in
species, we applied a statistical test to all samples categorized as
24 XP and 9 TSP. For the second hypothesis, we compared all sam-
ples in different sexes within the same age group: 9 males, 15 fe-
males in adults and 6 males, and 3 females in juveniles. Lastly, to
discern differences in separate life stages despite limited samples,
we compared 24 adults and 9 juveniles across all samples.

First, the shared core microbiome was identified by the OTUs
presenting in 50% of all samples according to the previous study
(Unterseher et al. 2011). Then, we analysed community diversity
within each group by calculating ¢-diversity indices (Chao1, Shan-
non, and Simpson) using Qiime (version 1.9.1) under the rarefac-
tion of 39766 reads (Caporaso et al. 2010); then the ANOVA and
Mann-Whitney U test was used to compare the differences within
each comparison group, and the result of each combination in the
comparison group was in Supplementary File 3.

We analysed the microbial composition dissimilarity within
each comparison group (8-diversity) across both species. We used
a principal coordinates analysis (PCoA) based on the Bray—Curtis
distance matrices using all 4046 OTUs to discriminate the differ-
ences in microbial composition within each comparison group. To
examine differences in B-diversity within each comparison group,
29 PcoA components are fitted with analysis of variance using dis-
tance matrices (Adonis, vegan package in R) (Dixon 2003), results
showed in Supplementary File 3. In visualization, Linear discrim-
inant analysis Effect Size (LEfSe) analysis is applied to discrimi-
nate the differential OTUs in each group category (trans_diff, mi-
croeco package in R) using the unweighted unifrac distance (Liu
et al. 2021). OTU with LDA above 2 were selected for the PCoA.
Network Analysis was applied to genus relative abundance data
by weighted correlation network analysis (WGCNA). And differ-
ential expressed genus was identified by limma (Ritchie et al.
2015).

Results

OTU clusters and species abundance

A total of 5254 OTUs were identified from faecal samples of 24 KPs
(17 adults and 7 juveniles) and nine TSPs (seven adults and two
juveniles). Specifically, at the species level, the faecal microbiota
of KPs comprised 3848 OTUs, contrasting with the 1406 OTUs ob-
served in TSPs. Among these, 1208 OTUs were shared between the
two populations (Fig. 1A). Of the total number of OTUs found, 2640
OTUs were unique in KPs, while a considerably smaller number
of OTUs (n = 198) were specific to TSPs. Between the sexes, fe-
male plover faecal microbiota consisted of 3441 OTUs, and male
plovers exhibited 1997 OTUs, as 1392 OTUs were shared between
sexes (Fig. 1B). To be more specific, 2049 OTUs were unique to fe-
males, and 605 to males. Within the age group, the number of
OTUs in adult and juvenile plover faecal microbiotas were 3719
and 1665, respectively. A total of 1338 OTUs were shared be-
tween adults and juveniles (Fig. 1C) and 2381 OTUs were unique
to adults compared to 327 for juveniles. From the result, we ex-
pected that the variation of OTUs mainly comes from the bias
on sample size: the group with more samples may contain more
OTUs.
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Figure 1. Venn diagrams demonstrating number of shared and unique OTUs in (A) KPs (left) and TSPs (right), (B) in female (left) and male (right) KP,

and (C) in adult (left) and juvenile (blue) KPs.
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Figure 2. (A) Stacked bar chart of the relative abundance of top 10 bacterial phyla in the faecal microbiota of 24 KPs and 9 TSPs. Information of
sample is shown above the each bar (Juv. indicates Juveniles). (B) Stacked bar chart of the average relative abundance of bacterial phyla in faecal
microbiota of KPs and TSPs. Phyla in the legend are listed in order of decreasing abundance. (C) Heatmap of relative abundance of genus and species
in faecal microbiota of KPs and TSP, female and male in KPs (D), and adult and juvenile in KPs (E).

At the species level, all the OTUs encompass 36 bacterial phyla,
with the prevalence and abundance of specific phyla differing
among individuals (Fig. 2A). The dominant phyla in both species
showed consistency, with the most abundant phyla being Firmi-
cutes (60% in KPs and 59% in TSPs), Proteobacteria (14% in KPs
and 15% in TSPs), and Bacteroidetes (10% in KPs and 14% in TSPs)
(Fig. 2B).

We observed discernible patterns provides insights into the dis-
tribution of microbial taxa between different species as shown

in the heatmap (Fig. 2C). Notably, Bacteroides and Catellicoccus,
co-occur in both KPs and TSPs. KPs showed a higher prevalence
of Candidatus ‘Arthomitus’, Escherichia-Shigella, Staphylococcus, Ce-
tobacterium, and Acinetobacter, while TSPs exhibited relative rich-
ness in an unclassified genus in Ruminococcaceae, Fusobacterium,
Methyloversatillis, and a species in Nodosilinea (Fig. 2C). Upon closer
investigation on the KP microbiome, we discerned sexual dif-
ferences. Specifically, a female bias was observed in the abun-
dance of Candidatus ‘Arthomitus’, Staphylococcus, and Acineto-
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Figure 3. Chaol diversity index, the Shannon diversity index, and the Simpson index of faecal samples of hosts of different species (A), and sex in

same age group (B). Medians, upper, and lower quartiles are shown.

bacter; whereas Catellicoccus showed a relative male bias. In
contrast, genera such as Bacteroides, the unclassified genus in
Ruminococcaceae, and Cetobacterium exhibited no significant vari-
ance between sexes (Fig. 2D). Analysis of distinct age cohorts
revealed a notable disparity, with adults displaying the enrich-
ment of Staphylococcus and Cetobacterium compared to juveniles.
Meanwhile, the increased prevalence of Escherichia—Shigella in KPs
was predominantly observed in juvenile samples (Fig. 2E). More-
over, the discovery of an unconventional genus in Rhizobiaceae,
known for its symbiotic affiliation with plant roots (Kaur and
Vishnu 2022), as exclusive to juveniles suggested nuanced dietary
distinctions among juveniles.

Core microbiota

Here, the shared core microbiota of KPs and TSPs is defined by the
cooccurrence in at least 50% of the samples. 92 OTUs were iden-
tified as shared core microbiota, among which 44 OTUs (47.8%)
were assigned as the Phylum Firmicutes, separately to the Or-

der Clostridiales (26%) and Order Lactobacillales (14.1%). The sec-
ond abundant Phylum was Proteobacteria making up 29.3% of the
shared core microbiota in 27 OTUs, mainly belonging to the Or-
der Rhodobacterales (8.69%). Fewer OTUs were from Phylum Bac-
teroidetes (8.69%), Actinobacteria (5.43%), and Cyanobacteria (5.43%).
The shared core OTUs displayed differentiation between the sexes
(R? = 0.0958, P = .044, envfit), not between the age groups (R?
= 0.0806, P = .067, envfit) and species (R = 0.046, P = 231,
enviit).

Differences in microbial «-diversity within
comparison groups

As estimates of microbial «-diversity, describing the diversity
of the microbiome in each sample, we used the Chaol diver-
sity index, the Shannon diversity index, and the Simpson in-
dex (Supplementary Table 3). It was shown that «-diversity
did not differ within each single comparison group (KP versus
LSP, Female versus Male, and Adults versus Juvenile), (Fig. 3A,
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up number and the colour in each block, P-value is in the brackets. (B) Relative abundance of Exiguobacterium, differential abundance was tested using

limma.

Supplementary Figure 2). The ANOVA test revealed a signifi-
cant interaction between age and sex categories; however, no
significance was observed when considering only species, age, and
sex (Supplementary Table 4, Supplementary File 2). Among three
a-diversity indexes, the difference between groups presented an
opposite trend in the index considering both evenness and rich-
ness (Shannon and Simpson indices) with the index only consid-
ering the richness (Chaol diversity index) (Fig. 3, Supplementary
Figure 2). Nevertheless, a significant difference was observed be-
tween sexes in the same age group: adult females exhibited higher
evenness than that in adult males, while the result reversed in
the juvenile groups (Fig. 3B). When comparing the richness in-
dex, there was no significance shown in adult groups but in ju-
venile groups (Fig. 2B). Attractively, we found the sex diversity
difference tendency has opposite direction: in adult group, fe-
male group has lower richness and higher evenness; and in juve-

nile group, female group has higher richness and lower evenness
(Fig. 2B).

Differences in microbial g-diversity and
community-wide diversity within comparison
groups

Microbial composition dissimilarity between samples (8-diversity)
was visualized using PCoA and tested by PERMANOVA. Our results
showed that g-diversity showed a significant difference in age
group and significant interaction between age and sex group when
using the Bray-Curtis distance of 4046 OTUs (Supplementary
Table 5). Like «-diversity, no difference was observed in species
and sex group. For visualization, OTUs were selected by LEfSe
analysis: 421 OTUs were used to show differences in species
(Fig. 4A); 643 OTUs were used to show sexual differences in the
same age group (Fig. 4B).
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Network analysis identified microbiome module
enriched in juveniles

Through WGCNA, using filtered 168 highly expressed genus rel-
ative abundance data, 10 microbiome modules were identified
(Fig. 5A). The microbiome module green was positively corre-
lated with juvenile samples (cor = 0.32, P = .07) in which 12
genera were clustered (Fig. SA, Supplementary Table 6). Among
the 12 genera, we discovered the genus Exiguobacterium was sig-
nificantly enriched (P = 0.0026, q = 0.032, limma) in juveniles
(Supplementary Table 6, Fig. 5B). Some species in Exiguobac-
terium have already been proven to be plant growth-promoting
bacteria and help accumulate selenium (Marfetan et al. 2023).
The result showing the evidence that adult and juvenile may
have different diet: juvenile prefer to more proportion of vege-
tations in their diet. Other previous study also suggested that
juvenile individuals were insufficient of foraging experience to
intake food with low trophic level (Durell 2003, Hall et al.
2021).

Discussion

In this study, given the limited understanding of Charadrius plover
gut microbiome, our initial investigation focused on elucidat-
ing the gut microbiome composition in two sympatric Charadrius
plover populations breeding in a high-altitude environment. We
found that at the phylum level, the most abundant phyla in KP
and TSP faeces are Firmicutes, Proteobacteria, and Bacteroidetes, ac-
counting for nearly 90% of the total gut microbiome. This result
was consistent with previous studies of the gut microbiome in
other avian species (Roggenbuck et al. 2014, Hird et al. 2015, Grond
et al. 2018). Firmicutes, recognized for their association with mass
gain and immune function in mammals and birds, play a pivotal
role in augmenting nutrient uptake and metabolic efficiency (Flint
etal. 2012, Liet al. 2015, John and Mullin 2016). Bacteroidetes is pos-
tulated to have a specific role in the breakdown of cellulose and
other plant materials (Thomas et al. 2011, Kohl et al. 2014). How-
ever, the function of Proteobacteria in birds remains undetermined.
It is also noteworthy that a considerable number of Fusobacte-
ria were seen in KP (relative abundance 4.4%) and TSP (relative
abundance 2.9%) faecal samples. Fusobacteria are often studied in
the context of pathogenicity, and in carnivorous birds, along with
an apparent beneficial role in the resistance against pathogens
(Roggenbuck et al. 2014, Mendoza et al. 2018). The results high-
light a high degree of consistency in the phylum composition and
diversity between these two plover species. One plausible expla-
nation would be, as these two species will choose the reproduction
sites near the Qinghai Lake. The shared environment likely con-
tributes to a uniform external microbiome, consequently influ-
encing a similar gut microbiome community in these avian pop-
ulations (Lewis et al. 2016, Grond et al. 2019).

At the genus level, our analysis revealed enrichment of certain
genera across all categories or preferentially in specific categories,
potentially influenced by distinct habits and diets. The genus Bac-
teroides, known to contain species acting as potential pathogens
in both humans and birds (Thomas et al. 2011), displayed a rel-
atively stable proportion in the gut microbiome composition of
each group. This leads us to speculate that this genus may be as-
sociated with local environmental adaptation. Catellicoccus counts
as the most abundant genus in each group (27.4%-47.4%) would
be the dominant microbiome in plover gut. Consistent result have
been reported in other waterbirds (Santos et al. 2012, Grond et
al. 2014, Laviad-Shitrit et al. 2019). Several studies have employed
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species within this genus to assess faecal contamination in gulls
(Ryu et al. 2012, Sinigalliano et al. 2013). Besides, we also identi-
fied some genus enriched in specific group decipher their differ-
ence on diet and habit. Candidatus ‘Arthomitus’ and Cetobacterium
come from arthropods (Thompson et al. 2012) and fish (Li et al.
2015, Wang et al. 2021), respectively, which illustrate distinct diets
between KP and TSP. Furthermore, Methyloversatillis, is primarily
sourced from freshwater environments (Salcher et al. 2019), and
a microbiome in Nodosilinea, a genus of cyanobacteria widely dis-
tributed in aquatic environments (Schembri and Zammit 2022),
indicates potential differences in foraging site and biofilm. No-
tably, a study on the gut microbiome in Tibetan wetland birds also
highlighted the abundance of Nodosilinea in TSP (Bo et al. 2022).
Despite the close genetic relationship between these species, vari-
ations in behaviour, particularly the preference on reproduction
and foraging sites: KP prefer sand land, which closer to the lake
coast while Tibet sand plover prefer grassland, which away from
the lake (nest site location in Supplementary Figure 5), may lead to
differences in diet and habits. These distinctions may contribute
to the slightly differing relative abundance of specific genus mi-
crobiome in their respective guts.

When comparing females and males, in KP, we noticed the sig-
nal of enriched Candidatus ‘Arthomitus’ was dominantly from the
female individual hinting the different food resources in two sex
groups. Besides, same pattern also occurs in Acinetobacter, which
regarded as a potential pathogen (Thomas et al. 2011), and a sim-
ilar result is also be reported in female passerine migratory birds
(Shin et al. 2019). Staohylococcus also exhibits a female bias, with
some microbiome species in this genus discovered in the skin and
internal organs of both domesticated and wild birds, demonstrat-
ing the potential to cause disease (Harry 1967, Quist et al. 2011).
This result suggests the female might be exposed to higher risk
of infection and more variable bacterial environment. We sus-
pect this may stem from the high demand for nutrition for laying
eggs and the discriminatory behaviour during the breeding sea-
son, which may force the female individual to make more efforts
on foraging (Morrison and Hobson 2004, Halimubieke et al. 2024).
Furthermore, a more male-biased genus Catellicoccus is also iden-
tified, this result also consists with research comparing the gut
microbiome composition of two sexes in thick-billed murres (Uria
lomvia) (Géngora et al. 2021).

Our results also showed that the difference of a-diversity and
B-diversity occurs when comparing the two sexes groups in the
same age. In adults, gut microbiome community of females turns
to keep higher evenness instead of only considering the richness
which leads a relatively stable complexity. The insight of this re-
sult would be, given that these two species are both monogamous,
the mating system might fail to explain the difference in diversity
between two sexes. From this, we suspect this difference might
be driven by the sex hormone level (Flores et al. 2012, Shin et
al. 2019, d’Afflitto et al. 2022, Yan et al. 2022). In humans, testos-
terone level was found to be positively correlated with the abun-
dance of Acinetobacter in males (Shin et al. 2019), but no clear
evidence proves whether hormone level will influence the abun-
dance of this genus in avian species. Existing evidence does indi-
cate an association between hormone levels and microbiome di-
versity in birds: in rufous-collared sparrows (Z. capensis), the diver-
sity of gut microbiome community had a positive correlation with
testosterone concentration (Dos Remedios et al. 2015). Neverthe-
less, this speculation needs more accurate data on the hormone
level to be testified; some hormones with possibility would be es-
trogen (Flores et al. 2012, Fuhrman et al. 2014) and testosterone
(Ridlon et al. 2013, Shin et al. 2019).
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Our result of WGCNA network showed that adults and juve-
niles may have different diet: juveniles prefer to more proportion
of vegetations in their diet, as Exiguobacterium is more enriched.
Some species in Exiguobacterium have already been proven to be
plant growth-promoting bacteria and help accumulate selenium
(Marfetan et al. 2023). Similarly, the high proportion of vegeta-
tion in juvenile diets was also observed in Western sandpipers
(Calidris mauri) (Hall et al. 2021). This may result from the inade-
quate foraging experience to acquire food with high trophic level
(Durell 2003, Kozik et al. 2022). Besides, this result also implies
that gut microbiome composition of shorebirds in the early stage
is mainly shifted by the outside environment and diet rather than
physiological factors like sex; a previous study has proved that
microbial colonization in shorebird chicks starts soon after the
hatching and the interaction with the environment (Grond et al.
2017).

In summary, this study described and compared the gut mi-
crobiome of KPs and TSPs. The preliminary result would be dif-
ferent species keep a convergence gut microbiome community
but also hold several specific abundant genera due to their pref-
erence on habit. Besides, the females hold a more diverse gut
microbiome environment. Finally, several microbiome phyla in-
dicate a high proportion of vegetation on diet in juveniles. Given
that the sample size of each comparison group is limited, a se-
ries of studies should be conducted. Firstly, even though we had
identified several genera were enriched due to specific physiolog-
ical characteristics, more functional aspects were needed study
to make a solid conclusion. Secondly, the conclusion that juve-
nile chicks may take more plants in their diet needs more valid
evidence like anatomy data and behavioural observation. Thirdly,
our results did not provide a sufficient sample size to compare
the diversity between males and females in juveniles nor charac-
terize the dynamic process of gut microbiome from herbivorous
diet to carnivorous diet. In consequence, in the following inves-
tigation, juvenile samples with detailed age information (speci-
fied by days) and in repeated frequency should be collected to fill
this gap Finally, during the analysis, the isolation of 16S rRNA can-
not portray subtle differences in the microbiome composition in
these two closely related species, and more delicate sequencing
method, like metagenome sequencing, should be applied in the
future.
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