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ABSTRACT

Avian gut microbial communities are complex and play a fundamental role in regulating biological functions within an
individual. Although it is well established that diet can influence the structure and composition of the gut microbiota,
foraging behaviour may also play a critical, yet unexplored role in shaping the composition, dynamics, and adaptive
potential of avian gut microbiota. In this review, we examine the potential influence of coprophagic foraging behaviour
on the establishment and adaptability of wild avian gut microbiomes. Coprophagy involves the ingestion of faeces,
sourced from either self (autocoprophagy), conspecific animals (allocoprophagy), or heterospecific animals. Much like
faecal transplant therapy, coprophagy may (i) support the establishment of the gut microbiota of young precocial species,
(ii) directly and indirectly provide nutritional and energetic requirements, and (iii) represent a mechanism by which birds
can rapidly adapt the microbiota to changing environments and diets. However, in certain contexts, coprophagy may
also pose risks to wild birds, and their microbiomes, through increased exposure to chemical pollutants, pathogenic
microbes, and antibiotic-resistant microbes, with deleterious effects on host health and performance. Given the poten-
tially far-reaching consequences of coprophagy for avian microbiomes, and the dearth of literature directly investigating
these links, we have developed a predictive framework for directing future research to understand better when and why
wild birds engage in distinct types of coprophagy, and the consequences of this foraging behaviour. There is a need for
comprehensive investigation into the influence of coprophagy on avian gut microbiotas and its effects on host health and
performance throughout ontogeny and across a range of environmental perturbations. Future behavioural studies
combined with metagenomic approaches are needed to provide insights into the function of this poorly understood
behaviour.
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I. INTRODUCTION

The microbiota of an individual’s gastrointestinal tract,
comprising microbes, their genes, and their functional traits,
is fundamental to host digestion (McWhorter, Caviedes-
Vidal & Karasov, 2009), detoxification (Kohl et al., 2016),
development (Parfrey, Moreau & Russell, 2018), immune
function (Broom & Kogut, 2018), protection from patho-
genic bacteria (Roggenbuck et al., 2014; Mendoza
et al., 2017), and cognitive performance (Davidson, Raulo &
Knowles, 2020a). Gastrointestinal microbiota are thus
critical to the maintenance of organismal health and have
been suggested to play a significant role in host adaptation
to novel and changing environments (Alberdi et al., 2016;
Shapira, 2016). Given the importance of the gut microbiome
to host health and performance, it is important to understand
what shapes the composition and dynamics of these communi-
ties, including their establishment, development, maintenance,
and any punctuated changes throughout the life of an
organism.

Dynamics of an individual’s gut microbiota include
fluctuations in microbial species composition and abun-
dance, with ensuing changes to gut function and signalling
(Waite & Taylor, 2014; Teyssier et al., 2018). These changes
may play out over a wide range of timescales, from predict-
able daily fluctuations reflecting feeding–fasting rhythms
(Risely et al., 2021) to cyclical seasonal fluctuations
(Wienemann et al., 2011; Bodawatta et al., 2021b), ontogenic
changes (van Dongen et al., 2013; Teyssier et al., 2018;Maraci
et al., 2022a), and even shifts during senescence (Bosco &
Noti, 2021). Animals may also experience unpredictable
punctuated fluctuations in microbiota composition associated
with shifts in resource availability as a result of habitat destruc-
tion, land-use change and urbanization (Fuirst et al., 2018;
Murray et al., 2020; San Juan et al., 2020; Maraci
et al., 2022b), and exposure to environmental pollutants,
including antimicrobials (Ward et al., 2019; Ruuskanen
et al., 2020). Similarly, animals entering captivity (Lamberski
et al., 2003; Oliveira et al., 2020; Sun et al., 2022; West
et al., 2022) or being released after rehabilitation or captive
rearing also experience changes in their microbiota (Diaz &
Reese, 2021). While predictable changes in microbiota are
thought to support host adaptation to altered intrinsic
(within-host) or extrinsic (external) environments (Alberdi
et al., 2016; Mendoza et al., 2017; Troha & Ayres, 2020),

unanticipated disruptions to the microbiota have the potential
to alter host development (Kohl et al., 2018), health, and
performance (Davidson et al., 2020b). Given the critical role
gut microbiomes can play in modulating host ontogeny,
behaviour, and health, it is important to understand themech-
anisms that allow animals to form and reshape their micro-
biota in the face of intrinsic and extrinsic change.

Wild birds are among the most mobile of all animals. This
mobility, together with extreme morphological diversity, has
enabled this taxon to occupy every habitat on every continent
(Cooney, Seddon & Tobias, 2016; Naval�on et al., 2019;
Pigot et al., 2020). However, the mobility afforded by
flight also presents an energetic and nutritional trade-off
(Scanes, 2020), potentially necessitating mechanisms for
enhancing the adaptability of their microbiomes (Grond
et al., 2018; Bodawatta et al., 2021b). Adaptation to flight
has also resulted in birds having intestines with smaller
surface area and volume compared to similar-sized mam-
mals (Caviedes-Vidal et al., 2007; McWhorter et al., 2009).
Microbiota may therefore be especially important for such
taxa to access adequate nutrition and energy.

An expanding body of research into avian microbiomes
has demonstrated profound differences in the gut microbiota
associated with different host species (Kohl, 2012; Capunitan
et al., 2020), host habitats (Gillingham et al., 2019;
Berlow, Phillips & Derryberry, 2021), and host diet (Fuirst
et al., 2018; Loo et al., 2019; Bodawatta et al., 2021a;
G�ongora, Elliott & Whyte, 2021). Influential aspects of host
diet include feeding guild (Wang et al., 2019; Bodawatta
et al., 2021c; Ingala, et al., 2021), dietary breadth, (Drovetski
et al., 2019; Schmiedov�a et al., 2022) and macronutrient
composition (Coogan et al., 2017). However, drivers of
microbiota dynamics in wild birds have been less explored
than those of wild mammals and domestic birds (Grond
et al., 2018; Matheen, Gillings & Dudaniec, 2022). Several
recent reviews have therefore called for further research to
gain a more comprehensive understanding of the impact of
environmental drivers on avian gut microbiota and how it
influences avian behaviour, ecology, pathogen transmission,
and conservation (Grond et al., 2019; Davidson et al., 2020b).

Foraging behaviour (including all activities involved in
searching for, procuring or capturing, and processing or
handling of diet items prior to ingestion, as well as the
choice of food items for consumption), presents a range of
potential mechanisms that support dynamic changes in avian
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microbiota (Vispo & Karasov, 1997; Pigot et al., 2020).
However, in contrast to the well-established role of diet
composition on vertebrate gut microbiota, the role of forag-
ing behaviour has received less attention. One particular
foraging behaviour that could have a profound influence
on gut microbiota composition and dynamics is coprophagy.
Coprophagy is defined as the ingestion of faeces, whether
they are an animal’s own (autocoprophagy), from a different
individual of the same species (allocoprophagy), or from a dis-
tinct species (heterospecific coprophagy) (Hirakawa, 2001). This
behaviour is considered a natural physiological phenomenon
in many wild and domestic species (Soave & Brand, 1991;
Flachowsky, 1997). Coprophagy has been particularly
well-documented in mammals where it is considered a means
bywhich animals gain energetic or nutritional supplementation,
especially in herbivores (Hörnicke & Björnhag, 1980; Soave &
Brand, 1991; Hirakawa, 2001; Waggershauser et al., 2022).
Although coprophagic behaviour is considered commonplace
in poultry (Line, Hiett & Colan, 2008), our understanding of
the importance of coprophagic behaviour in wild birds is in
its infancy. In contrast to insects and mammals, avian species
reported to practice coprophagy are not limited to herbivores;
this behaviour is also seen in avian omnivores, piscivores, and
carnivores (Fig. 1). Moreover, although most studies on avian
coprophagy have inferred energetic and nutritional benefits of
these readily available ‘resources’ (Fig. 2), there is growing
evidence to suggest that coprophagy may be a mechanism
by which birds augment and dynamically modify their gut
microbiome (Kobayashi et al., 2019; Gao, et al., 2020).

Coprophagy may therefore be beneficial to birds during
development as well as during times of seasonal fluctuation,
facilitating the adaptation of an individual’s gut microbiota
to its surrounding environment (Fig. 3). Here, we review the
potential for coprophagy to influence the establishment and
adaptability of wild avian gut microbiomes. We draw particu-
lar attention to what may drive the propensity for birds to
engage in this behaviour, which may play a unique, yet unas-
sessed role in microbiome dynamics.We go on to demonstrate
that these behaviours may be beneficial to the overall health of
an individual, by promoting adaptation of an individual’s
microbiota to available food resources or other environmental
conditions but may also entail detrimental effects.

II. INFLUENCE OF EARLY COPROPHAGY ON
GUT MICROBIOME ESTABLISHMENT

Like mammals, where colonization of the gut microbiome
begins during and after birth by maternally acquired bacteria
(de Goffau et al., 2019; Kuperman et al., 2020), initial acqui-
sition of microbiota in birds occurs after hatching, as
the egg generally remains sterile (Grond et al., 2017;
Zhou et al., 2020a). Although bacteria from the oviduct
and/or cloaca of the female parent may penetrate the egg
and inoculate the growing foetus (Ballou et al., 2016; Ilina
et al., 2016; Ding et al., 2017; Broom & Kogut, 2018; Dietz
et al., 2019; Lee et al., 2019b; Těšický et al., 2023) this may only

Fig. 1. Coprophagic foraging behaviour has been reported across a wide range of phylogenetically distant avian taxa, with
substantial variation in their predominant feeding guild. Italicized taxon names represent species recently reported as engaging in
coprophagy (2020–present). The other branches of the tree have been removed in order to highlight the connections between the
listed species. Phylogeny based on Petkov & Jarvis (2012), images sourced from Pixabay and Shutterstock under a standard license.
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Fig. 2. The majority of studies investigating coprophagic foraging behaviour in wild birds have assessed heterospecific coprophagy,
speculating that nutritional and/or energetic benefits underpin this behaviour. Only recently have studies noted the potential
microbial benefits of coprophagy. Papers were found by a direct review of existing literature including a Google Scholar and Web of
Science search, using the term ‘avian coprophagy’ and ‘bird coprophagy’ and consulting references cited in each paper collected.
Images have been sourced from Shutterstock and Pixabay under a standard license. Giant babax reference has image of a Chinese
babax (Pterorhinus lanceolatus).
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occur when the bacteria are pathogenic, rather than
commensal (Ilina et al., 2016). The vast majority of coloniza-
tion and recruitment therefore involves post-hatch exposure
to microbes acquired through the environment (Grond
et al., 2019) and foraging (Grond et al., 2017; Kobayashi
et al., 2019). Foraging strategy and developmental trajectory
therefore play a profound role in shaping the establishment
of avian gut microbiomes.

Prior to fledging, developmental trajectories of avian
young range from altricial to precocial. Altricial chicks are
underdeveloped at hatching and therefore completely
dependent on their parents for food and protection for an
extended period, ranging from 30 days to 4 months
(Schekkerman, Visser & Blem, 2001; Perrig et al., 2017;
Martin et al., 2018; Matsubayashi et al., 2021). Precocial
chicks, on the other hand, are more developed at hatching
and able to leave the nest and forage directly from their environ-
ment (Naef-Daenzer & Grüebler, 2016; Grond et al., 2018),
with parents providing some protection and guidance to suit-
able resources (Naef-Daenzer & Grüebler, 2016). Parents of
altricial chicks can provide food at a much higher rate than
precocial chicks are able to self-source, and as a result, altri-
cial young show a faster growth rate (Naef-Daenzer &
Grüebler, 2016). Parents of altricial young are also likely to
provision them with microbes by salivary transfer during
feeding (Grond et al., 2018; Chen et al., 2020). In addition,
extended occupation of the nest increases opportunities for
microbial seeding from the nest environment, particularly
parental faecal matter (Somers et al., 2023; Grond
et al., 2018; Dietz et al., 2019; Diez-Méndez et al., 2022;
Maraci et al., 2022a). By contrast, precocial chicks establish
their microbiota from the environment, within as little as
2 days after hatching (Ballou et al., 2016; Grond et al., 2017).

The stark difference in microbial sources between these
developmental trajectories plays a fundamental role in the
composition and dynamics of the gut microbial communities
of birds. Altricial species have been shown to undergo
profound changes in the abundance of different bacterial
phyla early in their development, with a progressive increase
in the abundance of Firmicutes up to 21 days post hatching,
and a concomitant decrease in Proteobacteria (Grond
et al., 2017; Zhou et al., 2020a; Xu et al., 2022). These
compositional shifts were accompanied by shifts in metabolic
function, which have been found to facilitate the digestion
efficiency, rapid body mass gain and development typically
seen in altricial species (Caviedes-Vidal et al., 2007; Evans
et al., 2017; Teyssier et al., 2018).
By contrast, precocial chicks are highly mobile and forage

independently on various food items in addition to any
microbiota seeding from their parents. As a result, their gut
microbiome is expected to be more dynamic during
ontogeny, fluctuating in response to changes in their diet
and surrounding environment (Grond et al., 2019). For
example, in dunlin (Calidris alpina) and semipalmated
sandpiper (Calidris pusilla) chicks, bacterial diversity and
abundance was highest at 3 days of age with Clostridia and
Gammaproteobacteria being the most abundant, however
from 3 to 10 days of age bacterial abundance and diversity
stabilized with Clostridia and Bacilli becoming the most
dominant classes (Grond et al., 2017). In coprophagic
Japanese rock ptarmigans (Lagopus muta japonica) Coriobacter-
iia and Clostridia were consistently the most abundant class
at all growth stages and there was a considerable variability
in microbiota colonization during development (Kobayashi
et al., 2019). Coprophagy may therefore allow precocial
chicks to seed their microbiota with microbes suited to
efficient digestion of the available food items (Kobayashi
et al., 2019) and may also benefit from a microbial structure
that reduces susceptibility to disease (Videvall et al., 2023).
Indeed, captive precocial species like ostrich (Struthio camelus)
show a high frequency of the behaviour in their early life
stages (Fericean et al., 2021). Indeed, recent experimental
research assessing faecal-supplemented ostrich chicks has
shown that coprophagy is associated with distinct gut
microbial composition, phylogenic structure, and taxonomic
abundance compared to control chicks, with microbiomes
that progressed more rapidly to that of adult ostriches
(Videvall et al., 2023). Coprophagy-treatment chicks also
had higher growth rates, with lower rates of gut disease
(Videvall et al., 2023), suggesting coprophagy is not only
important for establishing the gut microbiota of the chicks,
but that this foraging behaviour plays a foundational role in
chick growth, development, and health. This may, in part,
relate to the herbivorous diet of adult ostriches. In early life,
young ostriches supplement their diet with insects after
hatching, before progressing to the herbivorous diet of adult-
hood. Vispo & Karasov (1997) suggest this may be because
chicks lack the microbiota needed to assist with utilization
of a plant-based diet in their infancy. Although this has not
been definitively established, the experimental study of

Fig. 3. Potential benefits and hazards of coprophagic foraging.
Coprophagy may enable birds to benefit (blue) from increased
access to nutrients and energy, and directly and indirectly
from beneficial microbes. However, this behaviour may also
have deleterious effects (orange) on the gut microbiota and
hence host health and performance, including increased
exposure to pathogenic microbes, antimicrobial compounds
and antimicrobial resistance genes, either directly or as a result
of selection pressures imposed by ingested antimicrobials.

Biological Reviews 99 (2024) 582–597 © 2023 The Authors. Biological Reviews published by JohnWiley & Sons Ltd on behalf of Cambridge Philosophical Society.

586 Alice Dunbar and others

 1469185x, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13036 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [14/06/2024]. 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



Videvall et al. (2023) provides an insight into this possibility.
Given the paucity of species and environmental contexts in
which these observations have been made (Fig. 1), the limited
number of studies of allocoprophagy (Fig. 2), and the lack of
mechanistic investigations into the causes and benefits of this
behaviour (Fig. 2), further studies into the importance of
coprophagy in seeding the gut microbiota of avian young
are sorely needed. Experimental manipulations controlling
energy and nutrient intake would improve our understand-
ing of the importance of coprophagy to microbiota ontogeny.
Detailed data on avian microbial communities throughout
development, and their functional profiles, would be espe-
cially valuable in quantifying how coprophagy can assist with
dietary changes during ontogeny (Fig. 4).

III. ROLE OF COPROPHAGY ON ADULT GUT
MICROBIOME STABILIZATION

Once a bird’s microbiota is established, rapid changes in gut
microbiota may still be necessary to adapt dynamically to
different diets, exposure to toxins (Kohl et al., 2016) and
pathogenic bacteria (Roggenbuck et al., 2014; Mendoza
et al., 2017), and for the ongoing maintenance of immune
function (Broom & Kogut, 2018). Dynamic shifts in micro-
biota could be particularly important in birds with tempo-
rally varying diet composition. Research has shown that
changes in diet can alter gut microbiota composition within

24 h (Wu et al., 2011) and that the relative abundance of
microbial taxa varies according to diet. Vegetative cell walls
are less digestible than nectar or invertebrate and vertebrate
prey (McWhorter et al., 2009), and microbially derived
enzymes thus play a key role underpinning digestion and
nutrient uptake in herbivorous species. In many herbivorous
mammals, foregut fermentation is a digestive method which
allows the detoxification of secondary plant compounds
and the breakdown of cellulose using fermentation in
pregastric chambers (Grajal, 1995a,b; Lopez-Calleja &
Bozinovic, 2000). However, the only bird species known to
use this digestive system is the hoatzin (Opisthocomus hoazin)
(Grajal, 1995b). In other herbivorous avian species, the
microbiota involved in digestion occur primarily in the
caecum (Soave & Brand, 1991;McWhorter et al., 2009; Hunt
et al., 2019). In these species, some nutrients and short-chain
fatty acids may be absorbed by the caecum (McWhorter
et al., 2009), but primary absorption by the small intestine is
missed. In such cases, coprophagy has been suggested to be
a critical foraging behaviour that facilitates the uptake of lost
or missing nutrients (Soave & Brand, 1991; Starks &
Peter, 1991; Gallant, 2004; McWhorter et al., 2009). In some
mammalian species, thiamine, K and B vitamins, and
proteins are primarily excreted in faeces without absorption,
but uptake can be increased via faeces reingestion (Soave &
Brand, 1991). This level of detail is currently lacking
from avian studies (Gonz�alez-J�auregui, Esparza-Carlos &
Mir, 2021) (Fig. 2), however, birds have been shown to be less
efficient in metabolizing plant-based diets compared to
mammals (Buchsbaum, Wilson & Valiela, 1986), suggesting
coprophagy may play a significant role in nutrient uptake
in birds, particularly those with an herbivorous diet. Interest-
ingly, however, coprophagy has been described across a wide
range of distantly related avian species from several different
dietary niches (Fig. 1). For example, aquatic herbivores such
as coot (Gruiformes: Rallidae) and ducks (Anseriformes:
Anatidae), marine piscivores such as giant petrel (Macronectes

giganteus) (Procellariiformes: Procellariidae) and Wilson’s
storm petrel (Oceanites oceanicus) (Procellariiformes: Oceaniti-
dae), carrion-feeding Old World (Accipitriformes: Accipi-
tridae) and New World vultures (Accipitriformes:
Cathartidae), and insectivorous dunnock (Prunella modu-

laris) (Passeriformes: Prunellidae), babax (Passeriformes:
Leiotrichidae), and towhee (Passeriformes: Passerellidae)
have all been reported as displaying coprophagic behav-
iour (Fig. 1). Most studies have presumed this behaviour
is undertaken to access undigested or microbially digested
food resources (Summers-Smith, 1983; Kraus & Stone,
1995; Negro et al., 2002; Gallant, 2004) (Fig. 2). Although
some studies have suggested a role for coprophagy in
seeding the microbiota of developing birds, to date there
has been only one (Videvall et al., 2023) directly investigat-
ing the role of coprophagy in renewing or augmenting the
gut microbiota of adult birds (Fig. 2). Yet the evidence
detailed throughout this review suggests that shifts in
microbiota, aided by coprophagy, could be particularly
important for dynamic adaptation in adult birds.

Fig. 4. Life stages and ecological contexts in which wild birds
are predicted to be more likely to undertake, and benefit from,
coprophagy when considering the potential impact of this
foraging behaviour on the gut microbiota and its function.
These represent key stages and contexts for future
investigations into the importance of coprophagy to the
dynamics of avian gut microbiota.
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(1) Dietary specialization

Specialization in diet leads to a dependence on specific, and
often limited, resources, making specialists more vulnerable
to environmental change (Morelli et al., 2021). A specialist
species which feeds exclusively on a specific food source
may be predicted to have a gut microbiome low in bacterial
diversity, as a narrow specialist food range is less variable in
its digestion pathways. For example, hummingbirds feed
entirely on nectar and have been reported to harbour
bacteria only from five or six phyla including Proteobacteria,
Firmicutes, and Actinobacteria (Lee et al., 2019a; Herder
et al., 2021). Kakapo (Strigops habroptilus), which feed on a
limited diet of roots, bulbs, and leaves, also harbour low
bacterial diversity (Waite, Deines & Taylor, 2012). Their
microbiome comprises two main phyla, Gammaproteobac-
teria and Firmicutes, with Fusobacteria present only when
feeding on rimu tree (Dacrydium cupressinum) fruits (Houston
et al., 2007; Waite et al., 2012). However, this is not always
the case. Although hoatzin have a primarily folivorous diet,
their microbiome comprises a highly diverse bacterial
community covering 40 phyla, with �1400 different taxa
(Godoy-Vitorino et al., 2010). In this species, Bacteroidetes
are dominant in the crop whilst a higher proportion of
Protobacteria and Firmicutes can be found in the caecum
(Godoy-Vitorino et al., 2010, 2012). These differences in
bacterial diversity may be more strongly correlated with diet
items and not with feeding guild, as the hoatzin predomi-
nantly eat young leaves which are high in plant secondary
metabolites and their foregut may be used to detoxify these
compounds (Dearing, Foley & McLean, 2005). Small varia-
tions in a specialized diet as a result of environmental change
could have a high impact within the gut. Thus, it could be
predicted that dietary specialists consuming novel items
may benefit from coprophagy to seed their gut microbiota
with microbes that are adaptive for these new diets. Whilst
the research is lacking in birds, faecal transplant/inoculation
in clinical patients has been shown to alter the gut microbiota
and allow for dietary expansion (Blyton et al., 2019) and has
also influenced foraging behaviour and diet selection in mice
(Trevelline & Kohl, 2022). Collectively, these findings sug-
gest that coprophagy is likely to facilitate diet shifts, even
for dietary specialists.

Assessing the role of coprophagy in facilitating diet switch-
ing, particularly in dietary specialist species, would aid in
developing a mechanistic understanding of the potential for
birds to adapt to novel diets which are increasingly common
in the Anthropocene, and the risks this may entail. For
instance, red knot (Calidris canutus canutus) offspring are
becoming progressively smaller and shorter billed as a result
of summers with early snowmelt, with these smaller individ-
uals unable to consume highly nutritious bivalve prey and
instead having to consume more seagrass rhizomes (van Gils,
et al., 2016). Currently, shorter-billed individuals have
reduced survival rates because they cannot gain the nutrients
they need from their new diet (van Gils et al., 2016). Experi-
mental studies in species that have undergone such massive

diet shifts could yield critical insights into the nutritional,
microbial, and synergistic benefits of auto-, allo- or hetero-
specific coprophagy, as well as potential risks in terms of
exposure to novel pathogens (Fig. 4).

(2) Seasonal variation

Species that show flexibility in foraging behaviour and diet
are known as generalists and may be comparatively respon-
sive and adaptive to environmental change (Morelli
et al., 2021). The microbiomes of generalists can be antici-
pated to be highly dynamic, particularly if feeding at different
trophic levels at different times, as has been demonstrated for
thick-billed murres (Uria lomvia) (Elliott, Gaston &
Crump, 2010; G�ongora et al., 2021). The microbiomes of
generalist species are likely to be most dynamic at times
of opportunistic foraging or seasonal diet shifts and may
involve transient bacterial strains (Waite et al., 2012; Michel
et al., 2018). For example, vampire finches (Geospiza septentrio-
nalis) supplement their diet with blood during the dry season
and their gut microbiota show an associated shift towards
Fusobacteria, Tenericutes, and Deferribacterota, taxa which
are typically attributed to carnivores and assist with blood
digestion (Michel et al., 2018). Seasonal changes in gut
microbiota have also been recorded for capercaillie (Tetrao
urogallus), an omnivorous species that subsists on pine needles
during winter when regular food sources are unavailable
(Wienemann et al., 2011).
Coprophagy may assist birds to adapt to seasonally

variable food sources and could be particularly relevant
when switching to diets with difficult-to-digest components
whereby particular bacteria and enzymes may assist (Amato
et al., 2015). Although there are no studies to date on birds,
evidence from mammals suggests this is an area in need of
investigation. For instance, in primates, the practice
of coprophagy varies seasonally, in line with the seasonal
availability of hard-to-digest food items (Krief, Jamart &
Hladik, 2004; Sakamaki, 2009;Masi & Breuer, 2018) and/or
times of food scarcity (Wall, 1983; Vogrin, 1997; Krief
et al., 2004; Shimada, 2012; Masi & Breuer, 2018). Seasonal
shifts in foraging behaviour involving coprophagy have been
documented in birds, albeit in relation to changes in energy
requirements rather than changes in the digestibility of avail-
able resources (Fig. 2). For instance, during the breeding sea-
son, giant petrels undertake extended incubation bouts
necessitating periods of fasting of up to 15 days. At the end
of their incubation bout, each parent starts their foraging trip
by consuming seal faeces at haul-out sites (Cor�a, Finger &
Kruger, 2020). This behaviour is thought to assist the birds,
who are in a fasted state, to refuel quickly from an easily
accessible and energetically rich food source before they
undertake extended foraging trips across the Southern
Ocean in search of more valuable prey (Casaux, Baroni &
Carlini, 1997; Cor�a et al., 2020). However, it is also plausible
that fasting may eliminate microbiota essential to digestion
from the gut, as has been shown in other species (Dewar
et al., 2014; Zarrinpar et al., 2014; Lee et al., 2019c), and that
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fasting giant petrels may be engaging in coprophagy to
reinoculate their microbiota for a digestive state. Microbial
re-seeding after fasting due to incubation has been surmised
to occur in other species. During incubation and early chick
rearing, adults of several species, including dunnocks
(Lamb et al., 2017), spotted towhees (Pipilo maculatus)
(McKay et al., 2009) and giant babax (Babax waddelli)
(Gao et al., 2020) (Fig. 2), have been observed consuming nes-
tling faecal sacs. This behaviour is suggested to be a means of
not only retaining nutrients (Lamb et al., 2017) and microbes
(Gao et al., 2020) but also keeping the nest hygienic (Azc�arate-
García et al., 2019), and removing cues for predators
(Burrows, 2018). However, in the case of giant babax, nes-
tling faecal sacs were found to have a high abundance of
Firmicutes – a keystone taxon in the gut of many bird and
mammalian species (Waite & Taylor, 2014; Grond
et al., 2018). Coprophagic behaviour has therefore been
suggested as a means by which parents could easily obtain
these bacterial taxa (Gao et al., 2020). Indeed, the reduced
feeding rate in parents and the increased physiological
demands of raising young could both impact the gut micro-
biome, limiting some bacterial species, although further
experimental studies are required to demonstrate this.

Coprophagy may also play a key role in the switch
between fasting and fuelling metabolic states in long-distance
migratory birds. For instance, shorebirds in an active migra-
tory state have been found to have a gut microbiota that is
similar across species yet distinct from the microbiota of those
same species in the non-migratory phase of the annual cycle
(Risely et al., 2018). Similarly, the gut microbiota of ruddy
turnstones (Arenaria interpres) from the North Atlantic flyway
has been shown to undergo dramatic changes in taxonomic
composition and function, particularly in polyunsaturated
fatty acid biosynthesis, over the course of refuelling during
migratory stopover (Grond, Louyakis & Hird, 2023). How
these migrants, arriving in a fasted state, can shift the compo-
sition of their microbiome so rapidly is not known, however
direct sourcing of microbes from their foraging environment
is unlikely (Risely et al., 2017). Recent observations in ruddy
turnstones during stopover, albeit on the Central Asian
flyway, have indicated that these birds consumed human fae-
ces recently deposited on the beach, suggesting coprophagy
may play a role in refuelling dynamics (Kasambe &
Kasambe, 2020). Currently, our understanding of the under-
lying imperative for these behaviours, and the degree
to which auto-, allo- and heterospecific coprophagy
supplements metabolic, nutritional, and microbial needs fol-
lowing fasting remains speculative. Detailed investigations to
tease apart the potential benefits of coprophagy in the
context of different life stages, with varying resource
demands and resource availability, are sorely needed (Fig. 4).

Profound changes in gut microbiome composition have
also been observed over the course of the moult period
(Dewar et al., 2014; Lee et al., 2019c), including changes in
alpha diversity in some species, and reductions in Firmicutes
(Lee et al., 2019c), Proteobacteria and Bacteroidetes
(Dewar et al., 2014) and increases in Fusobacteria

(Dewar et al., 2014) in others. However, microbial dynamics
during moult in free-living birds have, to date, only been
reported from penguin species (family Spheniscidae), who
have an intense moult during which they are confined to land
for weeks and therefore abstain from eating (Lee et al., 2019c).
Similarly, studies in poultry have been confounded with fast-
ing, as moult has been experimentally induced through an
extended period of food removal (Han et al., 2019). As a
result, moult represents a critical, yet poorly studied, phase
for the gut microbiota of birds. Although moult is character-
ized by the replacement of plumage, the energetic and nutri-
tional costs incurred during this period vastly exceed the
calorific and nutritional content of the feathers themselves
(Murphy, 1996; Hoye & Buttemer, 2011), instead reflecting
a period of systemic physiological rejuvenation (Murphy &
Taruscio, 1995; Buttemer, Addison & Klasing, 2020). In
birds, adults typically lose the ability to reconfigure the
immune system and proceed to a state of immunosenescence
(Janeway et al., 2004). Although the adaptive immune
response is, by definition, adapting to novel pathogen’s
throughout an animal’s life, preferential use of immunologi-
cal memory stemming from a previous infection to a subse-
quent, slightly different, version of that pathogen hampers
the immune system by preventing it from mounting poten-
tially more effective responses during subsequent infections
(Focosi et al., 2021). In birds, however, profound changes in
immune function have been reported in adults during the
moult period, including enlargements of key organs like
the thymus (Brake, Morgan & Thaxton, 1981) and spleen
(Silverin et al., 1999), increased abundance of basophils
and monocytes (Nava, Veiga & Puerta, 2001; Buehler
et al., 2008) and immunoglobulins (Pap et al., 2010), and
suppressed inflammatory responses (Alodan & Mashaly, 1999;
Martin, 2005; Buehler et al., 2008; Moreno-Rueda, 2010).
Collectively, these findings indicate that peak moult is associ-
ated with decreased innate immune responses, paired with
increased cell-mediated (T-cell) and antibody-mediated
(B-cell) acquired immunity, long-lived macrophages and
antigen-presenting cells important for initiating acquired
immune responses (Alodan & Mashaly, 1999; Buehler
et al., 2008). Historically, these shifts in immune strategy have
been viewed as systemic adaptations to reduce the risk of
innate immune responses competing with the increased ener-
getic and nutritional demands of feather production
(Buehler et al., 2008; Martin, Weil & Nelson, 2008). Yet,
moult-related shifts in immune function have also been
observed in near-featherless birds, such that these adjustments
are indicative of a recalibration of entire immune repertoires
and recognition systems, with adults during peak moult being
immunologically comparable to a newly hatched chick
(A. DeRogatis & K. Klasing, unpublished data) and poten-
tially capable of undoing their ‘original antigenic sin’
(Focosi et al., 2021). Given the tight association between gut
microbiota and immune repertoires and recognition systems
(Broom & Kogut, 2018), moult may be a critical period for
re-configuring avian microbiomes. Although there are cur-
rently no data on temporal changes in use of coprophagy in
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wild birds, poultry are known to increase coprophagy during
moult. It is therefore plausible that coprophagy may interact
with moult-associated recalibration of the immune system.
Studies assessing the degree and type of coprophagy birds
undertake before, during and after moult, both in captivity
and in the wild, are needed to assess the plausibility of this
process. Ideally, these studies would be paired with dynamic
quantification of immune function and coincident microbio-
tas to understand the potential for coprophagy to shape
immune function and microbiota–immune interactions.

(3) Opportunistic coprophagy

Birds are also known to engage in coprophagy opportunisti-
cally, in line with local weather conditions rather than pre-
dictable seasonal cycles. For instance, Eurasian coots (Fulica
atra) common moorhen (Gallinula chloropus), tufted ducks
(Aythya fuligula), and mallard (Anas platyrhynchos) were observed
eating black-headed gull (Larus ridibundus) faeces from
boulders and ice (Wall, 1983; Boot, 1987). Ducks (Anas platyr-
hynchos, A. crecca, A. formosa) were also observed consuming
whooper swan (Cygnus cygnus) faeces under similar conditions
(Shimada, 2012). In both cases, coprophagy was considered
an opportunistic adaptation to the bird’s regular food source
being inaccessible due to ice covering the lakes where they
feed (Wall, 1983; Boot, 1987; Shimada, 2012) (Fig. 2).
This behaviour is often considered indicative of resource lim-
itation (Wall, 1983; Boot, 1987; Krief et al., 2004;
Shimada, 2012; Masi & Breuer, 2018), however coprophagy
has been seen in dusky moorhens (Gallinula tenebrosa) at times
of high resource availability (Starks & Peter, 1991). Impor-
tantly, the nutritional, energetic and microbial consequences
of opportunistic coprophagy, particularly the consumption of
faeces from other species, has yet to be examined (Fig. 2).

IV. POTENTIAL RISKS ASSOCIATED WITH
COPROPHAGY

Although coprophagy has extensive potential to improve
host health through access to nutrients and beneficial
microbiota, there are several potential risks posed by this
foraging behaviour (Fig. 3). These include potential ingestion
of pathogens or antibiotic-resistant microbes, and exposure
to compounds that might affect the microbiome
(e.g. antimicrobials). The avian gastrointestinal tract is host
to an array of bacterial species, most of which are beneficial
and commensal (Benskin et al., 2009; Fuirst et al., 2018).
However, several opportunistic gastrointestinal pathogens
that can cause severe disease in birds are transmitted via the
faecal–oral route, including bacteria belonging to the genera
Enterococcus, Salmonella, Clostridium, Escherichia, Campylobacter

and Staphylococcus (Benskin et al., 2009; Fuirst et al., 2018).
These potentially pathogenic taxa could be transmitted
through coprophagy, which has been extensively speculated
in domestic poultry (Montrose, Shane & Harrington, 1985;

Folz et al., 1986; Line, 2006; Line et al., 2008; Pan &
Yu, 2014; Alpigiani et al., 2017; Craft et al., 2022). However,
the role of coprophagy in the transmission of opportunistic
pathogens has rarely been studied (von Waldburg-Zeil, van
Staaveren & Harlander-Matauschek, 2019). To date, the
only studies in birds have been in domestic species of poultry,
particularly in mass-production environments (Hörnicke &
Björnhag, 1980). Moreover, the effects of coprophagy have
been inferred from increased incidence of infection after feed
withdrawal (Byrd et al., 1998; Corrier et al., 1999), rather than
through direct assessment of the effect of coprophagy. These
studies have also been conducted on birds living at high
stocking density with direct contact, where they might ingest
contaminated feed and water (Shanker, Lee & Sorrell, 1990;
Line et al., 2008).
In wild birds, the degree to which a species aggregates,

particularly in mixed-species assemblages, may be particu-
larly important for unintentional coprophagy (Kohl, 2012),
and hence intra- and inter-species pathogen transmission
(Kohl, 2012). Indeed, studies using animal social networks
have shown similarities in gut microbiota between individ-
uals of the same species groups (Downing, Griffin &
Cornwallis, 2020) and mixed-species aggregations (Grond
et al., 2018). To investigate the risk of pathogen transmission
presented by coprophagy, experimental studies altering abil-
ity to engage in allo- and heterospecific-coprophagy and
using whole-genome sequencing of pathogenic bacterial
strains to give insight into the phylogenetic relationships
among strains and accessory genes, including resistance
and virulence genes (Ingle, Howden & Duchene, 2021;
Djordjevic et al., 2023), are needed.
In addition to exposing birds to a wider range of patho-

gens, coprophagy could represent a mechanism by which
these infections can be treated. Although some ingested bac-
terial strains are only transient and not retained in the gut,
many are retained and can affect the resident bacterial
community, both directly and indirectly (Derrien & van
Hylckama Vlieg, 2015). In addition to becoming a member
of the microbiome, ingested bacteria can stimulate the
growth of resident bacteria (Derrien & van Hylckama
Vlieg, 2015) or have a negative impact on them through
competitive exclusion (Derrien & van Hylckama
Vlieg, 2015). Recently, faecal transplants have been used to
treat infections and metabolic disease and to re-establish a
healthy microbiome after medical treatment of clinical
patients (West et al., 2019). Whilst there have been limited
studies in birds, there is evidence to suggest that faecal trans-
plant may improve gut microbiomes and could be particu-
larly beneficial for (re)introduction of animals into the wild
after periods in captivity and/or following medical treatment
(Eason & Moorhouse, 2006; West et al., 2019; Li et al., 2022).
For example, faecal transplant has been successfully used in
critically endangered kakapo to establish normal gastrointes-
tinal microbiota (Eason & Moorhouse, 2006). Investigation
into self-medication through coprophagy is a promising line
for future research, particularly in terms of the conservation
of threatened species and management of synanthropic
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species (Eason & Moorhouse, 2006; Waite, Deines &
Taylor, 2013; Guo et al., 2020).

(1) Anthropogenic influences

Many generalist avian species are capable of exploiting
human-dominated habitats, such as areas rich in refuse or
agricultural remains (Smith & Carlile, 1993; Mennechez &
Clergeau, 2006; Dolejska et al., 2015; Thabethe &
Downs, 2018), and some of these species are also intention-
ally fed (Feng & Liang, 2020). Association with humans has
been linked to lower diversity gut microbiota in some species
(Knutie, Chaves & Gotanda, 2019), and could be a result of
birds feeding on refuse or being provisioned and becoming
specialized on a very narrow range of food items such as
bread (Murray et al., 2018; Thabethe & Downs, 2018).
Species such as gulls (family Laridae) and ibis (family
Threskiornithidae) foraging at a variety of natural sites have
greater microbial diversity compared to those foraging at
sites of significant human impact (Merkeviciene et al., 2017;
Fuirst et al., 2018; Murray et al., 2020). Long-term shifts
towards increased synanthropic foraging behaviours are
therefore expected to have profound consequences for wild-
life microbiome composition and function (Fig. 4).

Synanthropic birds, through their use of waste depots,
sewage treatment plants, and human refuse, are exposed to
chemicals and heavy metals that can profoundly alter their
microbiota (Poole, 2017). Although some antimicrobial com-
pounds occur naturally in the environment, the increased use
of anthropogenically produced analogues in agriculture, vet-
erinary medicine and human medicine combined with sub-
optimal waste disposal and treatment has resulted in active
antimicrobial compounds inadvertently being released into
some environments through contaminated landfill leachate,
wastewater, and effluents (Christou et al., 2017). Many of
these antimicrobials also persist in the environment in active
forms, resulting in an increased number and diversity of
these compounds in the environment, particularly in areas
dominated by anthropogenic activities (Arnold, Williams &
Bennett, 2016). Exposure to antimicrobial compounds
can eliminate a considerable proportion of the microbiota,
opening ecological niches within the gut for bacteria that
carry antimicrobial resistance genes to survive the effects of
antimicrobial compounds and confer the ability to invade
and/or proliferate (Munita & Arias, 2016). Experimental
administration of antibiotics in birds has been shown to alter
their gut microbiota, impacting digestion, metabolic and
immune functions (Kohl et al., 2018; Zhou et al., 2020b; Li
et al., 2022). Such profound changes in microbiota, together
with reductions in host immune function by bacteria carrying
antibiotic resistance genes (Jiang et al., 2019), can lead to a
state of dysbiosis (Schjørring & Krogfelt, 2011). As demon-
strated in mammals, coprophagy may be a method for birds
to overcome antimicrobial-induced dysbiosis (Soave &
Brand, 1991). However, coprophagy may also increase expo-
sure to antimicrobials, particularly those that have high

environmental persistence and/or bioaccumulate, including
heavy metals (Fig. 3).

(2) Antimicrobial resistance emergence and spread

Increased use of antimicrobial compounds has also
altered the selective pressure on microbial populations
(Martinez, 2009; Djordjevic, Stokes & Chowdhury, 2013;
Smalla et al., 2018; Ben et al., 2019; Oniciuc et al., 2019),
increasing the prevalence of organisms resistant to antimicro-
bial compounds in the environment (Borges et al., 2017).
Synanthropic birds are increasingly found to have been
exposed to microbial communities rich in antibiotic
resistance genes (Borges et al., 2017; Poole, 2017; Marcelino
et al., 2019; Wang et al., 2019; Murray et al., 2020; Wyrsch
et al., 2022). Coprophagy may further enhance the tran-
smission of antibiotic resistance genes from humans to wild-
life (through foraging on human faeces; Kasambe &
Kasambe, 2020), and between wildlife, through several path-
ways. Firstly, the faeces from humans or animals (either
domestic or wild after being treated in captivity) that have
recently been treated with antimicrobials are expected to
contain antimicrobials, which will directly select for resistant
microbes in the gut of a bird engaging in coprophagy.
Secondly, these faeces will also contain bacteria enriched in
antimicrobial resistance genes (Baros Jorquera et al., 2021).
Birds engaging in heterospecific coprophagy, consuming
faeces from medicated populations, may therefore be at
greater risk of direct inoculation with bacterial strains carry-
ing resistance genes to clinically important antimicrobials.
Subsequent coprophagy between wild birds (either allo- or
heterospecific) may then lead to widespread transmission
through a population that would not otherwise occur in birds
not utilizing this behaviour. Finally, resistance genes can
be transmitted from bacteria ingested from food to gastroin-
testinal microbiota via horizontal gene transfer (Lester
et al., 2006; Feld et al., 2008; Pinto et al., 2015). High numbers
of resistant strains in the gut, as may be the case when a bird
consumes large quantities of faecal material from a bird
carrying resistant bacteria, increases cell-to-cell contact and
therefore further increases the opportunity of resistance
gene transfer from ingested bacteria to bacteria in a bird’s
microbiota (Schjørring & Krogfelt, 2011).

In wild birds, whole-genome and metagenomic sequenc-
ing has demonstrated that antibiotic resistance genes
are predominantly associated with phyla Bacteroidetes,
Firmicutes and Proteobacteria (Wang et al., 2019; Cao
et al., 2020; Feng et al., 2021).Whilst many bacteria belonging
to such phyla are harmless, some can colonize and become
pathogenic, causing intestinal or extraintestinal disease, and
may also be zoonotic (Woolhouse, Haydon & Antia, 2005;
Santos et al., 2020; Wyrsch et al., 2022). Horizontal gene
transfer may result in these bacteria acquiring and spreading
antimicrobial resistance genes along with virulence genes,
which would make infection exceedingly difficult to treat.
Although there is evidence that antibiotic resistance genes
are found in excreta, particularly in birds with synanthropic
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associations (Silva et al., 2009; Hernandez et al., 2013;
Mukerji, et al., 2019; Wyrsch et al., 2022), to date there have
been no studies on the transmission of antibiotic-resistant
bacteria or onward transmission of antibiotic resistance genes
through coprophagy. Studies quantifying the connection
between diet, coprophagy and resistance gene burden and
transmission in different land-use contexts would shed
valuable light on these risks. Whether there are traits that
give some species a propensity for higher resistance-gene
carriage should also be explored.

V. FUTURE PERSPECTIVES

The ongoing development of next-generation sequencing
has greatly accelerated the number of studies characterizing
the avian microbiome (Waite & Taylor, 2014; Cao
et al., 2020; Aruwa et al., 2021). Yet, the intrinsic and extrinsic
factors driving dynamics in these microbial communities
have yet to be explored in detail. In particular, the impact
of the use of coprophagy on these dynamics, both in terms
of benefits and risks to host health and nutrition warrants
targeted investigation across a range of species and environ-
mental contexts (Fig. 4). Given the fundamental role of gut
microbiota for the maintenance of organismal health and
performance, and the demonstrated potential for auto-,
allo- and heterospecific coprophagy to impact gut micro-
biota, there is a pressing need to understand better when,
where and why birds engage in coprophagy. In parallel, we
need to understand the mechanistic impact of coprophagy
on host health and performance, in order to understand the
degree to which this foraging behaviour can assist wild birds
in adapting to predictable and unpredictable change
processes as well as the risks it might pose to host health
and pathogen transmission. In this review, we have outlined
several key life stages where there is considerable potential
for coprophagy to modulate gut microbiota and have a
profound influence on host health and fitness. Greater use
of, and benefit from, coprophagy may be expected during
ontogeny, moult, long-distance migration, and extreme
weather events (Fig. 4). Coprophagy may also assist animals
in adapting to longer-term changes, including adapting to
novel environments as a result of anthropogenic land-use
change. However, anthropogenic environments are pre-
dicted also to pose the highest risks as a result of coprophagy,
particularly in terms of exposure to microbiota-altering anti-
microbials as well as pathogenic and antimicrobial-resistant
microbes.

Using coprophagy-prevention experiments and germ-free
models to compare microbiota structure and dynamics dur-
ing each of these periods, and assessing how this relates to
physiology and health, would be highly beneficial. Coproph-
agy could be an underappreciated mechanism for obtaining
limited or high-demand resources, and for augmenting a
bird’s gut microbiota to adapt to changing environmental
conditions. In some species, for example ruddy turnstone

(Kasambe & Kasambe, 2020) and Australasian darter
(Anhinga novaehollandiae) (Yong, 2018) coprophagy has only
recently been documented and could therefore represent a
novel adaptive behaviour. Whether coprophagy in birds is
predominantly a mechanism for supplementation of a
metabolic or microbial need could be assessed using metage-
nomics to characterize the gut microbial community, poten-
tial microbial target species or strains, and insights into
microbial function (e.g. Grond et al., 2023), from energy gains
to pathogen exclusion and immune programming.
Whole-genome sequencing approaches would provide com-
plementary insights into the role of coprophagy in the trans-
mission of pathogens and antimicrobial resistance genes
(Ingle et al., 2021). Finally, it is unknown if coprophagic
behaviour is a learned behaviour, or a heritable trait that
has evolved ancestrally, or convergently. As more studies on
coprophagy in wild birds become available, meta-analysis
could provide additional insights into the evolutionary
origins of this behaviour.

VI. CONCLUSIONS

(1) The avian gut microbiome regulates a broad range of
biological functions yet is dynamic across a range of time-
scales. The gut microbiota may be fundamental in an indi-
vidual’s ability to adapt to new environments, due to its
bacterial composition being dynamic both during develop-
ment and after maturity.
(2) Understanding the drivers of avian gut microbiota
dynamics is critically important to determining the capacity
of avian hosts to adapt to new and changing environments
but has received little attention to date.
(3) Although coprophagy in birds has been assumed to con-
fer nutritional and energetic benefits, this foraging behaviour
may present a unique and powerful mechanism for rapid
seeding and augmenting the gut microbiota throughout a
bird’s life.
(4) Conversely, this behaviour has the potential to expose
birds to antimicrobial compounds and pathogenic microbes
and may contribute to the emergence and spread of antimi-
crobial resistance in wildlife and the environments they
inhabit.
(5) Based on mechanistic predictions developed through this
review, there is a pressing need for detailed investigation into
the influence of auto-, allo-, and heterospecific coprophagy
on avian gut microbiomes and their impact on host health
and performance across several life stages and environmental
contexts.

VII. ACKNOWLEDGEMENTS

The authors declare that they have no competing interests.
A. D. was supported by the University of South Australia’s

Biological Reviews 99 (2024) 582–597 © 2023 The Authors. Biological Reviews published by JohnWiley & Sons Ltd on behalf of Cambridge Philosophical Society.

592 Alice Dunbar and others

 1469185x, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13036 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [14/06/2024]. 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



Science, Technology, Engineering, and Mathematics
(STEM) RTP scholarship, and B. J. H. was supported by
a DECRA Fellowship from the Australian Research Coun-
cil (DE200100884). The authors confirm that the funding
bodies had no direct influence on the review design, data
collection, analysis/interpretation, or writing. We express
our gratitude to all individuals who assisted in facilitating
this review, as well as the Editorial Office and reviewers
for their valuable and constructive feedback. In memoriam
of Judith Dawson 07/12/1956 to 25/10/2022.

VIII. AUTHOR CONTRIBUTIONS

A. D.: conceptualization, data curation, writing of original
draft, review & editing; B. D.: supervision, funding, concep-
tualization, data curation, writing of original draft, review &
editing; S. P. D.: supervision, review & editing; E. D.: super-
vision, funding, conceptualization, review & editing; B. J. H.:
supervision, conceptualization, data curation, writing of
original draft, review & editing.

IX. REFERENCES

Alberdi, A., Aizpurua, O., Bohmann, K., Zepeda-Mendoza, M. L. &
Gilbert, M. T. P. (2016). Do vertebrate gut metagenomes confer rapid
ecological adaptation? Trends in Ecology and Evolution 31(9), 689–699.

Alodan,M. A.&Mashaly,M.M. (1999). Effect of induced molting in laying hens on
production and immune parameters. Poultry Science 78(2), 171–177.

Alpigiani, I., Abrahantes, J. C., Michel, V., Huneau-Salaün, A.,
Chemaly, M., Keeling, L. J., Gervelmeyer, A., Bacci, C., Brindani, F.,
Bonardi, S. & Berthe, F. (2017). Associations between animal welfare
indicators and Campylobacter spp. in broiler chickens under commercial settings: a
case study. Preventive Veterinary Medicine 147, 186–193.

Amato, K. R.,Leigh, S. R.,Kent, A.,Mackie, R. I., Yeoman, C. J., Stumpf, R. M.,
Wilson, B. A., Nelson, K. E., White, B. A. & Garber, P. A. (2015). The gut
microbiota appears to compensate for seasonal diet variation in the wild black
howler monkey (Alouatta pigra). Microbial Ecology 69(2), 434–443.

Arnold, K., Williams, N. & Bennett, M. (2016). Disperse abroad in the land: the
role of wildlife in the dissemination of antimicrobial resistance. Biology Letters 12(137),
20160137. https://doi.org/10.1098/rsbl.2016.0137.

Aruwa, C. E., Pillay, C., Nyaga, M. M. & Sabiu, S. (2021). Poultry gut
health – microbiome functions, environmental impacts, microbiome engineering
and advancements in characterization technologies. Journal of Animal Science and

Biotechnology 12(1), 119. https://doi.org/10.1186/s40104-021-00640-9.
Azc�arate-Garcı́a, M., Ruiz-Rodrı́guez, M., Dı́az-Lora, S., Ruiz-

Castellano, C. & Soler, J. J. (2019). Experimentally broken faecal sacs affect
nest bacterial environment, development and survival of spotless starling nestlings.
Journal of Avian Biology 50(3), 1–10. https://doi.org/10.7717/peerj.2837.

Ballou, A. L., Ali, R. A., Mendoza, M. A., Ellis, J. C., Hassan, H. M.,
Croom, W. J. & Koci, M. D. (2016). Development of the chick microbiome: how
early exposure influences future microbial diversity. Frontiers in Veterinary Science 3,
Article 2, 1–12. https://doi.org/10.3389/fvets.2016.00002.

Baros Jorquera, C., Moreno-Switt, A. I., Sallaberry-Pincheira, N.,
Munita, J. M., Flores Navarro, C., Tardone, T., Gonz�alez-Rocha, G.,
Singer, R. S. & Bueno, I. (2021). Antimicrobial resistance in wildlife and in the
built environment in a wildlife rehabilitation center. One Health 13, 100298.
https://doi.org/10.1016/j.onehlt.2021.100298.

Ben, Y., Fu, C.,Hu, M., Liu, L., Wong, M. H. & Zheng, C. (2019). Human health
risk assessment of antibiotic resistance associated with antibiotic residues in the
environment: a review. Environmental Research 169, 483–493.

Benskin, C. M. H., Wilson, K., Jones, K. & Hartley, I. R. (2009). Bacterial
pathogens in wild birds: a review of the frequency and effects of infection. Biological
Reviews 84(3), 349–373.

Berlow, M., Phillips, J. N. & Derryberry, E. P. (2021). Effects of urbanization
and landscape on gut microbiomes in white-crowned sparrows. Microbial Ecology

81(1), 253–266.
Blyton, M. D. J., Soo, R. M.,Whisson, D.,Marsh, K. J., Pascoe, J., Le Pla, M.,

Foley, W.,Hugenholtz, P.&Moore, B. D. (2019). Faecal inoculations alter the
gastrointestinal microbiome and allow dietary expansion in a wild specialist
herbivore, the koala. Animal Microbiome 1(1), 6–24.

Bodawatta, K. H., Freiberga, I., Puzejova, K., Sam, K., Poulsen, M. &
Jønsson, K. A. (2021a). Flexibility and resilience of great tit (Parus major) gut
microbiomes to changing diets. Animal Microbiome 3(1), 20–34.

Bodawatta, K. H., Hird, S. M., Grond, K., Poulsen, M. & Jønsson, K. A.

(2021b). Avian gut microbiomes taking flight. Trends in Microbiology 30(3), 268–280.
Bodawatta, K. H., Koane, B., Maiah, G., Sam, K., Poulsen, M. &

Jønsson, K. A. (2021c). Species-specific but not phylosymbiotic gut microbiomes
of New Guinean passerine birds are shaped by diet and flight-associated gut
modifications. Proceedings of the Royal Society B: Biological Sciences 288(1949),
20210446. https://doi.org/10.1098/rspb.2021.0446.

Boot, A. (1987). Coot feeding on black-headed gull droppings. British Birds

80(11), 573.
Borges, C. A., Beraldo, L. G.,Maluta, R. P., Cardozo, M. V., Barboza, K. B.,

Guastalli, E. A. L., Kariyawasam, S., DebRoy, C. & Ávila, F. A. (2017).
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Maraci, Ö., Corsini, M., Antonatou-Papaioannou, A., Jünemann, S.,
Sudyka, J., Di Lecce, I., Caspers, B. A. & Szulkin, M. (2022b). Changes to
the gut microbiota of a wild juvenile passerine in a multidimensional urban
mosaic. Scientific Reports 12(1), 6872–6888.

Marcelino, V. R.,Wille, M.,Hurt, A. C.,Gonz�alez-Acuña, D.,Klaassen, M.,
Schlub, T. E., John-Sebastian, E., Shi, M., Iredell, J. R., Sorrell, T. C. &
Holmes, E. C. (2019). Meta-transcriptomics reveals a diverse antibiotic resistance
gene pool in avian microbiomes. BMC Biology 17(31), 1–11. https://doi.org/10.
1186/s12915-019-0649-1.

Martin, L. (2005). Trade-offs between molt and immune activity in two populations
of house sparrows (Passer domesticus). Canadian Journal of Zoology 83(6), 780–787.

Martin, L. B., Weil, Z. M. & Nelson, R. J. (2008). Seasonal changes in vertebrate
immune activity: mediation by physiological trade-offs. Philosophical Transactions of
the Royal Society of London B 363(1490), 321–339.

Martin, T. E., Tobalske, B., Riordan, M. M., Case, S. B. & Dial, K. P. (2018).
Age and performance at fledging are a cause and consequence of juvenile
mortality between life stages. Science Advances 4(6), eaar1988.

Martinez, J. L. (2009). Environmental pollution by antibiotics and by antibiotic
resistance determinants. Environmental Pollution 157(11), 2893–2902.

Masi, S. & Breuer, T. (2018). Dialium seed coprophagy in wild western gorillas:
multiple nutritional benefits and toxicity reduction hypotheses. American Journal of

Primatology 80(4), e22752.
Matheen, M. I. A., Gillings, M. R. & Dudaniec, R. Y. (2022). Dominant factors

shaping the gut microbiota of wild birds. Emu-Austral Ornithology 122(3–4), 255–268.
Matsubayashi, M., Kobayashi, A., Kaneko, M., Kinoshita, M., Tsuchida, S.,

Shibahara, T.,Hasegawa, M.,Nakamura, H., Sasai, K.&Ushida, K. (2021).
Distribution of Eimeria uekii and Eimeria raichoi in cage protection environments for the
conservation of Japanese rock ptarmigans (Lagopus muta japonica) in the Japanese Alps.
International Journal for Parasitology: Parasites and Wildlife 15, 225–230.

McKay, J. E.,Murphy, M. T., Smith, S. B. & Richardson, J. K. (2009). Fecal-sac
ingestion by spotted towhees. The Condor 111(3), 503–510.

McWhorter, T. J.,Caviedes-Vidal, E.&Karasov,W. H. (2009). The integration
of digestion and osmoregulation in the avian gut. Biological Reviews 84(4), 533–565.

Mendoza, M. L. Z., Graves, G. R., Roggenbuck, M., Vargas, K. M.,
Hansen, L. H., Brunak, S., Gilbert, M. T. P. & Sicheritz-Pontén, T.

(2017). Protective role of the vulture facial and gut microbiomes aid adaptation to
scavenging. Acta Veterinaria Scandinavica 60(61), 1–19. https://doi.org/10.1186/
s13028-018-0415-3.

Mennechez, G.&Clergeau, P. (2006). Effect of urbanisation on habitat generalists:
starlings not so flexible? Acta Oecologica 30(2), 182–191.

Merkeviciene, L., Ruzauskaite, N., Klimiene, I., Siugzdiniene, R.,
Dailidaviciene, J., Virgailis, M., Mockeliunas, R. & Ruzauskas, M.

(2017). Microbiome and antimicrobial resistance genes in microbiota of cloacal
samples from European herring gulls (Larus Argentatus). Journal of Veterinary Research
61(1), 27–35.

Biological Reviews 99 (2024) 582–597 © 2023 The Authors. Biological Reviews published by JohnWiley & Sons Ltd on behalf of Cambridge Philosophical Society.

Impacts of coprophagic foraging behaviour 595

 1469185x, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/brv.13036 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [14/06/2024]. 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://doi.org/10.1371/journal.pone.0016230
https://doi.org/10.1371/journal.pone.0016230
https://doi.org/10.1098/rspb.2018.2295
https://doi.org/10.1098/rspb.2018.2295
https://doi.org/10.1371/journal.pone.0216565
https://doi.org/10.1371/journal.pone.0216565
https://doi.org/10.1186/s12915-019-0649-1
https://doi.org/10.1186/s12915-019-0649-1
https://doi.org/10.1186/s13028-018-0415-3
https://doi.org/10.1186/s13028-018-0415-3


Michel, A. J.,Ward, L. M.,Goffredi, S. K.,Dawson, K. S., Baldassarre, 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.&Chaves, J. A. (2018). The gut
of the finch: uniqueness of the gut microbiome of the Gal�apagos vampire finch.
Microbiome 6(1), 167–181.

Montrose, M. S., Shane, S. M. & Harrington, K. S. (1985). Role of litter in the
transmission of Campylobacter jejuni. Avian Diseases 29(2), 392–399.

Morelli, F., Benedetti, Y., Hanson, J. O. & Fuller, R. A. (2021). Global
distribution and conservation of avian diet specialization. Conservation Letters 14(4),
e12795. https://doi.org/10.1111/conl.12795.

Moreno-Rueda, G. (2010). Experimental test of a trade-off between moult and
immune response in house sparrows Passer domesticus. Journal of Evolutionary Biology
23(10), 2229–2237.

Mukerji, S., Stegger, M., Truswell, A., Laird, T., Jordan, D., Abraham, R.,
Harb, A., Barton, M., O’Dea, M. & Abraham, S. (2019). Resistance to
critically important antimicrobials in Australian silver gulls (Chroicocephalus
novaehollandiae) and evidence of anthropogenic origins. Journal of Antimicrobial

Chemotherapy 74(9), 2566–2574.
Munita, J. M. & Arias, C. A. (2016). Mechanisms of antibiotic resistance.Microbiology

Spectrum 4(2), 1128–1135.
Murphy, M. E. (1996). Energetics and nutrition of molt. In Avian Energetics and

Nutritional Ecology (ed. C. CAREY), pp. 158–198. Springer US, Boston, MA.
Murphy, M. E.& Taruscio, T. G. (1995). Sparrows increase their rates of tissue and

whole-body protein synthesis during the annual molt. Comparative Biochemistry

and Physiology Part A: Physiology 111(3), 385–396.
Murray, M. H., Kidd, A. D., Curry, S. E., Hepinstall-Cymerman, J.,

Yabsley, M. J., Adams, H. C., Ellison, T., Welch, C. N. &
Hernandez, S. M. (2018). From wetland specialist to hand-fed generalist: shifts in
diet and condition with provisioning for a recently urbanized wading bird.
Philosophical transactions of the Royal Society of London. Series B, Biological sciences

373(1745), 20170100. https://doi.org/10.1098/rstb.2017.0100.
Murray, M. H., Lankau, E. W., Kidd, A. D., Welch, C. N., Ellison, T.,

Adams, H. C., Lipp, E. K. & Hernandez, S. M. (2020). Gut microbiome shifts
with urbanization and potentially facilitates a zoonotic pathogen in a wading bird.
PLoS One 15(3), e0220926. https://doi.org/10.1371/journal.pone.0220926.
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