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Birds harbor complex gut bacterial communities that may sustain their ecologies
and facilitate their biological roles, distribution, and diversity. Research on gut
microbiomes in wild birds is surging and it is clear that they are diverse and
important – but strongly inﬂuenced by a series of environmental factors. To continue expanding our understanding of how the internal ecosystems of birds work
in their natural settings, we believe the most pressing needs involve studies on
the functional and evolutionary aspects of these symbioses. Here we summarize
the state of the ﬁeld and provide a roadmap for future studies on aspects that are
pivotal to understanding the biology of avian gut microbiomes, emphasizing
prospects for integrating gut microbiome work in avian conservation and host
health monitoring.

Highlights
Recent years have seen a surge in research on the wild bird microbiomes,
with >100 published nonpoultry gutmicrobiome studies between 2017 and
2020.
We are beginning to understand the ecological, evolutionary, and environmental
factors inﬂuencing the composition,
variation, and functions of individual
symbionts and communities.
Gut symbionts may play important roles
in sustaining avian ecology and facilitate
host biological roles, distribution and
diversity.

The state of research on the avian-gut microbe symbioses
All animals form symbiotic associations with microorganisms [1]. The association between an
animal and its gut microbiota is a particularly complex symbiosis within which microbes provide
a multitude of nutritional, defensive, and developmental functions with a myriad of implications
for host health and ﬁtness [1,2]. In return, the host provides microbes with nutrients, a stable
habitat, and transmission to new hosts. The gut microbiota may include bacteria, protists, yeasts,
archaea, and viruses/phages, but, due mostly to their abundance and diversity, and limitations in
sequencing techniques, a bacterial focus dominates the research ﬁeld and consequently this review. Knowledge of the interdependencies of hosts and their gut microbes, and the factors
governing interactions, is essential to fully understand the natural history, ecology, and adaptations of animal hosts [1]. Studies on humans and mammalian model organisms have elucidated
how both individual bacteria and bacterial community dynamics can modulate host development,
behavior, stress responses, and later-in-life diseases [3–7]. Moreover, work on wild, nonmodel
vertebrates has elucidated the evolutionary histories of associations [8,9], the roles that bacteria
play in facilitating dietary specialization [10–12], and how host physiology and ecology, and the
environment, modulate their existence [8,13].
Birds (Aves) represent a monophyletic vertebrate class with >10 000 species that are generally
capable of powered ﬂight and have a cosmopolitan distribution with immense morphological
and physiological diversity [14]. They play major roles in natural ecosystems, occupy a plethora
of niches [14], and associate with diverse gut microbiomes (Box 1) [15,16]. As in other vertebrate
clades, gut microbiomes are inﬂuenced to varying degrees by host physiology and genetics
[17–21], ecology and behavior [17,22–27], and the environment [24,28–35] (Figure 1). They
tend to be strongly inﬂuenced by host taxon [20,36], but are not always strongly associated
with host species [33] and may depend on host health [35]. Bird microbiomes display substantial intraspeciﬁc variation [13] and weak to no congruence between gut microbial community
similarity and host phylogeny (phylosymbiosis) (see Glossary) [13,20,24,37]. The composition
of the microbiomes ﬁts a white noise evolutionary model, indicating that it does not display a
signal of host phylogeny [9]. Low levels of host speciﬁcity and high variability of the gut microbiome
may result from effects of diet [22,38–40], introduction of microbes from the nest or habitat environment [24,28–31,34], or selection pressure from digestive-tract physiology due to powered ﬂight
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The taxonomic composition of avian
microbiomes is highly variable, both
within and between host species. They
are not strongly inﬂuenced by host
phylogeny but more inﬂuenced by
ﬂight-adapted gut modiﬁcations, the
environment, and host diet.
Capitalizing on contemporary knowledge, the avian microbiome ﬁeld is
ready to answer mechanistic and evolutionary questions pertaining to shortand long-term associations of these
complex symbioses.

1

Natural History Museum of Denmark,
University of Copenhagen, Copenhagen,
Denmark
2
Department of Molecular and Cell
Biology, University of Connecticut,
Storrs, CT, USA
3
Institute for Systems Genomics,
University of Connecticut, Storrs,
CT, USA
4
Department of Biological Sciences,
University of Alaska, Anchorage,
AK, USA
5
Section for Ecology and Evolution,
Department of Biology, University of
Copenhagen, Copenhagen, Denmark

*Correspondence:
bodawatta@snm.ku.dk (K.H. Bodawatta).

https://doi.org/10.1016/j.tim.2021.07.003
© 2021 Elsevier Ltd. All rights reserved.

1

Trends in Microbiology

[41] (Figure 1). The latter is supported by the mammal-like stability in gut communities of ﬂightless
birds [13] and recent ﬁndings that larger passerine bird species harbor more homogeneous (reduced individual variation) microbiomes than smaller passerines [20]. Together, this implies that microbial functional roles, symbiont speciﬁcity, and the factors inﬂuencing symbioses with birds are
likely to be unique from other vertebrate classes.
Functional insights into avian gut bacteria stem mainly from poultry studies, where gut microbes
aid digestion [42], synthesize essential molecules for the host [43], and interact with the immune
system during microbiome establishment and development [44,45]. Yet, however valuable these
insights are, poultry depend on humans for survival [46], and the clade Galloanseres diverged
from Neoaves around 90 million years ago [47]. Thus, poultry are unlikely to be representative
of all bird species. The application of insights and methods developed for poultry will, however,
be contributory to decipher core functional and evolutionary processes in wild birds.
Here, we provide a roadmap describing the research avenues that we believe will provide
greatest increase in our fundamental understanding of avian-gut microbiome symbioses. First,
we summarize the current state of avian gut microbial functions and identify feasible methods
to further elucidate nutritional and defensive functions of gut bacteria in wild birds. Second,
through recapitulating contemporary ﬁndings on the evolution of avian microbiomes, we provide
a framework for how to best utilize the diversity of birds to answer evolutionary questions on host–
microbe associations, speciﬁcally in light of the evolution of ﬂight, transitions between solitary to
social lifestyles, convergent evolution of dietary adaptations, and adaptive radiations. Finally, we
highlight the applied potential of wild avian-gut microbiome research for conservation and as indicators of bird health.

Microbial functional roles and complementary contributions to nutrition and
defense
Microbial symbionts play both nutritional and defensive roles that their hosts are unable to perform [1,2]. The relatively low stability [13,20] and high malleability of avian microbiomes to environmental and dietary changes [29–31,38,39] begs the question: how important are gut symbionts
for wild birds? It is an immediate priority to identify and describe the ways that avian hosts depend
on the functions of their gut microbes.
Deciphering nutritional roles of gut microbiomes
Nutritional studies in poultry have shown clear connections between gut bacteria and host
growth. Gut bacteria, such as Lactobacillus, Clostridium, and Streptococcus, play major roles
in the degradation of non-starch polysaccharides (complex substrates) and the synthesis of essential molecules, such as short-chain fatty acids (SCFAs) [42,43,45,48]. The microbes likely
exhibit functional interdependencies in which the coexistence of taxa depends on the roles they
play [45,49]. Culturing approaches coupled with genome sequencing have established functional
capabilities and physiologies of some bacterial symbionts [48] that can be utilized in targeted research to elucidate host–microbe interactions in wild birds. The insights gained from culturing
have led to manipulation studies with dietary additives, probiotic and antibiotic treatments in poultry to improve feeding efﬁciency through stimulation of gut symbionts that can improve host
growth [42,45,50].
In wild birds, however, dietary functions of speciﬁc bacterial symbionts are largely unknown. A
small number of diet-manipulation studies have demonstrated that avian microbiomes respond
to nutritionally and compositionally different diets [22,38,39], in support of nutrition-related gut
symbiont roles. Gut bacteria can also facilitate detoxiﬁcation of food items, allowing bird hosts
2
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Glossary
Dysbiosis: disruption of the healthy
gut microbiome.
Galloanseres: a Superorder, including
Galliformes (pheasants and allies) and
Anseriformes (waterfowl).
Major histocompatibility complex
MHC-I and MHC-IIB genes: MHC
genes encode molecules that play a vital
role in recognition of self vs. nonself.
MHC class-I molecules recognize
foreign intracellular antigens and attack
these foreign cells using cytotoxic
T cells. MHC class IIB molecules
facilitate T-helper cells to target
extracellular pathogens (e.g., through
the production of antibodies).
Microbial functional activity
biosensors: novel technology in which
microscopic glass beads containing
targeted dietary molecules are used to
examine of their breakdown by gut
microbes. These biosensors are
provided as a dietary additive and later
extracted from fecal samples to examine
microbial activity.
Mucin (MUC) genes: MUC genes are
mainly expressed in epithelial cells
(e.g., the gut wall), and encode proteins
that form gel-like secretions. Having a
strong mucin barrier in the digestive tract
is important to house symbiotic bacteria.
Neoaves: an avian clade that includes
the majority of extant birds. The clade
excludes Palaeognathae (ratites) and
Galloanseres.
Passerines: the most species-rich
order of birds (Passeriformes), which
includes ~60% of extant bird species.
Phylosymbiosis: alignment of gut
microbial community similarity with host
phylogenetic similarity.
Short-chain fatty acids (SCFAs):
small fatty acids (<six carbon atoms) that
mainly originate as a result of microbial
fermentation. Butyrate, propionate and
acetate are common SCFAs in avian
digestive tracts.
Toll-like receptor (TLR) genes: TLR
genes are a major part of the innate
immune system of hosts. TLR genes
encode proteins that play vital roles
in identifying microbe-derived
molecules, thus playing an important
role during the establishment of
microbiomes and containment of gut
symbionts.
White noise evolutionary model: an
evolutionary model that predicts the
evolution of observed traits decoupled
from the host phylogeny. This model, for
example, can be supported if the tested
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to feed on otherwise toxic diets [23,51], while gut bacteria in vultures protect the host from microbial pathogens in decaying ﬂesh [52]. Even though the exploration of microbial functions in wild
birds with metagenomic sequencing exists [23,52], we still lack understanding of these functions
in most birds. A few recent studies have utilized functional inferences from short (~250 base pairs)
16S rRNA gene amplicon sequencing data (e.g., [11,26,38]). While 16S rRNA sequencing is a
reasonable starting point for taxonomic identiﬁcation, changes in taxonomic composition of gut
microbial communities alone do not necessarily imply changes in microbial nutritional functions,
as taxonomically different bacteria can perform similar functions [48]. Additionally, functional predictions based on short bacterial sequences (mostly categorized at the genus level) can be unreliable for nonmodel species [53]. This is in part because functional inferences rely on data from a
relatively small number of published bacterial genomes, often from humans or other mammals
[53], which are unlikely to provide accurate information for nonmammalian hosts.

traits are inﬂuenced strongly by
environmental factors.

Box 1. Diversity, variation, and characterization of avian-gut microbiomes
Knowledge of the diversity and composition of avian gut microbiomes is constantly increasing; hundreds of bird species have had their microbiomes sequenced and
hundreds more are likely underway [15]. Currently, 16S rRNA gene sequencing dominates the avian microbiome literature, which means that we cannot compare absolute abundances of bacteria or microbial functions without additional data. Across studies, some trends nevertheless emerge. At the phylum level, Proteobacteria and
Firmicutes are frequently most abundant, although Bacteroidetes and Actinobacteria can dominate some samples/species [15,16]. The relative abundances of phyla,
and of lower taxonomic classiﬁcations, can vary markedly both between bird orders (Figure IA [16,36]) and between individuals of the same species (Figure IB [33]). This
variation is potentially driven by differences of dietary and environmental contributions to the microbiome [20,28–31,39]. Even within an individual, the composition of the
gut microbiome varies between regions of the digestive tract (Figure IC [15,97,98]). This raises the question of how representative noninvasive sampling methods
(e.g., cloacal swabs and fecal samples) [13,17,20,30] are of the gut microbiome. Sampling dissected gut regions may be most precise [9,33,36,77], but such invasive
sampling methods are often not feasible or of ethical concern. Studies that compare fecal and cloacal samples to characterize gut microbiomes have yielded different
results, whereas less invasive methods either underrepresent microbiomes in the foregut [98] or only qualitatively represent the bacterial taxa within the entire digestive
tract [99]. Moving forward, the utilization of alcohol-preserved museum specimens [99,100] may be a cost-effective (no additional ﬁeld work or uncertainty of obtaining
samples) resource for microbiome studies across space and time. This prospect highlights one of the biggest challenges in microbiome studies: the method of sample
collection can inﬂuence the data and therefore reduce the ability to compare microbiomes between studies. Ideally, a standardized collection protocol [41] would ensure
that avian microbiomes can be compared across studies, but ﬁeld and monetary limitations are frequently paramount.
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Figure I. Interspeciﬁc and intraspeciﬁc variation in avian gut microbiomes. The taxonomic composition of bird microbiomes differs between host species
(A) (data from Waite and Taylor 2014 [16] and Hird et al. 2015 [36]), while there is high intraspeciﬁc variation within the same species (B) (data from Hird et al. 2014
[33]). Gut microbiomes can be compartmentalized along the digestive tract, indicating spatial heterogeneity in microbiomes within a host (C) (ﬁgure modiﬁed from
Grond et al. 2020 [97]).
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Figure 1. Avian gut microbiome associations are shaped by interacting evolutionary, genetic, ecological,
behavioral, and environmental factors. (i) Evolutionary history, physiology, and genetic factors, such as host immune
genes, gut physiology, pedigree, and sex, inﬂuence the establishment and composition of gut bacterial symbionts [17–21].
(ii) Ecological and behavioral factors, such as diet, parental microbial transfer, social interactions, and living environment,
further impact the composition and heterogeneity of gut communities [17,22–27]. (iii) Finally, microbiomes can respond to
both natural and anthropogenic environmental changes, parasites infections, and disease status [24,28–35].

Going forward, avian microbiome studies have much to gain by combining metagenomic,
metatranscriptomic, and metabolomic tools, especially in conjunction with diet manipulation of
wild-caught individuals, to elucidate bacterial digestive functions [54]. As technologies improve
and become more accessible to the research community, this will allow for more extensive single-time-point and temporal characterization of microbiome composition and, more importantly,
activity. Another promising avenue of research is using microbial functional activity biosensors
to explore microbial breakdown of speciﬁc dietary molecules [55]. Analyzing wild birds in their natural habitats is needed to better understand the natural dynamics of their symbioses as different
bird hosts conceivably associate with functionally similar yet taxonomically different microbial symbionts that aid in the breakdown of similar dietary components [41]. Metagenomes alone will, however, be insufﬁcient to unveil the functional microbial capabilities of relevance to support essential
functions for hosts, as most microbial functions serve to sustain the bacteria themselves [48].
Thus, as in poultry work [42,45,50], elucidation of microbial digestive functions that wild hosts depend on can be achieved through matching speciﬁc bacteria with functions and subsequently carrying out manipulative work that, in a targeted way, can determine the consequences of their
removal or supplementation on the host.
Understanding microbial roles in defense
The immune system is the primary defense mechanism that animals possess against microbial
infections. Poultry have shown the importance of gut bacterial symbionts on immune system development in young chicks through comparisons of gnotobiotic (reduced or removed
microbiomes) and wild-type (nonaltered microbiomes) individuals [44]. The crosstalk between
gut bacteria and innate (e.g., Toll-like receptor genes, mucin genes) and adaptive (major
histocompatibility complex MHC-I and MHC-IIB genes) immune systems is important
4
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during host development [44]. Poultry occupy a unique position for human health, and
microbiomes are managed to mitigate disease outbreaks, speciﬁcally using beneﬁcial symbionts
(probiotics) or dietary additives [45,56–59]. Gut microbes can combat microbial pathogens either
directly through competitive exclusion [60,61] or indirectly through activating the host immune
system [50,62,63] (Figure 2B). Treatment with probiotics reduces the prevalence and abundance
of speciﬁc avian pathogens (e.g., Salmonella spp., Campylobacter spp., Clostridium spp.,
Escherichia/Shigella spp. and avian inﬂuenza) [58,62,64,65]. For example, chickens fed with lactic acid bacteria (e.g., Lactobacillus spp.) or Bacillus spp. have modulated immune systems and
reduced prevalence of pathogens, such as Clostridium and avian inﬂuenza [50,62]. Similarly,
treatments with butyrate-producing bacteria (i.e., Butyricicoccus pullicaecorum) reduce infections of multiple harmful microbes [64,66].
Apart from chickens, few studies have investigated the crosstalk between avian immune systems
and gut microbes, including gut symbiont responses to microbial infections. In wild ducks, gut
microbiome composition is signiﬁcantly correlated with inﬂuenza virus infections [35], and in ostriches, colonization of harmful bacteria can lead to dysbiosis and even death [21]. Environmental microbial diversity can also impact both immune functions and cloacal microbiomes of hosts
[34]. Such pattern-based and experimental manipulation of infections provides an initial foundation to identify defensive microbial symbionts. These insights can then be used to establish
more precisely how microbes combat pathogens (Figure 2B). Drawing on poultry research,
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Figure 2. Microbial functional roles and complementary contributions to nutrition and defense. (A) In wild birds
there is a knowledge gap about how gut microbes facilitate nutritional functions for hosts. (i) Symbiont genomes could
encode complete enzyme pathways that are absent in the host genome but necessary to break down, for example,
macromolecules such as cellulose. (ii) Hosts and symbionts can be equipped with complementary enzymes to break
down complex macromolecules. (iii) Microbes can synthesize essential molecules such as short chain fatty acids (SCFAs)
and vitamins [42,43,45,48]. (B) Understanding gut microbial mediation of defense against pathogens is also generally
lacking in wild birds. (i) Gut microbes may act directly through either occupying niches that can be invaded by pathogens
or through the production of antimicrobials targeting pathogens [60,61]. Gut symbionts may also indirectly facilitate
defense against pathogens through stimulating the host immune system [50,58,62–64]. (ii) Infection manipulation studies
with dysbiotic gut microbiomes, in addition to isolation of gut microbes and in vitro testing against pathogens in coculture
assays can enable us to understand the roles of wild-bird gut symbionts in defense.
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manipulation of speciﬁc symbionts in gut microbiomes in vivo (e.g., removal or increase of symbionts) and coupling this with infection experiments can help us to decipher how certain gut bacteria either directly combat pathogens or facilitate host immunity system (Figure 2B). On the other
hand, in vitro experiments with isolated gut bacteria and pathogens can be utilized to directly determine how speciﬁc symbionts may aid in the suppression of microbial pathogens (Figure 2B),
which has been one of the main approaches to select probiotics in poultry [58,59]. Such in vivo
and in vitro studies are currently lacking in wild birds but have great potential to untangle how
gut symbionts aid host defense.

Utilizing birds to answer evolutionary questions pertaining to host–microbe
symbiosis
The taxonomic composition and variation of avian microbiomes have been described for many
bird species (Box 1) [8,13,20,36]. However, many questions remain as to how the evolutionary
history of avian hosts has shaped host–microbe dynamics and how gut microbiomes may
have facilitated the many axes of avian diversity (e.g., the plethora of dietary adaptations). Here,
we highlight four main research questions and the associated tools to answer them: how
avian-gut microbe symbioses have been shaped by (Q1) the adaptation to ﬂight, (Q2) group living
and social interactions, (Q3) convergent evolution, and (Q4) adaptive radiations (summarized in
Figure 3, Key ﬁgure).
Q1: How are gut microbiomes shaped by avian adaptations to ﬂight?
Flight-adapted digestive tracts may be a main driver of the observed weak or lack of
phylosymbiosis between birds and their microbiomes [13,36], high microbial variation [29,33],
and reduced stability of gut communities [13,20]. Flying birds have shorter digestive tracts than
similarly sized mammals or nonﬂying birds [67,68], and shorter guts lead to faster gut retention
times [68] that can inﬂuence the stability of the gut environment. However, loss of ﬂight is generally
associated with larger and longer digestive tracts, compared to their ﬂying relatives [69]. Gut
length and gut retention time appear to affect the stability of the gut environment and increase variability in gut microbiome composition [20]. Anatomical changes could also inﬂuence diet, further
affecting the stability of the gut environment. The inﬂuence of ﬂight could be tested using
phylogenetic comparative methods on the seven bird families [70] that include both ﬂying and
nonﬂying species. If ﬂight-associated gut adaptations lead to less stable (more ﬂuctuating) gut
environments that impact the stability of gut communities, then ﬂightless species with relatively
longer digestive tracts and less ﬂuctuating gut environments are predicted to have more stable
microbiomes with reduced individual variation compared to their ﬂying counterparts (Figure 3, Q1).
Q2: How do group living, and social interactions, inﬂuence host–microbe associations?
Social behaviors (i.e., interactions between group members) impact the dynamics and assembly
of gut bacterial communities [71]. Birds exhibit multiple types of group living (e.g., group breeding,
group roosting, group foraging [single species or mixed species], migration and group wintering)
[72], yet we know little about how these social interactions affect microbiomes. Studies on social
contact during breeding have yielded some insights into the effects of family interactions on
microbiomes, varying from higher levels of intrafamilial similarity [26,27] to absence of a strong
inﬂuence of breeding pairs on microbiomes [73]. Bird clades with both social and solitary species provide excellent opportunities to investigate the effects of transitions from solitary to social living or vice versa, and how social interaction frequencies affect microbiomes. This can be
addressed using both natural (social and solitary species [72,74]) and group size manipulation
studies (Figure 3, Q2). Group living may also increase pathogen transfer among individuals
[71,75], which may select for diverse and stable microbiomes that are more resilient to pathogen invasion, and such advantages may be greater in social than in solitary species [61].
6
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Key figure

Highlighted questions and hypotheses related to understanding the evolution and dynamics of
avian-microbe symbiosis
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(See ﬁgure legend at the bottom of the next page.)
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Furthermore, social interactions can stabilize microbial communities through continuous transmission of symbionts between group members [71,76]. Groups with more social interactions
(social species or larger groups) should thus experience more diverse microbiomes with less
individual variation than solitary species or species living in smaller groups (Figure 3, Q2).
Q3: How does convergent evolution of hosts affect the microbiome?
Gut microbiomes can converge taxonomically or functionally with specialized dietary adaptations
in distantly related hosts [10,11] (Figure 3, Q3). Functional convergence of microbiomes has occurred across vertebrate classes in multiple cases: for example, between the exclusively foliage
feeding Hoatzin (Opisthocomus hoazin) and cattle (Bos taurus) [77], and between the blood-feeding vampire ﬁnch (Geospiza septentrionalis) and vampire bats (Desmodus rotundus) [11]. The
functional and taxonomic convergence of gut microbiomes between morphologically or ecologically convergent bird species has yet to be investigated. Birds are excellent models for such
comparisons as many distantly related species have similar dietary niches, for example, aerial
feeding swifts (Caprimulgiformes: Apodidae) and swallows (Passeriformes: Hirundinidae),
nectar-feeding hummingbirds (Caprimulgiformes: Trochilidae), sunbirds (Passeriformes:
Nectariniidae), and honeyeaters (Passeriformes: Meliphagidae), and carrion-feeding Old
World (Accipitriformes: Accipitridae) and New World (Accipitriformes: Cathartidae) vultures
(Figure 3, Q3) [14]. Microbiomes of convergently evolved birds may thus elucidate bacterial
taxa and functions that are needed for convergently evolved dietary, ecological, and behavioral
traits.
Q4: How do gut microbiomes respond to host adaptive radiations?
Congruence between host phylogeny and similarity of gut microbiomes (phylosymbiosis) is evident in closely related bird species (e.g., cranes, Gruiformes: Gruidae [37] and Galapagos
ﬁnches, Passeriformes: Thraupidae [24]), but absent across avian families [20,36]. Deriving patterns across species is inherently difﬁcult because many host traits are not independent of
each other or of phylogeny. Phylogenetic comparative methods offer solutions to such confounding effects of phylogeny on trait (or microbiome) evolution. The role of the microbiome in facilitating
or responding to host adaptive radiations is a major outstanding question (Figure 3, Q4). Adaptive
radiations imply the presence of closely related bird species with different life-history strategies
and adaptations, which are ideal for disentangling effects of phylogeny and ecology on
microbiomes. Indeed, for one of the most famous avian adaptive radiations, Galapagos ﬁnches,
diet correlates more strongly with microbiome composition than with phylogeny [24,78]. Additional unexplored avian adaptive radiations (e.g., the Madagascan vangas (Vangidae) [79] and
Hawaiian honeycreepers (Fringillidae) [80]) have the potential to answer questions pertaining to
how rapid evolution of hosts inﬂuences (and is inﬂuenced by) host–microbe associations, and
to what extent ecological factors (e.g., diet and foraging stratum) and evolutionary history
(e.g., phylogeny) inﬂuence the microbiome structure (Figure 3, Q4). Investigations of avian–

Figure 3. Q1. Flightless bird species and their closely related ﬂying relatives can be used to investigate whether ﬂight has led to less-stable gut environments resulting in
less-stable microbiomes with high intraspeciﬁc variation. Q2. Investigation of closely related social and solitary species (e.g., weaver birds – family Ploceidae) would allow for
an understanding of how sociality inﬂuences the structure of microbiomes, while utilization of group size manipulation studies (changing interaction frequencies) would allow
us to decipher how social interactions between conspeciﬁcs inﬂuence the stability and variation in gut communities. Q3. Phylogenetically distant bird clades with convergent evolution of diets (e.g., nectar feeders) can be utilized to answer questions related to whether convergent evolution of hosts has driven taxonomic convergence of
microbiomes or compositionally different microbiomes with similar functional proﬁles (functional convergence). Colors in the microbial communities represent different bacterial taxa, while the hypothesized similar microbial functions are depicted with Greek letters (colors of letters indicate the bacterial origin of the functions). Q4. Adaptive
radiations within the avian tree of life can be utilized to tease apart the effects of host evolutionary history and ecological traits (e.g., dietary adaptations) on shaping gut
microbial communities. Examples of physiological differences within an iconic adaptive radiation (Vangas – Family Vangidae) are given in the ﬁgure. Bird illustrations in
Q1–Q3 were acquired from © Lynx Edicions while Q4 illustrations are by © Jon Fjeldså.
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microbiome associations in these clades could provide novel insights into the ﬂexibility of
microbiome communities to adapt to, or facilitate, niche diversiﬁcation of hosts.

Applying microbiome insights to conservation and disease monitoring
Conservation biology is increasingly important in the Anthropocene as the rapidly changing environment affects macroorganisms and microorganisms alike [81]. Whereas host adaptations
occur over (host) generational timelines, host-associated microbiomes may be a source of
rapid acclimation for vertebrates to changing environments [12]. Understanding how
microbiomes affect conservation efforts should be a major priority [82,83]. Birds may have relatively high environmental contributions to their microbiomes (see above) but it is likely that
some bird species are robust while others are more sensitive to human-induced environmental
change (e.g., carnivorous birds eating mice that have ingested pesticides). While it is well
established that captivity alters the microbiomes of diverse taxa [15,84], the ways that gut symbionts interact with host ecology and genetics are likely to be pivotal for successful conservation
programs [82]. For example, carrion-feeding vultures are adept at ﬁltering the microbiome to support their preferred symbionts, which competitively exclude common pathogens [52,85]. This
may lower their risk of pathogens in captivity and assist in captive-breeding efforts [84]. Bird ecology needs to be considered more broadly as powered ﬂight results in large home ranges and long
annual migrations associated with exposure to diverse environments, both of which are difﬁcult to
simulate in captivity.
Natural bird movement has been linked to microbiome diversity [17], and the diet availability in different habitats tends to play a role in the composition of gut microbiomes [18,86]. Urbanization has
had far-reaching effects on birds as well, including altering microbial interactions with host morphology and the environment [86,87]. Urban environments and poor habitat quality tend to inﬂuence
both diversity and the composition of wild-bird microbiomes [31,38], with consequences including
increased colonization of pathogenic microbes [32] (Figure 4A). Limited evidence has also shown
the negative effect of urbanization-associated stressors (i.e., light and noise pollution) on
bird microbiomes [87–89]. Such knowledge can and should be integrated in conservation and
habitat-management programs to ensure that both host species and their symbiotic partners are
conserved properly (Figure 4A). This underscores the importance of not only conserving an area
to protect a speciﬁc set of species but also to consider how we can conserve optimal habitats
(e.g., with ideal food resources and reduced anthropogenic stress) that will conserve host–
symbiont associations with consequences for wild-host health and ﬁtness [82,83,86,87].
Birds represent important reservoirs and carriers of both animal and human pathogens [25,90],
as well as antimicrobial-resistance genes [91,92]. As the likelihood of human–animal interactions
increases, the likelihood of zoonotic pathogen transfers along with antimicrobial-resistance genes
(from both bird to human and human to bird) also increase. Bird microbiomes can reﬂect active
infection status [35], and noninvasive methods exist to collect fecal samples from birds that are
already being handled for migration and population-monitoring programs [93,94] (Figure 4B). Migrating birds can interact with many different bird species (more intraspeciﬁc interactions in
breeding areas and more interspeciﬁc interactions during migration and at stopover sites)
[95,96], which could facilitate pathogen transfer and host switches. The collection of microbial
samples during monitoring programs will provide opportunities to assess the health status of individuals and identify potential pathogens that can put both resident and commercial birds at risk.
Monitoring the health of wild populations of birds through microbiomes is likely a long way off and
requires documentation of healthy/normal/baseline microbiomes before taking birds into captivity
or comparing them to diseased states. However, the collection of microbial samples in existing
monitoring programs could lay the foundation for characterizing natural microbiomes of wild
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Outstanding questions
How do bacterial symbionts aid wild
avian hosts with digestion-related
functions?
To what extent is the crosstalk
between gut bacteria and the immune
system important for the development
of avian hosts?
How do avian gut microbes facilitate
ﬁghting pathogens?
Do avian adaptations to ﬂight inﬂuence
the composition and stability of gut
microbiomes, thereby inﬂuencing longterm associations between hosts and
their symbionts?
How do sociality, group living, and
social interactions inﬂuence host–
microbe associations?
Do gut microbiomes taxonomically
or functionally converge with the
convergent evolution of the hosts?
How do avian gut microbiomes
respond to, or facilitate, host adaptive
radiations?
How can we utilize the knowledge
gained from wild avian gut-microbiome
studies to facilitate and strengthen
conservation and bird monitoring
programs?

Trends in Microbiology

Figure 4. Applying microbiome insights to conservation and disease monitoring. (A) Conservation programs could
utilize insights gained from how habitat quality (e.g., urban to natural) and heterogeneity (e.g., monoculture plantations to natural forests) inﬂuence microbial taxonomic composition and pathogen transfer in wild bird-gut microbiomes
[18,31,32,38,86,87] to ensure that ideal habitats are protected to conserve both hosts and symbiotic partners, with consequences for host health. Pathogenic microbes in microbiomes are indicated in red with black outline. (B) Avian gut
microbiome sampling can also be added to existing migratory bird monitoring programs. Migratory birds can act as reservoirs
of pathogens that could be acquired directly from the environment or from other birds [25,90,91], which can challenge both
resident and commercially valuable birds. Thus, implementation of microbiome sampling in migration programs will enable us
to monitor the inﬂux of pathogens with migratory birds and monitor their health. Birds with identical colors indicate individuals
from the same species.

birds while providing a tool to monitor the inﬂux of potential pathogens along with migrating birds
that could impact the health of both resident and commercially important birds (Figure 4B). A
larger database of avian microbiomes, associated with healthy, wild, captive, and sick birds will
beneﬁt the ﬁeld in general and provide a monitoring tool to identify emerging health threats to
both humans and birds.

Concluding remarks
Birds are of global importance, both in terms of natural ecosystems and for human health and
wellbeing. Improving our understanding of fundamental microbial roles of symbionts with bird
10
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hosts, and the role that evolutionary histories of host–microbe interactions have played in shaping
extant interactions, are essential to decipher the dynamics that shape long-term associations.
Current insights suggest that bird–microbe symbiosis dynamics are distinct from those of other
vertebrate classes, limiting transferrable insights from, for example, mammals to bird symbioses.
At the same time, these differences provide us with intriguing opportunities to contrast fundamental ecological and evolutionary questions within and between vertebrate classes. Further study
into the stability and importance of symbioses for wild-bird health has direct implications for
conservation efforts and ecosystem health assessment, both of which are of great importance
given the ever-increasing challenges of global change and the biodiversity crisis (see
Outstanding questions).
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