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Birds show global declines, and understanding the relationship between avian diet and 
fitness can both answer basic questions in physiological ecology and inform conserva-
tion efforts. Diet-induced changes to the gut microbiome, the collection of microor-
ganisms and their functional genes and metabolites inside the gut, may be of particular 
importance to avian fitness as the gut microbiome provides a suite of beneficial roles 
for nutrition and immunity of the host. Furthermore, evidence is growing that the gut 
microbiome may impact animals’ diet choices, which could have cascading impacts on 
avian fitness. Sequencing technologies allow both diet and gut microbial composition 
and diversity to be characterized from the same fecal sample, creating ripe opportuni-
ties to explore diet–microbiome relationships. In this mini-review we summarize the 
existing literature on the effect of diet category, diet shifts, and dietary diversity on the 
gut microbiome, and the potential for the gut microbiome to serve as a modulator of 
diet choice in wild birds. We list open questions in the field of avian diet–microbiome 
interactions and provide methodology considerations for designing studies to sample 
both diet and gut microbiomes. This mini-review provides a framework for under-
standing the reciprocal relationship between diet and gut microbiota in wild birds.
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Introduction

Understanding the relationship between avian diet and fitness is increasingly impor-
tant as birds experience marked global declines (Gaston et al. 2003, Inger et al. 2015, 
Rosenberg et al. 2019). The specific items or nutrients in a bird’s diet can predict its 
health, survival, or reproductive success (Bidwell and Dawson 2005, Twining et  al. 
2016, Narango et al. 2018, Twining et al. 2018), and this can dictate management 
practices aimed at protecting species. Elucidating the mechanisms linking avian diet 
and fitness advances both our basic understanding of physiological ecology and our 
efforts to conserve bird species.

One mechanism through which diet could impact avian fitness is through the gut 
microbiome. The gut microbiome is the collection of microorganisms (e.g. bacteria, 
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archaea, fungi, viruses, protozoa) and their collective genomes 
that reside in the gastrointestinal tract of the host. Before 
hatching, the avian gut microbiome may be established in 
ovo through transfer of maternal microbiota prior to shelling 
(Trevelline et al. 2018), or there may be no viable microbi-
ome until hatching (Grond et al. 2017). After hatching, most 
gut microbiota are acquired through horizontal transmission 
from external sources such as the environment (e.g. nesting 
material; Diez‐Méndez et al. 2023) and diet (Bodawatta et al. 
2021a). Due to birds’ closed, continuous gastrointestinal 
tract from mouth to cloaca, diet items consumed by the host 
provide the main source of nutrients used for gut microbial 
growth and survival (Pan and Yu 2014), though some micro-
biota may consume other microbes within the gut or feed 
on the mucus of the host’s intestinal lining, as evidenced in 
mammals (Desai et al. 2016). Low signals of phylosymbiosis 
in avian gut microbiomes (i.e. when closely related species 
have more similar microbiome compositions) provide fur-
ther evidence that diet is one of the main contributors to 
microbial composition in birds (but see Trevelline et al. 2020 
for other contributing factors to low phylosymbiosis, and 
Grond et al. 2018 for a review of all intrinsic and extrinsic 
factors contributing to avian gut microbiome).

Though some microbial members may be harmful 
(Benskin  et  al. 2009), the avian gut microbiome generally 
provides many beneficial functions to the host, including 
nutrient extraction (Stanley  et  al. 2013), immune system 
training (Knutie 2020), metabolism of toxic secondary plant 
compounds in host diet (Gunasekaran et al. 2021), and pro-
duction of vitamins and amino acids that could supplement 
host dietary intake (Lin et al. 2017). Some studies have found 
direct links between aspects of the gut microbiome and avian 
host fitness. For example, specific microbial compositions are 
associated with decreased survival in adult Seychelles warblers 
Acrocephalus sechellensis (Worsley et al. 2021), and decreased 
diversity and increased prevalence of potentially pathogenic 
microbial taxa are related to mortality in juvenile ostriches 
Struthio camelus (Videvall et al. 2020).

Previous studies have found relationships between diet 
and host fitness and, separately, the gut microbiome and host 
fitness (above); however, only recently have studies begun 
to investigate the interplay between diet and microbiome in 
relation to host fitness. For example, in northern cardinals 
Cardinalis cardinalis microbial alpha diversity is positively 
correlated with beak and back feather coloration, which are 
sexually selected traits acquired through dietary carotenoids 
(Slevin  et  al. 2025). Disentangling how diet can influence 
the gut microbiome and vice versa is essential to understand 
avian physiology, behavior, and fitness, and will have subse-
quent implications for connected disciplines such as conser-
vation and management and evolutionary biology.

Diet–microbiome interactions have been extensively 
studied in foregut/hindgut fermenting mammals and, more 
recently, wild mammals with diverse diets (Weinstein et al. 
2021, Stapleton et al. 2024). This work was then extended 
to birds with fermentation chambers such as hoatzins 
Opisthocomus hoazin (Godoy-Vitorino et al. 2008) and emus 
Dromaius novaehollandiae (Herd and Dawson 1984). Birds 

exhibit lower degrees of phylosymbiosis compared to mam-
mals but, interestingly, birds have similar phylosymbiosis 
levels to bats, possibly due to convergent evolution of adap-
tations in their gut to minimize weight (Song et al. 2020). 
The short length of the intestinal tract in birds suggests the 
possibility that birds may have evolved to outsource certain 
digestive functions to microbes (Song et al. 2020).

There has been considerable work exploring diet and 
microbiomes in commercial poultry due to their economic 
importance (Pan and Yu 2013, De Cesare et al. 2019); diet–
microbiome interactions in wild birds is still an emerging 
field possibly due to the logistical constraints of capturing 
wild birds and financial constraints of quantifying both 
diet and microbiome (Grond et al. 2018, Bodawatta et al. 
2022, Matheen et al. 2022, Sun et al. 2022). Diet–microbi-
ome interactions in poultry have been extensively reviewed 
elsewhere so we focus only on wild birds here. We are just 
beginning to uncover the roles microbes play in helping 
wild birds digest and assimilate nutrients from their diet 
(Kohl  et  al. 2016). The majority of studies have focused 
on the effect of diet on microbial communities (reviewed 
below). There is evidence in mammals that gut microbiota 
can modulate host diet choice (Trevelline and Kohl 2022), 
but the extent to which this relationship exists in birds 
remains unanswered.

In this mini-review, we explore the hypothesized bidirec-
tional relationship between diet and gut microbiota in wild 
birds. We focus on different aspects of diet (diet category, 
temporal shifts in diet, and dietary diversity) and characteris-
tics of gut microbiome (composition, diversity, and function) 
(Fig. 1, Table 1). We begin by reviewing evidence for the rela-
tionship between diet and microbiome, synthesizing study 
results via hypotheses (Table 2). The vast majority of work has 
focused on the effect of diet on microbiome; however, recent 
studies in mammals suggest that the gut microbiome may 
influence dietary choices (Trevelline and Kohl 2022). This 
side of the relationship has not yet been investigated in wild 
birds, so we explore possible pathways from the gut micro-
biome to diet (Fig. 1). We conclude with suggested future 
directions and methodological limitations and opportunities 
for the field of avian diet and gut microbiome interactions.

Effects of diet on gut microbiome

Diet category and gut microbiome
The general type of food consumed by a bird (hereafter, 
diet category; e.g. fish, fruits, grains, insects, meat, nectar, 
plants, or mixed, omnivorous diets) often predicts the spe-
cific microbial community found in its gut (Hird et al. 2014, 
Bodawatta et al. 2021a, 2022, Xiao et al. 2021, Wang et al. 
2022, Ogasawara et al. 2023). Host phylogenetic relatedness 
can play a role in shaping microbial communities, but in some 
instances diet category can be an even stronger predictor than 
phylogenetic relatedness (Xiao et al. 2021, Wang et al. 2022; 
but see Bodawatta et al. 2022). For example, in New Guinean 
birds, gut microbial communities are primarily affected by 
host species, and are impacted to a lesser extent by host diet 
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category (frugivore, insectivore, frugivore + insectivore, insec-
tivore + nectarivore, or granivore), but host phylogeny does 
not predict gut microbial communities (Bodawatta  et  al. 
2021a).

A striking example of the impact of diet category on gut 
microbial communities is the gut microbiome of the Galápagos 
vampire finch Geospiza septentrionalis (Michel  et  al. 2018). 
In a study of twelve species of Darwin’s finches, all species 

Figure 1. Hypothesized bidirectional pathways connecting the gut microbiome and diet in wild birds.
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Table 1. Definitions for aspects of diet and gut microbiome discussed in this mini-review.

Term Definition

Alpha diversity Within-individual diversity. Example metrics include Shannon index, Chao1 index, Simpson index, 
Faith's phylogenetic diversity, and observed number of ASVs/species

Amplicon sequence variant (ASV) Exact sequence variants that are classified at the single nucleotide level and not grouped together
Beta diversity Variation in diversity between individuals or groups. Example metrics include Bray–Curtis 

dissimilarity, Jaccard distance, weighted/unweighted UniFrac, and Aitchison distance
Diet category General or specialized type of food consumed by an animal. Examples include fish, fruits, grains, 

insects, meat, nectar, plants, or mixed (omnivorous)
Dietary diversity Richness (presence/absence) and/or evenness (abundance) of diet items consumed by a host
Diet composition The specific diet items consumed by an individual animal. Note that individual animals may be 

capable of consuming many types of foods, but their diet composition may be more limited 
depending on environmental factors

Evenness Component of diversity that measures the abundance of each species, ASV, or OTU present in a 
sample. Example metrics include Shannon index (alpha diversity metric) and Bray–Curtis 
dissimilarity (beta diversity metric)

Microbial diversity Richness (presence/absence) and/or evenness (abundance) of a defined microbiota or microbiome of 
a host

Microbial metagenome All the microbial genetic material or DNA from a microbiome sample rather than sequencing a 
single gene/amplicon (e.g.: V4 region of the 16S rRNA gene)

Microbial metatranscriptome All the microbial RNA from a microbiome sample that shows expression of genes
Microbiota Collection of microorganisms in a defined space or environment. Examples include bacteria, 

archaea, fungi, viruses, and protists
Microbiome All the microbiota and their collective genomes and functions within a defined space or environment
Microbiome composition The taxonomic identities (phylum to species) of the gut microbial community members
Operational taxonomic unit 

(OTU)
A group of sequences that is clustered together based on a defined similarity threshold (e.g. 97–99%)

Richness Component of diversity that measures the presence/absence of unique species, ASVs, or OTUs 
present in a sample. Example metrics include Chao1 (alpha diversity metric) and Jaccard distance 
(beta diversity metric)

(including insectivores and herbivores) demonstrate very 
similar core gut microbiomes except for the Darwin’s finch 
that consumes blood, the Galápagos vampire finch. This spe-
cies’ gut microbiome contains bacteria that are highly uncom-
mon or not present in other species, such as Fusobacterium, 
Cetobacterium, Ureaplasma, Mucispirillum, Campylobacter, 
and Clostridia (Michel et al. 2018), providing evidence that 
these bacteria may help the host digest nutrients found in 
blood. Predicted functional analyses of the vampire finch gut 
microbiome reveal genes that produce proteins involved in 
iron–sulfur reactions and sodium transport, which provides 
more evidence that these gut microbiota may allow the host 
to deal with the high iron and salt concentrations in blood 
(Song et al. 2019).

Diet category may also affect gut microbial alpha diver-
sity and function. In migrating birds, omnivorous birds show 
the greatest gut microbial diversity, herbivorous birds show 
the second highest diversity, and carnivorous birds show the 
lowest (Wang et  al. 2022). For birds in zoos and on farms 
in Guangzhou, China, granivores have lower alpha diversity 
of the gut microbiome compared to frugivores, carnivores, 
omnivores, and birds that eat corn and soy (Xiao et al. 2021). 
Functional metagenomic analyses also show that birds with 
diets high in plant-derived polysaccharides (frugivores, omni-
vores, and birds that eat corn and soy) are enriched in genes 
for starch and sucrose metabolism in comparison to car-
nivorous species (Xiao et al. 2021). The opposite is true for 
gut microbial diversity of birds kept in a zoo in Hokkaido, 
Japan: grain-fed birds have higher gut microbial diversity 

than meat-fed and fish-fed birds (Ogasawara  et  al. 2023). 
However, in birds in a Papua New Guinea rainforest, diet 
category typically does not predict gut microbiome alpha 
diversity (Bodawatta et al. 2022). Individuals within a spe-
cies may vary greatly in the dietary items they actually con-
sume; this may explain why species’ diet categories do not 
show consistent relationships with microbial alpha diversity 
across studies, especially when some studies are performed on 
captive populations with controlled diets and others focus on 
wild populations.

Species with highly specialized diets may show distinct 
gut microbial communities, often (but not always) with 
limited alpha diversity (Dunbar  et  al. 2024). For example, 
the kakapo Strigops habroptilus, a highly endangered New 
Zealand parrot that consumes shoots and leaves, has low 
gut microbial diversity (Waite et al. 2012, West et al. 2023). 
The cecal microbiome of another herbivorous species, the 
greater sage-grouse Centrocercus urophasianus, is enriched in 
microbial genes associated with xenobiotic degradation and 
metabolism to degrade plant compounds (Kohl et al. 2016). 
Furthermore, New World vultures harbor low gut microbial 
diversity; their gut microbiomes are dominated by Clostridia 
and Fusobacteria, which are pathogenic to most other ver-
tebrates and commonly found in soil and decaying carrion, 
but may help the vultures digest carrion (Roggenbuck et al. 
2014). Dunbar et al. (2024) suggest that species with more 
specialized diets could have less diverse gut microbiomes due 
to more limited digestion pathways. Species with special-
ized diets may only need a few key gut microbial taxa that 
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perform specific functions related to their diet. Functional 
analyses of vultures show that their gut microbiota contain 
genes for the production of antiparasitics and insecticides 
(Zepeda Mendoza et al. 2018) and tissue-degrading enzymes 
(Roggenbuck et  al. 2014) that may aid adaptation to their 
carrion diets.

Notably, individuals within a species may be capable of 
consuming a broader range of diet items than they actually 
eat. This relates to the broader concept of fundamental versus 
realized niches: a species may be capable of using a broad 
range of resources, but individuals are ultimately limited 
in what they actually use due to factors like competition or 
predation (Greenberg 2016). Studies investigating the rela-
tionship between individual variation in diet and individual 
variation in microbiome help to further elucidate how and 
why individuals within the same diet category may show dif-
ferent gut microbial communities and levels of alpha diversity.

Researchers use a variety of methods to measure both diet 
and gut microbiome in the same wild individual. In non-
experimental studies of wild birds, data on diet composition 
can be collected via classifying diet based on where birds are 
foraging, visual identification, fecal and regurgitated food 
DNA metabarcoding, and stable isotope analysis. Generally, 
regardless of the diet characterization method used, studies 
indicate that community composition in the gut microbiome 
covaries with individual diet composition (Murray et al. 2020, 
Góngora  et  al. 2021, Schmiedová  et  al. 2022, Jones  et  al. 
2023; but see Bodawatta  et  al. 2022), and that individual 

variation in diet composition is also sometimes associated 
with individual variation in gut microbial alpha diversity 
(Jones et al. 2023; but see Murray et al. 2020). Experimental 
studies that directly manipulate the diets of captive wild birds 
also indicate that individual variation in diet composition 
predicts gut microbial composition (Teyssier  et  al. 2020, 
Mohr et al. 2022, Ogasawara et al. 2023) and gut microbial 
alpha diversity (Teyssier et al. 2020). More work is needed on 
how the specific nutrients of diet items impact the gut micro-
bial community composition and gut microbial diversity of 
the host.

Temporal shifts in diet leading to shifts in 
microbiome
For the most part, the studies discussed so far consider bird 
diets at static timepoints. However, birds may shift their diets 
on daily or seasonal bases due to natural variation in food 
availability or varying nutritional needs during different life 
stages. For example, migratory birds often consume different 
types of food throughout their annual cycle due to shifting 
nutritional needs (Bairlein and Gwinner 1994, Podlesak et al. 
2005, Gómez  et  al. 2018). Researchers also experimentally 
shift wild birds’ diets in captivity. Studies in both free-living 
and captive wild birds demonstrate that dietary shifts are 
associated with gut microbial shifts.

Given their propensity to shift diets across their annual 
cycle, migratory birds provide a good model for exploring 
the relationship between shifts in diet and corresponding 

Table 2. Proposed hypotheses for how different aspects of diet influence microbial composition, diversity, and function. For each hypothesis, 
the relevant studies reviewed in this mini-review are divided by whether they support or do not support the hypothesis.

Area of research: diet category and gut microbiome
Hypothesis 1: diet category of a bird species predicts gut microbial composition
Supports: Hird et al. (2014), Michel et al. (2018), Bodawatta et al. (2021a), Xiao et al. (2021), 

Bodawatta et al. (2022), Wang et al. (2022), Ogasawara et al. (2023)
Does not support: None

Hypothesis 2: diet category of a bird species predicts gut microbiome alpha diversity
Supports: Xiao et al. (2021), Wang et al. (2022), Ogasawara et al. (2023) Does not support: Bodawatta et al. (2022)
Hypothesis 3: diet category of a bird species predicts gut microbiome function
Supports: Roggenbuck et al. (2014), Kohl et al. (2016), Zepeda Mendoza et al. (2018), 

Song et al. (2019), Xiao et al. (2021), Schmiedová et al. (2022)
Does not support: None

Hypothesis 4: specialists with less diverse diets than generalists will have less diverse gut microbiomes
Supports: Waite et al. (2012), Roggenbuck et al. (2014), West et al. (2023) Does not support: None
Hypothesis 5: individual variation in diet items consumed within a species predicts individual variation in microbial taxonomic 

composition
Supports: Murray et al. (2020), Teyssier et al. (2020), Góngora et al. (2021), Mohr et al. (2022), 

Schmiedová et al. (2022), Jones et al. (2023), Ogasawara et al. (2023)
Does not support: Bodawatta et al. (2022)

Hypothesis 6: individual variation in diet item consumption within a species predicts individual variation in microbial alpha diversity
Supports: Teyssier et al. (2020), Jones et al. (2023) Does not support: Murray et al. (2020)

Area of research: temporal shifts in diet leading to shifts in microbiome
Hypothesis 1: shifts in diet items consumed over time lead to shifts in gut microbial composition and/or alpha diversity
Supports: Lewis et al. (2017), Davidson et al. (2020), Teyssier et al. (2020), Bodawatta et al. 

(2021b), Skeen et al. (2021), Trevelline et al. (2023)
Does not support: None

Hypothesis 2: shifts in diet items consumed over time lead to shifts in gut microbiome function
Supports: Teyssier et al. (2020), Trevelline et al. (2023) Does not support: None

Area of research: dietary diversity and microbial diversity
Hypothesis 1: birds with more diverse diets will have greater gut microbial alpha diversity
Supports: Houtz et al. (2023) Does not support: Bodawatta et al. (2022), 

Baiz et al. (2023)
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gut microbial responses. Free-living songbirds stopping over 
during migration in the same location have gut microbial 
communities that become more similar over the course of 
stopover (Lewis et al. 2017), and blackpoll warblers Setophaga 
striata show similar remodelling of the gut microbiome across 
different migratory stages even when they are in different 
geographic localities (Trevelline et al. 2023). These shifts in 
gut microbial composition may be related to birds’ consump-
tion of similar dietary items when stopping over in the same 
location (Lewis  et  al. 2017), or birds shifting to new diets 
(for example, insectivory to frugivory) from breeding to stop-
over (Trevelline et al. 2023), though additional factors such 
as adaptive gut rebuilding likely also affect gut microbiome 
during stopover (Lewis et al. 2017). Furthermore, Kirtland’s 
warblers Setophaga kirtlandii sampled on their wintering 
grounds and breeding grounds show distinct differences in 
microbial communities, likely due to differences in items 
consumed: Kirtland’s warblers eat more fruit in the winter, 
and insect-rich diets on their breeding grounds (Skeen et al. 
2021). Shifting from a protein-rich insectivorous diet to a 
carbohydrate-rich frugivorous diet may change gut micro-
bial function, as staging blackpoll warblers consuming a fru-
givorous diet were enriched in bacterial metabolic pathways 
involved in sugar degradation (Trevelline et al. 2023).

In captive studies of wild birds, dietary shifts also result 
in gut microbial shifts, potentially due to less environmental 
microbial exposure or different microbial inocula from their 
captive diet (Florkowski  et  al. 2023). For example, captive 
great tits Parus major show distinct shifts in their microbial 
community structures from before to after diet manipulation 
(Bodawatta et al. 2021b). In a separate study of wild great tits 
brought into captivity, Davidson et al. (2020) also demon-
strate that the shift from a wild diet to a captive diet of either 
seed or insects results in corresponding shifts in gut microbial 
community composition and alpha diversity. Urban-caught 
and rural-caught house sparrows Passer domesticus fed diets 
from their opposite habitats showed distinct shifts in their 
gut microbial alpha and beta diversity and taxonomic com-
position (Teyssier et al. 2020). These diet shifts also caused 
changes in gut microbial function, evidenced by increased 
lipid metabolism and xenobiotic degradation in rural-caught 
birds switched to the urban diet (Teyssier et al. 2020).

More broadly, it is essential to study the reciprocal rela-
tionship between diet and gut microbiome in wild systems 
because captivity can change the gut microbiome of wild 
organisms (McKenzie et al. 2017). Bringing wild animals into 
captivity most likely affects their gut microbiome through 
the shift to an artificial diet, and some dietary niches may be 
more affected by captivity than others (Frankel et al. 2019). 
Beyond dietary changes, different aspects of captivity such 
as increased proximity to or increased contact with humans, 
antibiotic treatments, and artificial enclosures which lack 
substrates with microbial inocula from natural environments 
could shift the microbiota of captive individuals (Houtz et al. 
2021, Florkowski  et  al. 2023). However, captive studies 
could be paired with studies in wild conspecifics to rule out 
environmental effects on the host gut microbiota.

Dietary diversity and microbial diversity
In some wild birds, more diverse diets can lead to better fit-
ness outcomes (Whitfield et al. 2009, Margalida et al. 2012, 
Serrano-Davies and Sanz 2017; but see Resano-Mayor et al. 
2014, Lourenço et al. 2015). There is mixed evidence about 
whether high microbial diversity equates to increased host 
health/fitness in birds. Across hosts, a higher diversity of 
microbiota of different metabolic requirements or functions 
may promote more nutrient assimilation (Le Chatelier et al. 
2013) and resist pathogen invasion in the gut (Buffie and 
Pamer 2013). However, gut microbial diversity is some-
times negatively associated with fitness; for example, there 
is a negative relationship between gut microbial diversity 
and body mass in nestlings of some bird species (great tits: 
Davidson  et  al. 2021, American kestrels Falco sparverius: 
Houtz et al. 2023), and body mass can be an indicator of post-
fledging survival. This may be the case because an increased 
relative abundance of one or two key microbial community 
members may be more important than maintaining a high 
diversity overall. In migrating blackpoll warblers Setophaga 
striata, microbial alpha diversity decreases and a bacterium 
belonging to the family Enterobacteriaceae increases in rela-
tive abundance, which may be related to the metabolic needs 
of migrating birds (Trevelline et al. 2023).

It is intuitive to hypothesize that increased dietary diver-
sity would lead to increased gut microbial diversity. Each diet 
item may possess its own unique microbiome which would 
inoculate the gut of the host (Fig. 1), though whether these 
dietary microbes become residents or are transient through 
the gut must be considered. Certain microbes may be 
excluded or incorporated into the host’s microbiome based on 
physiological constraints of the host (e.g. stomach acids, gut 
physiology). Another mechanism could be that each micro-
bial member has specific nutrient requirements (Fig. 1) so a 
more diverse diet is needed to sustain a more diverse micro-
bial composition; however, functional redundancy of the 
microbiome would look like a more ‘diverse’ population even 
though members could be playing similar metabolic roles.

A few studies have investigated the relationship between 
dietary diversity and microbial diversity in wild birds 
(Bodawatta et al. 2022, Baiz et al. 2023, Houtz et al. 2023), 
but the question still remains a ripe area for future research. 
In American kestrel nestlings, there is a positive correla-
tion between nest-level microbial alpha diversity and diet 
alpha diversity (i.e. diet and microbiome diversity averaged 
across all nestlings in a nest) (Houtz et al. 2023). However, 
Baiz  et  al. (2023) and Bodawatta  et  al. (2022) found little 
association between dietary and microbial diversity. Another 
factor that may be important to consider when investigat-
ing the relationship between dietary diversity and microbial 
diversity is diet quantity, based on results in Eastern blue-
bird Sialia sialis nestlings showing that food supplementation 
leads to greater gut microbial diversity (Knutie 2020). Given 
the conflicting evidence in the strength of association, more 
studies should measure both dietary and microbial diversity 
from individuals at the same time point (i.e. same fecal sam-
ple), and incorporate measures of food quantity, if possible.
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Effects of gut microbiome on diet
The majority of studies on diet–microbiome interactions 
across vertebrate taxa have focused on the effect of diet on 
gut microbial composition, diversity, and functional capacity. 
This focus on one side of the diet–microbiome interaction 
raises the question whether changes in the gut microbiome 
can affect diet choice and foraging behavior of the host 
(Fig. 1). The gut microbiome could affect the absorption of 
nutrients, where two birds with the same diet might have 
different abilities to absorb, assimilate, and transport nutri-
ents based on differences in gut microbiota. The presence or 
absence of specific gut microbiota may benefit or harm the 
host by aiding or preventing nutrient extraction from the diet 
(Liu et al. 2018), but the microbiota may promote their own 
fitness by eliciting host foraging behaviors that enrich the gut 
environment in nutrients on which they depend (Alcock et al. 
2014). Trevelline and Kohl (2022) recently demonstrated 
microbiome-driven host diet choice in germ-free (i.e. lack-
ing any microbes) mice colonized by microbiomes from wild 
rodents with varying natural feeding strategies. Based on the 
specific microbes they were colonized with, mice exhibited 
significant differences in their voluntary dietary selection of 
carbohydrates (Trevelline and Kohl 2022). Though this has 
not been experimentally demonstrated in wild birds, there is 
potential for changes in the avian gut microbiome to drive 
changes in cognition and foraging behavior that ultimately 
change diet choice.

Previous research has demonstrated links between the 
gut microbiome and cognitive performance in birds via the 
microbiota–gut–brain axis (i.e. communication between 
the gut microbiome and host brain/neuroendocrine system; 
Davidson  et  al. 2020, Slevin  et  al. 2020). Davidson  et  al. 
(2018) summarizes the feedback loop between microbial 
diversity and foraging behavior. A diverse gut microbi-
ome may promote increased cognitive capacity, resulting 
in increased foraging success of diverse foods that maintain 
high microbial diversity. Conversely, low microbial diversity 
may lead to impaired foraging ability that further maintains 
low microbial diversity. It is also possible that a low diversity 
of microbiota may increase the host’s foraging ability if the 
host has a specialized diet where a few microbiota are good 
at assimilating nutrients from their narrow diet. Importantly, 
diet–microbiome interactions are cyclic rather than unidirec-
tional, as initial dietary diversity may establish the level of 
microbial diversity that supports different foraging behaviors 
that then reinforce microbial diversity.

Another mechanism through which the gut microbiome 
could impact diet choice is through its interaction with the 
hormonal stress response (Noguera et al. 2018, Houtz et al. 
2022a). The specific pathways between the gut microbiome 
and hypothalamic–pituitary–adrenal (HPA) axis are reviewed 
in detail elsewhere (Morais  et  al. 2021), but shifts in gut 
microbial communities can communicate with the host neu-
roendocrine system by stimulating the vagus nerve or activat-
ing immune cells in the gut. Numerous abiotic and biotic 
factors such as temperature (Sepulveda and Moeller 2020) 
or introduction of invasive species (Martignoni and Kolodny 

2024) could directly change the microbiome, which may 
have cascading effects on diet through changes in foraging 
ability and subsequently diet of the host. Stressors such as 
noise pollution (Berlow et al. 2022), artificial light at night 
(Malik et al. 2020), and landscape change via urbanization 
(Berlow et al. 2021) have all been demonstrated to have signif-
icant effects on avian gut microbiomes. These stress-induced 
changes in the gut microbiome could lead to elevated lev-
els of glucocorticoid hormones, the central regulators of the 
vertebrate hormonal stress response (Crumeyrolle-Arias et al. 
2014). Increased glucocorticoid levels can result in changes 
in foraging behavior including dietary choice (Teegarden 
and Bale 2008) and foraging frequency (Lohmus et al. 2006, 
Crossin et al. 2012). It is possible that stressors cause changes 
in glucocorticoid levels first that then have downstream effects 
on the gut microbiome; or that elevations in glucocorticoids 
influence foraging behavior and dietary choice independent of 
any changes in microbiome. However, experimental evidence 
suggests that the microbiota–gut–brain axis is bidirectional 
(Houtz et al. 2022a), where changes in the gut microbiome 
could elicit changes in diet directly via changes in cognition/
foraging behavior or indirectly via changes in hormones (e.g. 
glucocorticoids) that influence foraging behavior.

Future directions and limitations
Broadly, while many studies characterize gut microbiome in 
great detail, methods for characterizing diet often prevent the 
same specificity. For example, if we assume that birds forag-
ing in the same area are eating the same diet items from the 
same substrates (e.g. ground, vegetation, water), we fail to 
capture the individual variation in food selection and forag-
ing location that may be essential for fully understanding the 
relationship between diet and gut microbiome.

DNA extracted from a single fecal sample can be used for 
both diet and microbiome analyses. Diet and microbiome 
amplicon sequencing will require different primer sets (for 
example, primers for the CO1 gene for animal-based diets 
and primers for the 16S gene for microbiome), but they can 
be sequenced on the same lane (Fig. 2). Limited studies have 
made use of fecal DNA extracts for both microbiome and 
diet (but see Schmiedová et al. 2022), yet there is great poten-
tial for further discoveries about the relationship between gut 
microbiome and diet with just a single sample collected from 
an individual. Investigations of the relationship between diet 
and microbiome often suffer from low sample sizes; fecal 
samples could solve this problem, as feces can be collected 
with low additional time and financial investment beyond 
what is already needed for capturing wild birds (Knutie and 
Gotanda 2018).

There are limitations to this metabarcoding approach, and 
researchers must consider the costs and benefits for differ-
ent methods depending on their study species and research 
question. 16S rRNA sequencing cannot distinguish between 
living and dead microbiota so it is possible that dead remnant 
DNA in the gut of the host could give a false positive as an 
assumed living part of the gut microbiome. The 16S gene is 
also found in the mitochondria of eukaryotes so researchers 
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must filter out this DNA to only include microbial DNA. 
Some studies investigating the effects of diet on the func-
tional capacity of the avian gut microbiome have used the 
program Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PiCRUSt2; Song et al. 
2019, Teyssier et al. 2020, Schmiedová et al. 2022), which 
predicts the functional potential of a bacterial community 
based on marker gene sequencing profiles (e.g. 16S rRNA 

gene; Douglas et al. 2020). PiCRUSt2 functional predictions 
from 16S rRNA sequences only captures a small part of the 
microbial genome and functional capacity, whereas metage-
nomic and metatranscriptomic analyses would reveal the full 
functional capacity of the gut microbiome and how these 
functions change in response to diet. The ability to sequence 
diet and microbiome samples on the same lane is dependent 
on the sequencing platform, sample sizes, sequencing depth, 

Figure 2. Proposed methodology of DNA extraction, PCR, and amplicon sequencing to characterize aspects of avian diet (target genes: 
CO1 for animal-based diets; rbcL for plant-based diets) and gut microbiome (target genes: 16S for bacteria; ITS for fungi) from the same 
fecal sample. Researchers can also use the same DNA extract for microbial metagenomics, and they can perform an RNA extraction on the 
same fecal sample for transcriptomics analysis. Image attribution from PhyloPic (CC0 1.0 Universal) includes: bird silhouette (Tachycineta 
bicolor). Image attributions from the Noun Project (CC BY 3.0) include: gut microbiome (Soorya Tee), fecal sample (ainul muttaqin), 
DNA extraction tube (Irfan ms), black and white DNA for PCR (Irfan ms), and sequencer (Maulina Vitria Ulfa).
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number of markers, etc. For example, from the diet perspec-
tive, omnivorous species will require different primer sets to 
detect plant versus animal diet items (e.g. g-h primers for 
plants: Hollingsworth et al. 2011, ANML primers for animals: 
Forsman et al. 2022; Fig. 2). DNA metabarcoding also has 
inherent biases; for example, this method identifies just the 
food items consumed most recently (Thuo et al. 2019), and 
an animal’s digestive tract may digest the DNA of certain diet 
items more than others (Deagle and Tollit 2007). Therefore, 
diet characterizations can be improved when metabarcoding 
is coupled with additional methods, for example, stable iso-
tope analysis (Hoenig et al. 2022).

For gut microbiome characterization, researchers must 
weigh the level of invasiveness of the sampling method with 
the specific region of the gut they seek to characterize. The least 
invasive methods are feces and cloacal swabs. Feces may be rep-
resentative of the entire gut tract as the fecal material may pick 
up microbes as it moves through each section; alternatively, 
fecal material may be more representative of the large intestine 
where it is stored (Videvall et al. 2018). However, wild birds 
do not always defecate during capture and handling, meaning 
that fecal samples are not guaranteed. Cloacal swabs are the 
most reliable sampling method but could only be representa-
tive of the large intestine (Berlow et al. 2020). Lethal sampling 
allows characterization of microbial composition across gut 
tract regions (i.e. proventriculus, small intestine, large intes-
tine, ceca) (Grond et al. 2020, Houtz et al. 2022b).

Most studies have focused on descriptive diet–microbiome 
relationships; thus, there is a need for experimental manipula-
tions of either side of the relationship. To dysregulate the gut 
microbiome, researchers could administer broad-spectrum or 
more targeted antibiotics; however, antibiotics can have off-
target effects on host physiology that could influence forag-
ing behavior. Conversely, species-specific probiotics could be 
acquired from cultured isolates of fecal samples that could be 
fed back to the bird. The most robust method would be using 
germ-free (i.e. sterile or completely lacking microbes) or gno-
tobiotic (i.e. all microbial inhabitants are known) birds to 
ask questions about the role of specific food items in micro-
bial inoculation of avian hosts. Many methods can be used 
to manipulate diet effects on the gut microbiome including 
food supplementation, food limitation, or food sterilization 
(i.e. to test the effect of food-associated microbes on host gut 
microbiota).

The field of avian diet–microbiome interactions is ripe 
with opportunity for expansion. Questions that need to be 
addressed include:

1.	 How fast does a change in diet lead to a change in 
the gut microbiome? In humans, diet-induced change 
in the gut microbiome can be detected within 24 hours 
(David  et  al. 2014). How does variation in gut passage 
time among bird species influence this relationship? 
Another important question to consider is how long 
DNA from dead microbes remains detectable in the host 
gut (e.g. between intestinal villi).

2.	 How does diet nutrient content impact gut microbial 
composition, diversity, and function? Twining  et  al. 
(2016) found that food quality (i.e. specific macro-
nutrients) is more important to the growth of aerially 
insectivorous birds than food quantity. Could specific 
macronutrients also be essential for promoting certain 
microbial communities or functions that are important 
for host health? Conversely, secondary plant compounds 
from the host diet could be toxic to some microbial 
members.

3.	 Do microbiota in or on food become incorporated 
in the gut microbiome of the consumer? Or does diet 
mainly shape the gut microbiome by providing nutrients 
that promote specific microbial membership? Researchers 
could investigate this question by fluorescently labeling 
bacteria derived from diet items and following the labeled 
bacteria through the gut of the consumer to assess if it is 
incorporated into the host gut microbiome (Cheng et al. 
2018).

4.	 Does the relationship between dietary diversity and 
microbial diversity differ across individuals and across 
contexts? Only limited studies have started to investigate 
the relationship between dietary diversity and micro-
bial diversity (Bodawatta  et  al. 2022, Baiz  et  al. 2023, 
Houtz et al. 2023). More research is needed to elucidate 
how this relationship may vary by population, species, sex, 
age, geographic location, and sampling method.

5.	 How does diet quality or quantity impact other host 
physiological traits that could determine membership 
of the microbiome? For example, tree swallow nestlings 
fed a diet high in long-chain polyunsaturated fatty acids 
(LCPUFA) had increased immunocompetence (measured 
via a phytohaemagglutinin-induced immune response) 
compared to those on low-LCPUFA diets regardless of 
diet quantity (Twining  et  al. 2016). This aspect of the 
cell-mediated immune system can have downstream 
effects on gut microbial composition of nestling birds 
(Kreisinger et al. 2018). Determining causality and direc-
tionality in this type of trifold relationship may prove dif-
ficult, but could offer important insight into organismal 
processes in wild systems.

Both diet and microbiome play important roles in avian 
health, survival, and reproductive success. Additionally, both 
can be deeply impacted by shifts in birds’ environments. The 
role of the gut microbiome (Trevelline et al. 2019) and diet 
(Ewen et al. 2015) have been considered in species conser-
vation efforts separately, but researchers must consider their 
interactions. As we continue to learn more about the recipro-
cal relationship between diet and microbiome, we will better 
understand and predict avian fitness, especially in a changing 
environment.

Acknowledgements – We thank the editor and two reviewers for very 
helpful comments that strengthened the manuscript.

 1600048x, 2025, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/jav.03456 by A

llegheny C
ollege, W

iley O
nline L

ibrary on [13/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 10 of 13

Author contributions

Jennifer J. Uehling: Conceptualization (equal); Investigation 
(equal); Visualization (equal); Writing – original draft 
(equal); Writing – review and editing (equal). Jennifer L. 
Houtz: Conceptualization (equal); Investigation (equal); 
Visualization (equal); Writing – original draft (equal); 
Writing – review and editing (equal).

Transparent peer review
The peer review history for this article is available at https​
://ww​w.web​ofsci​ence.​com/a​pi/ga​teway​/wos/​peer-​revie​w/jav​
.0345​6.

Data availability statement
Data sharing is not applicable to this article as no new data 
were created or analyzed in this study.

References

Alcock, J., Maley, C. C. and Aktipis, C. A. 2014. Is eating behavior 
manipulated by the gastrointestinal microbiota? Evolutionary 
pressures and potential mechanisms. – BioEssays 36: 940–949.

Bairlein, F. and Gwinner, E. 1994. Nutritional mechanisms and 
temporal control of migratory energy accumulation in birds. 
– Annu. Rev. Nutr. 14: 187–215.

Baiz, M. D., Benavides C, A., Miller, E. T., Wood, A. W. and 
Toews, D. P. L. 2023. Gut microbiome composition better 
reflects host phylogeny than diet diversity in breeding wood‐
warblers. – Mol. Ecol. 32: 518–536.

Benskin, C. M. H., Wilson, K., Jones, K. and Hartley, I. R. 2009. 
Bacterial pathogens in wild birds: a review of the frequency and 
effects of infection. – Biol. Rev. 84: 349–373.

Berlow, M., Kohl, K. D. and Derryberry, E. P. 2020. Evaluation of 
non-lethal gut microbiome sampling methods in a passerine 
bird. – Ibis 162: 911–923.

Berlow, M., Phillips, J. N. and Derryberry, E. P. 2021. Effects of 
urbanization and landscape on gut microbiomes in white-
crowned sparrows. – Microb. Ecol. 81: 253–266.

Berlow, M., Wada, H. and Derryberry, E. P. 2022. Experimental 
exposure to noise alters gut microbiota in a captive songbird. 
– Microb. Ecol. 84: 1264–1277.

Bidwell, M. T. and Dawson, R. D. 2005. Calcium availability lim-
its reproductive output of tree swallows (Tachycineta bicolor) in 
a nonacidified landscape. – Auk 122: 246–254.

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

Bodawatta, K. H., Freiberga, I., Puzejova, K., Sam, K., Poulsen, M. 
and Jønsson, K. A. 2021b. Flexibility and resilience of great tit 
(Parus major) gut microbiomes to changing diets. – Anim. 
Microbiome 3: 20. 

Bodawatta, K. H., Klečková, I., Klečka, J., Pužejová, K., Koane, 
B., Poulsen, M., Jønsson, K. A. and Sam, K. 2022. Specific gut 
bacterial responses to natural diets of tropical birds. – Sci. Rep. 
12: 713.

Buffie, C. G. and Pamer, E. G. 2013. Microbiota-mediated colo-
nization resistance against intestinal pathogens. – Nat. Rev. 
Immunol. 13: 790–801.

Cheng, Y., Xie, J., Lee, K. H., Gaur, R. L., Song, A., Dai, T., Ren, 
H., Wu, J., Sun, Z., Banaei, N., Akin, D. and Rao, J. 2018. 
Rapid and specific labeling of single live Mycobacterium tuber-
culosis with a dual-targeting fluorogenic probe. – Sci. Transl. 
Med. 10: eaar4470.

Crossin, G. T., Trathan, P. N., Phillips, R. A., Gorman, K. B., 
Dawson, A., Sakamoto, K. Q. and Williams, T. D. 2012. Cor-
ticosterone predicts foraging behavior and parental care in 
macaroni penguins. – Am. Nat. 180: E31–E41.

Crumeyrolle-Arias, M., Jaglin, M., Bruneau, A., Vancassel, S., Car-
dona, A., Daugé, V., Naudon, L. and Rabot, S. 2014. Absence 
of the gut microbiota enhances anxiety-like behavior and neu-
roendocrine response to acute stress in rats. – Psychoneuroen-
docrinology 42: 207–217.

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., 
Button, J. E., Wolfe, B. E., Ling, A. V., Devlin, A. S., Varma, 
Y., Fischbach, M. A., Biddinger, S. B., Dutton, R. J. and Turn-
baugh, P. J. 2014. Diet rapidly and reproducibly alters the 
human gut microbiome. – Nature 505: 559–563.

Davidson, G. L., Cooke, A. C., Johnson, C. N. and Quinn, J. L. 
2018. The gut microbiome as a driver of individual variation 
in cognition and functional behaviour. – Philos. Trans. R. Soc. 
B 373: 20170286.

Davidson, G. L., Wiley, N., Cooke, A. C., Johnson, C. N., Fouhy, 
F., Reichert, M. S., de la Hera, I., Crane, J. M. S., Kulahci, I. 
G., Ross, R. P., Stanton, C. and Quinn, J. L. 2020. Diet induces 
parallel changes to the gut microbiota and problem solving per-
formance in a wild bird. – Sci. Rep. 10: 20783.

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

De Cesare, A., Faria Do Valle, Ì., Sala, C., Sirri, F., Astolfi, A., 
Castellani, G. and Manfreda, G. 2019. Effect of a low protein 
diet on chicken ceca microbiome and productive performances. 
– Poult. Sci. 98: 3963–3976.

Deagle, B. E. and Tollit, D. J. 2007. Quantitative analysis of prey 
DNA in pinniped faeces: potential to estimate diet composi-
tion? – Conserv. Genet. 8: 743–747.

Desai, M. S., Seekatz, A. M., Koropatkin, N. M., Kamada, N., 
Hickey, C. A., Wolter, M., Pudlo, N. A., Kitamoto, S., Terra-
pon, N., Muller, A., Young, V. B., Henrissat, B., Wilmes, P., 
Stappenbeck, T. S., Núñez, G. and Martens, E. C. 2016. A 
dietary fiber-deprived gut microbiota degrades the colonic 
mucus barrier and enhances pathogen susceptibility. – Cell 167: 
1339–1353.e21.

Diez-Méndez, D., Bodawatta, K. H., Freiberga, I., Klečková, I., 
Jønsson, K. A., Poulsen, M. and Sam, K. 2023. Indirect mater-
nal effects via nest microbiome composition drive gut coloniza-
tion in altricial chicks. – Mol. Ecol. 32: 3657–3671.

Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, 
J. R., Taylor, C. M., Huttenhower, C. and Langille, M. G. I. 
2020. PICRUSt2 for prediction of metagenome functions. – 
Nat. Biotechnol. 38: 685–688.

Dunbar, A., Drigo, B., Djordjevic, S. P., Donner, E. and Hoye, B. 
J. 2024. Impacts of coprophagic foraging behaviour on the 
avian gut microbiome. – Biol. Rev. 99: 582–597.

 1600048x, 2025, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/jav.03456 by A

llegheny C
ollege, W

iley O
nline L

ibrary on [13/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.webofscience.com/api/gateway/wos/peer-review/jav.03456
https://www.webofscience.com/api/gateway/wos/peer-review/jav.03456
https://www.webofscience.com/api/gateway/wos/peer-review/jav.03456


Page 11 of 13

Ewen, J. G., Walker, L., Canessa, S. and Groombridge, J. J. 2015. 
Improving supplementary feeding in species conservation. – 
Conserv. Biol. 29: 341–349.

Florkowski, M. R., Hamer, S. A. and Yorzinski, J. L. 2023. Brief 
exposure to captivity in a songbird is associated with reduced 
diversity and altered composition of the gut microbiome. – 
FEMS Microbiol. Ecol. 99: fiad096.

Forsman, A. M., Hoenig, B. D., Gaspar, S. A., Fischer, J. D., 
Siegrist, J. and Fraser, K. 2022. Evaluating the impacts of meta-
barcoding primer selection on DNA characterization of diet in 
an aerial insectivore, the purple martin. – Auk 139: ukab075.

Frankel, J. S., Mallott, E. K., Hopper, L. M., Ross, S. R. and 
Amato, K. R. 2019. The effect of captivity on the primate gut 
microbiome varies with host dietary niche. – Am. J. Primatol. 
81: e23061.

Gaston, K. J., Blackburn, T. M. and Goldewijk, K. K. 2003. Hab-
itat conversion and global avian biodiversity loss. – Proc. R. 
Soc. B 270: 1293–1300.

Godoy-Vitorino, F., Ley, R. E., Gao, Z., Pei, Z., Ortiz-Zuazaga, H., 
Pericchi, L. R., Garcia-Amado, M. A., Michelangeli, F., Blaser, 
M. J., Gordon, J. I. and Domínguez-Bello, M. G. 2008. Bacterial 
community in the crop of the hoatzin, a Neotropical folivorous 
flying bird. – Appl. Environ. Microbiol. 74: 5905–5912.

Gómez, C., Larsen, T., Popp, B., Hobson, K. A. and Cadena, C. 
D. 2018. Assessing seasonal changes in animal diets with stable-
isotope analysis of amino acids: a migratory boreal songbird 
switches diet over its annual cycle. – Oecologia 187: 1–13.

Góngora, E., Elliott, K. H. and Whyte, L. 2021. Gut microbiome 
is affected by inter-sexual and inter-seasonal variation in diet 
for thick-billed murres (Uria lomvia). – Sci. Rep. 11: 1200. 

Greenberg, R. S. 2016. Bird communities. – In: Lovette, I. J. and 
Fitzpatrick, J. W. (eds), The Cornell Lab of Ornithology hand-
book of bird biology. John Wiley and Sons, pp. 536–577.

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

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

Grond, K., Guilani, H. and Hird, S. M. 2020. Spatial heterogene-
ity of the shorebird gastrointestinal microbiome. – R. Soc. 
Open Sci. 7: 191609.

Gunasekaran, M., Trabelcy, B., Izhaki, I. and Halpern, M. 2021. 
Direct evidence that sunbirds’ gut microbiota degrades floral 
nectar’s toxic alkaloids. – Front. Microbiol. 12: 639808.

Herd, R. M. and Dawson, T. J. 1984. Fiber digestion in the emu, 
Dromaius novaehollandiae, a large bird with a simple gut and 
high rates of passage. – Physiol. Zool. 57: 70–84.

Hird, S. M., Carstens, B. C., Cardiff, S. W., Dittmann, D. L. and 
Brumfield, R. T. 2014. Sampling locality is more detectable than 
taxonomy or ecology in the gut microbiota of the brood-parasitic 
brown-headed cowbird (Molothrus ater). – PeerJ 2: e321.

Hoenig, B. D., Snider, A. M., Forsman, A. M., Hobson, K. A., 
Latta, S. C., Miller, E. T., Polito, M. J., Powell, L. L., Rogers, 
S. L., Sherry, T. W., Toews, D. P. L., Welch, A. J., Taylor, S. S. 
and Porter, B. A. 2022. Current methods and future directions 
in avian diet analysis. – Auk 139: ukab077.

Hollingsworth, P. M., Graham, S. W. and Little, D. P. 2011. Choos-
ing and using a plant DNA barcode. – Plos One 6: e19254.

Houtz, J. L., Sanders, J. G., Denice, A. and Moeller, A. H. 2021. 
Predictable and host-species specific humanization of the gut 
microbiota in captive primates. – Mol. Ecol. 30: 3677–3687.

Houtz, J. L., Taff, C. C. and Vitousek, M. N. 2022a. Gut micro-
biome as a mediator of stress resilience: a reactive scope model 
framework. – Integr. Comp. Biol. 62: 41–57.

Houtz, J. L., Receveur, J. P., Pechal, J. L., Benbow, M. E., Horton, 
B. M. and Wallace, J. R. 2022b. Characterization of the avian 
postmortem gut microbiome across space and time using 16S 
rRNA sequencing. – Forensic Sci. Int. Anim. Environ. 2: 
100053.

Houtz, J. L., Melo, M., Therrien, J. F. and Cornell, A. 2023. Dis-
entangling relationships between physiology, morphology, diet, 
and gut microbial diversity in American kestrel nestlings. – J. 
Avian Biol. 2023: e03019.

Inger, R., Gregory, R., Duffy, J. P., Stott, I., Voříšek, P. and Gaston, 
K. J. 2015. Common European birds are declining rapidly 
while less abundant species’ numbers are rising. – Ecol. Lett. 
18: 28–36.

Jones, I., Marsh, K., Handby, T. M., Hopkins, K., Slezacek, J., 
Bearhop, S. and Harrison, X. A. 2023. The influence of diet on 
gut microbiome and body mass dynamics in a capital-breeding 
migratory bird. – PeerJ 11: e16682.

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

Knutie, S. A. and Gotanda, K. M. 2018. A non-invasive method 
to collect fecal samples from wild birds for microbiome studies. 
– Microb. Ecol. 76: 851–855.

Kohl, K. D., Connelly, J. W., Dearing, M. D. and Forbey, J. S. 
2016. Microbial detoxification in the gut of a specialist avian 
herbivore, the greater sage-grouse. – FEMS Microbiol. Lett. 
363: fnw144.

Kreisinger, J., Schmiedová, L., Petrželková, A., Tomášek, O., Adám-
ková, M., Michálková, R., Martin, J. F. and Albrecht, T. 2018. 
Fecal microbiota associated with phytohaemagglutinin-induced 
immune response in nestlings of a passerine bird. – Ecol. Evol. 
8: 9793–9802.

Le Chatelier, E.  et  al. 2013. Richness of human gut microbiome 
correlates with metabolic markers. – Nature 500: 541–546.

Lewis, W. B., Moore, F. R. and Wang, S. 2017. Changes in gut 
microbiota of migratory passerines during stopover after cross-
ing an ecological barrier. – Auk 134: 137–145.

Lin, R., Liu, W., Piao, M. and Zhu, H. 2017. A review of the 
relationship between the gut microbiota and amino acid metab-
olism. – Amino Acids 49: 2083–2090.

Liu, G., Luo, X., Zhao, X., Zhang, A., Jiang, N., Yang, L., Huang, 
M., Xu, L., Ding, L., Li, M., Guo, Z., Li, X., Sun, J., Zhou, 
J., Feng, Y., He, H., Wu, H., Fu, X. and Meng, H. 2018. Gut 
microbiota correlates with fiber and apparent nutrients diges-
tion in goose. – Poult. Sci. 97: 3899–3909.

Lõhmus, M., Sundström, L. F. and Moore, F. R. 2006. Non-inva-
sive corticosterone treatment changes foraging intensity in red-
eyed vireos Vireo olivaceus. – J. Avian Biol. 37: 523–526. 

Lourenço, R., Delgado, M. M., Campioni, L., Korpimäki, E. and 
Penteriani, V. 2015. Evaluating the influence of diet-related 
variables on breeding performance and home range behaviour 
of a top predator. – Popul. Ecol. 57: 625–636.

Malik, I., Batra, T., Das, S. and Kumar, V. 2020. Light at night 
affects gut microbial community and negatively impacts host 
physiology in diurnal animals: evidence from captive zebra 
finches. – Microbiol. Res. 241: 126597.

Margalida, A., Benítez, J. R., Sánchez-Zapata, J. A., Ávila, E., Are-
nas, R. and Donázar, J. A. 2012. Long-term relationship 
between diet breadth and breeding success in a declining popu-

 1600048x, 2025, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/jav.03456 by A

llegheny C
ollege, W

iley O
nline L

ibrary on [13/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 12 of 13

lation of Egyptian vultures Neophron percnopterus. – Ibis 154: 
184–188.

Martignoni, M. M. and Kolodny, O. 2024. Microbiome transfer 
from native to invasive species may increase invasion risk. – 
Proc. R. Soc. B 291: 20241318.

Matheen, M. I. A., Gillings, M. R. and Dudaniec, R. Y. 2022. 
Dominant factors shaping the gut microbiota of wild birds. – 
Emu 122: 255–268.

McKenzie, V. J., Song, S. J., Delsuc, F., Prest, T. L., Oliverio, A. 
M., Korpita, T. M., Alexiev, A., Amato, K. R., Metcalf, J. L., 
Kowalewski, M., Avenant, N. L., Link, A., Di Fiore, A., Seguin-
Orlando, A., Feh, C., Orlando, L., Mendelson, J. R., Sanders, 
J. and Knight, R. 2017. The effects of captivity on the mam-
malian gut microbiome. – Integr. Comp. Biol. 57: 690–704.

Michel, A. J., Ward, L. M., Goffredi, S. K., Dawson, K. S., Baldas-
sarre, D. T., Brenner, A., Gotanda, K. M., McCormack, J. E., 
Mullin, S. W., O’Neill, A., Tender, G. S., Uy, J. A. C., Yu, K., 
Orphan, V. J. and Chaves, J. A. 2018. The gut of the finch: 
uniqueness of the gut microbiome of the Galápagos vampire 
finch. – Microbiome 6: 167.

Mohr, A. E., Basile, A. J. and Sweazea, K. L. 2022. An urban diet 
differentially alters the gut microbiome and metabolomic pro-
files compared with a seed diet in mourning doves. – Am. J. 
Physiol. 323: R385–R396.

Morais, L. H., Schreiber, H. L. and Mazmanian, S. K. 2021. The 
gut microbiota–brain axis in behaviour and brain disorders. – 
Nat. Rev. Microbiol. 19: 241–255.

Murray, M. H., Lankau, E. W., Kidd, A. D., Welch, C. N., Ellison, 
T., Adams, H. C., Lipp, E. K. and Hernandez, S. M. 2020. Gut 
microbiome shifts with urbanization and potentially facilitates 
a zoonotic pathogen in a wading bird. – PLoS One 15: 
e0220926.

Narango, D. L., Tallamy, D. W. and Marra, P. P. 2018. Nonnative 
plants reduce population growth of an insectivorous bird. – 
Proc. Natl Acad. Sci. USA 115: 11549–11554.

Noguera, J. C., Aira, M., Pérez-Losada, M., Domínguez, J. and 
Velando, A. 2018. Glucocorticoids modulate gastrointestinal 
microbiome in a wild bird. – R. Soc. Open Sci. 5: 171743.

Ogasawara, K., Yamada, N., Nakayama, S. M., Watanabe, Y., Saito, 
K., Chiba, A., Uchida, Y., Ueda, K., Takenaka, Y., Kazama, K., 
Kazama, M., Yamagishi, J., Mizukawa, H., Ikenaka, Y. and Ishi-
zuka, M. 2023. Surveys of eleven species of wild and zoo birds 
and feeding experiments in white-tailed eagles reveal differences 
in the composition of the avian gut microbiome based on die-
tary habits between and within species. – J. Vet. Med. Sci. 85: 
1355–1365.

Pan, D. and Yu, Z. 2014. Intestinal microbiome of poultry and its 
interaction with host and diet. – Gut Microbes 5: 108–119.

Podlesak, D. W., McWilliams, S. R. and Hatch, K. A. 2005. Stable 
isotopes in breath, blood, feces and feathers can indicate intra-
individual changes in the diet of migratory songbirds. – Oeco-
logia 142: 501–510.

Resano-Mayor, J., Hernández-Matías, A., Real, J., Moleón, M., 
Parés, F., Inger, R. and Bearhop, S. 2014. Multi-scale effects of 
nestling diet on breeding performance in a terrestrial top preda-
tor inferred from stable isotope analysis. – PLoS One 9: e95320.

Roggenbuck, M., Bærholm Schnell, I., Blom, N., Bælum, J., Ber-
telsen, M. F., Sicheritz-Pontén, T., Sørensen, S. J., Gilbert, M. 
T. P., Graves, G. R. and Hansen, L. H. 2014. The microbiome 
of New World vultures. – Nat. Commun. 5: 5498.

Rosenberg, K. V., Dokter, A. M., Blancher, P. J., Sauer, J. R., Smith, 
A. C., Smith, P. A., Stanton, J. C., Panjabi, A., Helft, L., Parr, 

M. and Marra, P. P. 2019. Decline of the North American avi-
fauna. – Science 366: 120–124.

Schmiedová, L., Tomášek, O., Pinkasová, H., Albrecht, T. and Kre-
isinger, J. 2022. Variation in diet composition and its relation 
to gut microbiota in a passerine bird. – Sci. Rep. 12: 3787. 

Sepulveda, J. and Moeller, A. H. 2020. The effects of temperature 
on animal gut microbiomes. – Front. Microbiol. 11: 384.

Serrano-Davies, E. and Sanz, J. J. 2017. Habitat structure modu-
lates nestling diet composition and fitness of blue tits Cyanistes 
caeruleus in the Mediterranean region. – Bird Study 64: 
295–305.

Skeen, H. R., Cooper, N. W., Hackett, S. J., Bates, J. M. and Marra, 
P. P. 2021. Repeated sampling of individuals reveals impact of 
tropical and temperate habitats on microbiota of a migratory 
bird. – Mol. Ecol. 30: 5900–5916.

Slevin, M. C., Houtz, J. L., Bradshaw, D. J. and Anderson, R. C. 
2020. Evidence supporting the microbiota–gut–brain axis in a 
songbird. – Biol. Lett. 16: 20200430.

Slevin, M. C., Houtz, J. L., Vitousek, M. N., Baldassarre, D. T. 
and Anderson, R. C. 2025. Ornamentation and body condi-
tion, but not glucocorticoids, predict wild songbird cloacal 
microbiome community and diversity. – Oikos 2025: e10905.

Song, S. J., Sanders, J. G., Baldassarre, D. T., Chaves, J. A., John-
son, N. S., Piaggio, A. J., Stuckey, M. J., Nováková, E., Metcalf, 
J. L., Chomel, B. B., Aguilar-Setién, A., Knight, R. and McKen-
zie, V. J. 2019. Is there convergence of gut microbes in blood-
feeding vertebrates? – Philos. Trans. R. Soc. B 374: 20180249.

Song, S. J.  et  al. 2020. Comparative analyses of vertebrate gut 
microbiomes reveal convergence between birds and bats. – 
mBio 11: 10-1128.

Stanley, D., Geier, M. S., Denman, S. E., Haring, V. R., Crowley, 
T. M., Hughes, R. J. and Moore, R. J. 2013. Identification of 
chicken intestinal microbiota correlated with the efficiency of 
energy extraction from feed. – Vet. Microbiol. 164: 85–92.

Stapleton, T. E., Lindsey, L. M., Sundar, H. and Dearing, M. D. 
2024. Rodents consuming the same toxic diet harbor a unique 
functional core microbiome. – Anim. Microbiome 6: 43.

Sun, F., Chen, J., Liu, K., Tang, M. and Yang, Y. 2022. The avian 
gut microbiota: diversity, influencing factors, and future direc-
tions. – Front. Microbiol. 13: 934272.

Teegarden, S. L. and Bale, T. L. 2008. Effects of stress on dietary 
preference and intake are dependent on access and stress sensi-
tivity. – Physiol. Behav. 93: 713–723.

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

Thuo, D., Furlan, E., Broekhuis, F., Kamau, J., Macdonald, K. and 
Gleeson, D. M. 2019. Food from faeces: evaluating the efficacy 
of scat DNA metabarcoding in dietary analyses. – PLoS One 
14: e0225805. 

Trevelline, B. K. and Kohl, K. D. 2022. The gut microbiome influ-
ences host diet selection behavior. – Proc. Natl Acad. Sci. USA 
119: e2117537119.

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

Trevelline, B. K., Fontaine, S. S., Hartup, B. K. and Kohl, K. D. 
2019. Conservation biology needs a microbial renaissance: a call 
for the consideration of host-associated microbiota in wildlife 
management practices. – Proc. R. Soc. B 286: 20182448.

 1600048x, 2025, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/jav.03456 by A

llegheny C
ollege, W

iley O
nline L

ibrary on [13/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 13 of 13

Trevelline, B. K., Sosa, J., Hartup, B. K. and Kohl, K. D. 2020. A 
bird’s-eye view of phylosymbiosis: weak signatures of phylosym-
biosis among all 15 species of cranes. – Proc. R. Soc. B 287: 
20192988.

Trevelline, B. K., Sprockett, D., DeLuca, W. V., Andreadis, C. R., 
Moeller, A. H. and Tonra, C. M. 2023. Convergent remodel-
ling of the gut microbiome is associated with host energetic 
condition over long-distance migration. – Funct. Ecol. 37: 
2840–2854.

Twining, C. W., Brenna, J. T., Lawrence, P., Shipley, J. R., Tollefson, 
T. N. and Winkler, D. W. 2016. Omega-3 long-chain polyun-
saturated fatty acids support aerial insectivore performance 
more than food quantity. – Proc. Natl Acad. Sci. USA 113: 
10920–10925.

Twining, C. W., Shipley, J. R. and Winkler, D. W. 2018. Aquatic 
insects rich in omega-3 fatty acids drive breeding success in a 
widespread bird. – Ecol. Lett. 21: 1812–1820.

Videvall, E., Strandh, M., Engelbrecht, A., Cloete, S. and Cornwal-
lis, C. K. 2018. Measuring the gut microbiome in birds: com-
parison of faecal and cloacal sampling. – Mol. Ecol. Resour. 18: 
424–434.

Videvall, E., Song, S. J., Bensch, H. M., Strandh, M., Engelbrecht, 
A., Serfontein, N., Hellgren, O., Olivier, A., Cloete, S., Knight, 
R. and Cornwallis, C. K. 2020. Early-life gut dysbiosis linked 
to juvenile mortality in ostriches. – Microbiome 8: 147.

Waite, D. W., Deines, P. and Taylor, M. W. 2012. Gut microbiome 
of the critically endangered New Zealand parrot, the kakapo 
(Strigops habroptilus). – PLoS One 7: e35803.

Wang, B., Zhong, H., Liu, Y., Ruan, L., Kong, Z., Mou, X. and 
Wu, L. 2022. Diet drives the gut microbiome composition and 

assembly processes in winter migratory birds in the Poyang Lake 
wetland, China. – Front. Microbiol. 13: 973469.

Weinstein, S. B., Martínez-Mota, R., Stapleton, T. E., Klure, D. 
M., Greenhalgh, R., Orr, T. J., Dale, C., Kohl, K. D. and Dear-
ing, M. D. 2021. Microbiome stability and structure is gov-
erned by host phylogeny over diet and geography in woodrats 
(Neotoma spp.). – Proc. Natl Acad. Sci. USA 118: e2108787118.

West, A. G., Digby, A., Santure, A. W., Guhlin, J. G., Dearden, P., 
Kākāpō Recovery Team, Taylor, M. W. and Urban, L. 2023. 
Capturing species-wide diversity of the gut microbiota and its 
relationship with genomic variation in the critically endangered 
kākāpō. – Mol. Ecol. 32: 4224–4241. 

Whitfield, D. P., Reid, R., Haworth, P. F., Madders, M., Marquiss, 
M., Tingay, R. and Fielding, A. H. 2009. Diet specificity is not 
associated with increased reproductive performance of golden 
eagles Aquila chrysaetos in western Scotland. – Ibis 151: 255–264.

Worsley, S. F., Davies, C. S., Mannarelli, M. E., Hutchings, M. I., 
Komdeur, J., Burke, T., Dugdale, H. L. and Richardson, D. S. 
2021. Gut microbiome composition, not alpha diversity, is 
associated with survival in a natural vertebrate population. – 
Anim. Microbiome 3: 1–18.

Xiao, K., Fan, Y., Zhang, Z., Shen, X., Li, X., Liang, X., Bi, R., 
Wu, Y., Zhai, J., Dai, J., Irwin, D. M., Chen, W. and Shen, Y. 
2021. Covariation of the fecal microbiome with diet in nonpas-
serine birds. – mSphere 6: e00308-21.

Zepeda Mendoza, M. L., Roggenbuck, M., Manzano Vargas, K., 
Hansen, L. H., Brunak, S., Gilbert, M. T. P. and Sicheritz-
Pontén, T. 2018. Protective role of the vulture facial skin and 
gut microbiomes aid adaptation to scavenging. – Acta Vet. 
Scand. 60: 61.

 1600048x, 2025, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/jav.03456 by A

llegheny C
ollege, W

iley O
nline L

ibrary on [13/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Introduction
	Effects of diet on gut microbiome
	Diet category and gut microbiome
	Temporal shifts in diet leading to shifts in microbiome
	Dietary diversity and microbial diversity
	Effects of gut microbiome on diet
	Future directions and limitations
	Transparent peer review
	Data availability statement

	References

