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Gut microbiota plays key roles in shaping host development, 
immunity and physiology. The assembly of vertebrate gut 
microbiota during early life follows relatively predictable tra- 
jectories across several mammalian species, largely driven by 
maternal transmission routes. However, birds lack these 
transmission mechanisms owing to their oviparity, potentially 
leading to different age-related microbiota patterns. Here, 
we investigate gut microbiota variation in Atlantic puf- 
fin ( Fratercula arctica ) chicks and adults across six British 
populations spanning distinct marine regions using 16S 
rRNA amplicon sequencing. We find that chick microbiotas 
show strong population-level structuring that disappears 
in adults, with spatial patterns particularly pronounced in 
anaerobic versus aerotolerant components of the micro- 
biota. Puffin microbiotas become increasingly individualized 

and aerotolerant with age, while taxonomic richness re- 
mains stable—patterns that contrast with the convergent, 
richness-increasing trajectories observed in several mammalian 
species. Our results suggest that environmental exposure is 
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a key driver of early-life microbiota assembly in birds, highlighting the value of avian systems for 
understanding vertebrate microbiota development beyond mammals. 

1
T st physiology, development and im- 
m s are highly dynamic, varying across 
h ding the ecological and developmen- 
t ith function in natural systems. 

s in humans and laboratory animals 
[ cent years [14 –19 ]. Despite birds ac- 
c microbiota remains considerably less 
s  avian gut have been linked to host 
h esses and central research themes in 
e

ment, with lasting consequences for 
h als, microbial seeding begins at birth 
w h the birth canal [26 –28 ], and contin- 
u ntal acquisition [12 ,29 ]. These tightly 
r erved age-related microbiota trajecto- 
r ss and evenness during early devel- 
o damentally different patterns owing 
t . Birds are oviparous and lack these 
m ial acquisition is probably shaped by 
t uch as feeding (parent to offspring). 
T e microbiota trajectories during early 
d ariable age-related changes in alpha 
d nd evenness generally increase dur- 
i [33 ]). These fundamental differences 
i  directly extrapolated to birds, posi- 
t tanding microbiota assembly across 
v

uffin ( Fratercula arctica ), a long-lived 

( logy that makes it particularly suited 

f yond mammalian hosts. Specifically, 
c uire microbes from soil and nest en- 
v nge of marine prey items carried in 
t th parents and their diet. By contrast, 
a s, potentially encountering common 
e are also of particular research inter- 
e ith population declines across their 
N 0 ] and inclusion on BirdLife Interna- 
t erlapping diet and breeding habitats 
w om puffin microbiota potentially ap- 
p ange of seabirds. We used 16S rRNA 

a adults across six British populations 
s rkney, Shetland, Firth of Forth). We 
e ty, composition and oxygen tolerance 
a microbiota by bacterial aerotolerance 
h  in a cooperatively breeding passer- 
i  differently to the closeness of social 
i gling ecological drivers of microbiota 
v
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he vertebrate gut microbiota plays essential roles in shaping ho
une function [1 –3 ]. At the same time, gut microbial communitie
osts, populations, life stages and environments [4 –10 ]. Understan
al drivers of this variation is key to linking microbiota structure w

Most insights into gut microbiota dynamics come from studie
1 ,11 –13 ], with wild mammals receiving increased attention in re
ounting for over 5000 more species than mammals [20 ], avian gut 
tudied. Crucially, as in mammals, microbial communities of the
ealth, fitness and behaviour, representing both key biological proc
cology to conservation [4 ,5 ,10 ,21 –23 ]. 
Early life represents a critical window for microbiota establish

ost development and health [1 ,24 ,25 ]. For the majority of mamm
hen the previously sterile gut is colonized during passage throug
es via maternal transfer (largely through lactation) and environme
egulated exposure routes are thought to contribute to broadly cons
ies across several mammalian species, including increasing richne
pment [12 ,14 ,17 ,30 –32 ] (but see [33 ]). Birds, however, follow fun
o their distinct reproductive biology and early-life environments
aternal microbiota transmission routes. Instead, early-life microb

he environment (e.g. soil, nest materials) and social interactions s
hese more variable transmission routes may lead to less predictabl
evelopment. This hypothesis is supported by studies showing v
iversity across bird species [21 –23 ,34 ,35 ] (in contrast, richness a
ng early development among mammals [12 ,14 ,17 ,30 –32 ] (but see 
n reproductive biology mean that mammalian findings cannot be
ioning avian species as essential comparative models for unders
ertebrates. 
In this study, we investigate the gut microbiota of the Atlantic p

average lifespan approx. 25 years [36 ]), migratory seabird with eco
or studying how age and environment shape the gut microbiota be
hicks develop in underground burrows, where they probably acq
ironments. They are also provisioned with a relatively narrow ra
heir parents’ beaks [37 ], and are thus dosed with microbes from bo
dults forage widely at sea and migrate between breeding season
nvironmental microbial sources across populations [38 ]. Puffins 
st as they are increasingly vulnerable to environmental change, w
orth Atlantic range leading to their IUCN listing as ‘vulnerable’ [2

ional’s European Red List of Birds (2021) [39 ]. Furthermore, their ov
ith several other North Atlantic seabird species make insights fr
licable to understanding gut microbial ecology across a broader r
mplicon sequencing of faecal samples collected from chicks and 

panning ecologically distinct marine areas (Celtic Sea, Hebrides, O
xamined how age and geography influence gut microbiota diversi
s measures of microbiota structure and function. Partitioning the 
as recently been applied to investigate social transmission routes
ne, revealing that anaerobic and aerotolerant communities respond
nteractions [40 ], supporting the utility of this approach for disentan
ariation in wild birds. 
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Figure 1. (A) Atlantic puffin ( Fratercula arctica ) (photo: Eveliina Hanski). (B) Map showing geographic locations of six British Atlantic 
puffin populations included in the study: (1) Skomer Island, (2) Shiant Isles, (3) Sule Skerry, (4) Pentland Skerries, (5) Fair Isle and (6) Isle 
of May. (C) Mean relative abundance of bacterial phyla across six populations, ordered by decreasing relative abundance of Firmicutes, the 
dominant phylum. Rare taxa (mean relative abundance less than 5% and prevalence less than 5% across samples) are under ‘Other’. (D) 
Principal coordinate analysis of adult ( n = 13) and chick ( n = 41) puffins on Jaccard distance. Microbial community similarity between 
sample pairs increases with point proximity. Shape indicates age category; circle = adult, triangle = chick. 

2
2
A  seven British populations; Skomer 
I ire, Wales), Fair Isle (Shetland Is- 
l  (Orkney Islands, Scotland), Pent- 
l irth of Forth, Scotland) ( table 1 ; 
s enced in figure 1B ). Samples were 
c be approximately two–five weeks 
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.1. Sample collection 
 total of 153 faecal samples were collected in July 2021 from
sland (Pembrokeshire, Wales), Skokholm Island (Pembrokesh
ands, Scotland), Shiant Isles (Hebrides, Scotland), Sule Skerry
and Skerries (Orkney Islands, Scotland) and Isle of May (F
ee map of islands for which samples were successfully sequ
ollected from adults and chicks. Chicks were estimated to 
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o  and dependent on parental pro- 
v y, without further age determina- 
t est ID was not recorded for sam- 
p tential shared nest origin among 
s nistically during routine monitoring 
o ver a sterilized sampling dish for up 

t  were obtained when possible within 
t sed according to standard protocols 
o le collection was conducted by field 

p samples were collected from a sterile 
s  DNA/RNA Shield (Zymo Research, 
U red at − 80◦C until DNA extraction 
(

2
F ples for DNA extraction. DNA was 
e n format) according to the manufac- 
t Ase-free H2 O) was included in each 
D l systematic cross-contamination be- 
t on sequencing, targeting the V4–V5 
r . Library preparation was conducted 

i s as well as negative controls). Each 
l tion (PCR) control (at a varying posi- 
t he Illumina MiSeq platform (Reagent 
k ere conducted at the Integrated Mi- 
c ive controls for DNA extraction and 

P gside the sequencing facility’s nega- 
t

2
D  v. 4.1.2. Demultiplexed sequencing 
r  was assigned using the SILVA rRNA 

d  ] were used to build a phylogenetic 
t cted across all negative DNA extrac- 
t ad count of 77 for any given control 
(  for true samples). Using these nega- 
t nts using the R package decontam [48 ] 
u ce in biological samples is compared 

w on and library preparation controls). 
A ty of 0.1 in Fisher’s exact test used in 
d brary preparation controls), one ASV 

c quent analysis. 
ncing failures ( n = 72), reducing the 

d  used to generate sample complete- 
n stimates sample completeness as the 
p served taxon, providing a coverage- 
b nomic levels supported a sequencing 
d on of samples remained incomplete. 
S iversity estimates were calculated us- 
i iversity ( q = 1), after which ASVs that 
w mple were removed from the dataset 
( age phyloseq [50 ] was used to normal- 
i two faecal depositions were sampled 

t e samples from six populations were 

Downloaded from ro
by Centre for Ecolog
on 17 September 20
ld at the time of sampling, still residing in their burrows
isioning. Adults were identified as breeding individuals onl
ion, and sex was indeterminate for both adults and chicks. N
led individuals, and therefore we could not account for po
amples from the same population. Samples were collected opportu
f nests or annual ringing campaigns by briefly holding the bird o
o 1 minute. As puffins commonly defecate upon capture, samples
his period. If no sample was produced, individuals were proces
r released, ensuring minimal additional handling time. All samp
ersonnel licensed for bird handling under UK regulations. Faecal 
ampling dish using a sterilized spatula. Samples were preserved in
SA), shipped to the laboratory at ambient temperature, and sto
five months). 

.2. Laboratory work 
aecal samples were randomized into eight batches of up to 23 sam
xtracted using the ZymoBIOMICS DNA MiniPrep kit (spin-colum
urer’s instructions (Zymo Research, USA). A negative control (DN
NA extraction batch at a varying position to account for potentia
ween positions. Microbiota profiling was conducted using amplic
egions of the 16S rRNA gene using primers 515F and 926R [41 ,42 ]
n two 96-well plates of up to 94 samples (comprising true sample
ibrary preparation also included a negative polymerase chain reac
ion). Amplicons were sequenced in a single sequencing run using t
it v. 3, 2x300 bp chemistry). Library preparation and sequencing w
robiome Resource, using the protocol described in [43 ]. All negat
CR reactions were sequenced intermixed with true samples, alon
ive reaction for the amplicon sequencing. 

.3. Data processing 
ata processing and subsequent analysis were conducted using R
eads were processed through the DADA2 pipeline [44 ]. Taxonomy
atabase v. 138.1 [45 ]. Packages DECIPHER [46 ] and phangorn [47
ree. A total of eight amplicon sequence variants (ASVs) were dete
ion and library preparation controls ( n = 9), with a maximum re
range 0–77, mean 15; for comparison, mean read depth was 66176
ive controls, we tested for the presence of any potential contamina
sing the prevalence method, in which the prevalence of each sequen
ith that in negative controls (conducted separately with extracti
 sequence was considered a contaminant if it reached a probabili
econtam . Across the two tests (decontam with either extraction or li
ontaminant was identified and filtered from the data before subse
Samples with fewer than 100 reads were first removed as seque

ataset from 153 to 81 samples. The package iNEXT [49 ] was then
ess and rarefaction curves at both ASV and genus level. iNEXT e
robability that the next sequenced read represents a previously ob
ased criterion for sequencing sufficiency. These curves at both taxo
epth threshold of 5000 reads, below which a substantial proporti
amples below this threshold ( n = 25) were removed. Asymptotic d
ng iNEXT as Hill numbers for ASV richness ( q = 0) and Shannon d
ere never observed at a count greater than 1 in any individual sa

 n = 245) to reduce potential residual sequencing artefacts. The pack
ze ASV counts to proportional abundance. Finally, two duplicates (
wice) were removed from the data. After data processing, 54 uniqu
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​252018/​6164566/​rsos.​252018.​pdf
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r nge 5447–198796). Across these sam- 
p n average (range 11–277). Both adult 
a opulations (Skomer, Isle of May and 

S

2
B s described in [17 ]. Briefly, bacterial 
g lly listed as obligate anaerobes) and 

‘ ltative aerobes and aerobes) or ‘un- 
k nual of Systematics of Archaea and 

B n was not available in the manual 
[ ic variation in some taxa may intro- 
d  limitation of genus-level taxonomic 
r samples using a consistent reference 
d ically bias comparisons between age 
g ble online (see Data accessibility). 

2
T ed by population and age (adult vs 
c s of variance (PERMANOVA) on Jac- 
c kage vegan [52 ]. Jaccard distance was 
c e binary argument set to TRUE , such 
t tance was calculated by first apply- 
i nction from the package microbiome 
[ ces with a pseudocount (min(relative 
a  the package phyloseq was then used 

w pth were included as predictors. Beta 
d g the betadisper function in package 
v

uals, we used a dyadic Bayesian re- 
g comprises a pairwise generalized lin- 
e tance, measured as described above) 
w nsured that similarity scores (Jaccard 

i  transformation: ( x × ( n − 1) + 0.5)/ n , 
w ily beta . The effect of spatial proxim- 
i dult and (ii) chick–chick sample pairs 
w  smaller than that of chicks ( table 1 ), 
w sample pairs matched in population 
r xception that the Isle of May had five 
i ty (same vs different population) and 

a presents a more ecologically relevant 
d s. For this, at-sea distance was scaled 

t  − normalized distance) for more in- 
t naerobic and aerobic communities of 
t ronmental exposure while anaerobic 
t  the relative abundance of taxa with 
u

ries, we used two approaches. First, 
w rity (same vs different age category). 
S e categories, we predicted microbial 
s nly sample pairs with the same age 
c  microbial similarity included popu- 
l  effects in the microbiota, we used a 
‘ s excluded, and all ASVs assigned to 

Downloaded from ro
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etained for analysis ( table 1 ) with a mean read depth of 66176 (ra
les, 2096 ASVs were detected, with each sample having 113 ASVs o
nd chick samples were available for analysis in three of the six p
ule Skerry; table 1 ). 

.4. Phenotypic profiles of bacteria 
acterial aerotolerance was determined using a custom database a
enera were categorized into ‘obligate anaerobes’ (when specifica
aerotolerants’ (for all facultative anaerobes, microaerophiles, facu
nown’ (when information was not available) using Bergey’s Ma
acteria or additional peer-reviewed references when informatio
51 ]. As aerotolerance was assigned at the genus level, intragener
uce misclassification in a minority of genera; this is an inherent
esolution. As this classification was applied uniformly across all 
atabase, any resulting misclassification error should not systemat
roups or populations. The aerotolerance data used here are availa

.5. Data analysis 
o investigate the proportion of gut microbiota variation explain
hick), we performed marginal permutational multivariate analyse
ard and Aitchison distances using the adonis2 function in the R pac
alculated using the distance function in package phyloseq, with th
hat relative abundances of taxa are not considered. Aitchison dis
ng a centred log-ratio (CLR) transformation using the transform fu
53 ]. This CLR transformation replaces exact zero relative abundan
bundance)/2) before taking logarithms. The distance function from
ith the method set to euclidian . DNA extraction batch and read de
ispersion by population ID and age category was tested for usin
egan [52 ], a method that is sensitive to unbalanced group sizes. 
To study predictors of gut microbial similarity between individ

ression framework (function brm ) with the R package brms [54 ]. It 
ar mixed model predicting gut microbial similarity (on Jaccard dis
ith other measures of a sample pair (e.g. spatial proximity). We e

ndices) fell strictly within the (0,1) interval by applying a standard
here n is the sample size. We then used logit link functions of fam

ty on microbiota similarity was estimated separately for (i) adult–a
ith two models. As the sample size for adults was substantially
e repeated the chick model using a subset of randomly selected 

epresentation and sample size to the adult dataset, with the only e
nstead of six samples ( table 1 ). Models used population ID similari
t-sea proximity (puffins do not fly over land, so at-sea distance re
istance between populations than absolute distance) as predictor
o the (0,1) range as described above and converted to proximity (1
uitive interpretation. These spatial analyses were repeated on the a
he microbiota (as aerobic taxa predominantly spread through envi
axa spread through social transmission [18 ]), with differences in
nknown aerotolerance included as a fixed effect. 
For the investigation of microbiota variation across age catego
e predicted microbial similarity with pairwise age category simila
econd, to estimate whether beta diversity varies across the two ag
imilarity with pairwise age category ( adult–adult or chick–chick ; o
ategory were included). Both models investigating age effects on
ation ID similarity as a covariate. For identifying taxa driving age
drop-one-taxon-out’ approach. In each iteration, a single genus wa
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​252018/​6164566/​rsos.​252018.​pdf
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t e Jaccard index and running the brm 

m + …). This was repeated until every 
g ce. We then quantified ‘importance’ 
s e extent to which excluding a genus 
f creased the credible interval width). 

tch similarity (same vs different ex- 
t r as fixed effects. To account for the 
i luded a multi-membership random 

e
, we fitted two separate models for 

a ated with iNEXT [49 ], see details in 
§ eta regression model, with a precision 
( ispersion. The response variable was 
s ression model with a log-transformed 

r count were included as fixed effects, 
w el variation. Alpha diversity models 
w es, since observed ASV richness was 
s

aerobe to aerobe ratios have been ob- 
s 5 ]), we similarly implemented a brm 

m n aerotolerance was used as the re- 
s tch and summed relative abundance 
o s, while population ID was included 

a  count was scaled to improve model 
c esponse variable included values of 
e ely model the data. 

 reliable model performances. Here, 
w han 1.05, bulk effective sample sizes 
a f total posterior draws, and that the 
s vergent transitions after warm-up. In 
a del fit, confirming that the simulated 

p y minor deviations in certain regions. 
 visualize similarity between puffin 

p ded, as adult samples were available 
f rated separately for the whole micro- 
b t the genus level, see §2.4). To ensure 
c orks were based on 100 iterations of 
r ple size available in the population 
w –absence data were used to calculate 
A resent in both populations / total n 
A node sizes and edge thicknesses rep- 
r ross all iterations. 

3
3 across six British populations 
W robiota in adults ( n = 13) and chicks 
( lum level, the puffin gut microbiota 
w  Proteobacteria (11.5%), followed by 
C  (2.4%) ( figures 1C and 2A). The most 
c  1 (22.2%) , Escherichia–Shigella (5.3%) 
a ure S1B). 

plained variation in microbiota com- 
p n population. Population explained 

1 ERMANOVA; binary Jaccard index, 

Downloaded from ro
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hat genus were removed from the dataset before re-measuring th
odel as described above ( Jaccard distance ∼ pairwise age category 
enus, along with all of its associated ASVs, had been excluded on
cores for each of the 465 genera, as described in [18 ], reflecting th
rom the data reduced the certainty of the age effect estimate (i.e. in

All dyadic beta regression models included DNA extraction ba
raction batch) as well as read depth difference of the sample pai
nherent autocorrelation of pairwise values, all dyadic models inc
ffect (1|mm(ID1, ID2) [18 ]. 
To assess whether alpha diversity varied across age categories

symptotic Shannon diversity and asymptotic ASV richness (estim
2.3) using brms [54 ]. For Shannon diversity, we used a zero-inflated b
phi) term predicted by age to account for potential differences in d
caled to the (0,1) range. For ASV richness, we fitted a Gaussian reg
esponse. In both models, age category (adult vs chick) and read 

ith population ID as a random effect to account for population-lev
ere run with (i) all samples and (ii) all except the Shiants sampl
ubstantially lower in the Shiants population ( table 1 ). 
To examine whether microbiota aerotolerance varied by age (an

erved to increase with age in several mammalian species [14 ,17 ,5
odel. The proportion of aerotolerant taxa out of taxa with know
ponse variable. Age category, scaled read count, DNA extraction ba
f taxa with unknown aerotolerance were included as fixed effect
s a random effect to account for variation across populations. Read
onvergence and ensure comparability across samples. Since the r
xactly 1, we specified a zero-inflated beta distribution to appropriat
For all brm models, posterior checks were conducted to confirm
e ensured that the chains had converged, Rhat values were less t
t least 100 times the number of chains and no smaller than 10% o
ampler took small enough steps to avoid excess (greater than 10) di
ddition, posterior predictive checks were performed to assess mo
osterior distributions closely matched the observed data, with onl
Networks of pairwise microbiota similarity were constructed to

opulations based on chick samples. Only chick samples were inclu
or only three of the six populations ( table 1 ). Networks were gene
iota, anaerobic taxa and aerobic taxa (aerotolerance determined a
omparability across populations with uneven sample sizes, netw
andom subsampling of four chick samples per population (the sam
ith the fewest chick samples; table 1 ). In each iteration, presence
SV richness within populations and Jaccard similarity ( n ASVs p
SVs across the two populations) between population pairs. Final 
esent the average ASV richness and Jaccard index, respectively, ac

. Results 
.1. Atlantic puffin gut microbiota composition and structure 
e profiled the bacterial component of the Atlantic puffin gut mic

 n = 41) from six populations in the United Kingdom. At the phy
as dominated by Firmicutes (mean relative abundance 78.6%) and
ampylobacterota (3.1%), Bacteroidota (2.4%) and Actinobacteriota
ommon genera were Catellicoccus (43.1%), Clostridium sensu stricto
nd Paeniclostridium (5.0%) ( figure 2A; supplementary material, fig
Both population and age category (adult vs chick) significantly ex

osition, though age had markedly lower explanatory power tha
5.6% of variation in the taxa detected in the samples (marginal P
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​252018/​6164566/​rsos.​252018.​pdf
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p  p = 0.032; beta dispersion significant 
f  figure 1D ) and 13.6% of variation in 
t  : R2 = 0.136, F = 1.661, p = 0.001; age : 
R 3, p = 0.073; age : F = 1.766, p = 0.191; 
s

Figure 2. Gut microbiota composition and oxygen tolerance of individual Atlantic puffins. Each vertical bar represents one puffin sample 
( n = 54). Samples are grouped by age category (adult vs chick) and within age category, ordered by population (Isle of May, Skomer, Sule 
Skerry, Fair Isle, Pentland Skerries, Shiants). Within each population–age group, samples are ordered by decreasing relative abundance 
of the dominant phylum, Firmicutes. (A) Relative abundance of bacterial phyla across samples. Taxa with mean relative abundance less 
than 5% and prevalence less than 5% are grouped under ‘Other’. (B) Relative abundance of bacterial genera across samples. Rare genera 
(mean relative abundance less than 5% and prevalence less than 5%) are grouped under ‘Other’. (C) Relative abundance of aerotolerant, 
obligate anaerobic and bacteria of unknown aerotolerance across samples. Genera with ambiguous or mixed aerotolerance classifications 
are grouped as ‘Unknown’. 

Downloaded from ro
by Centre for Ecolog
on 17 September 20
opulation : R2 = 0.156, F = 1.838, p = 0.001; age : R2 = 0.023, F = 1.337,
or population : F = 4.511, p = 0.005, but not age : F = 2.997, p = 0.084;
he relative abundances of these taxa (Aitchison distance, population
2 = 0.030, F = 1.788, p = 0.008; beta dispersion, population : F = 2.22
upplementary material, figure S1B). 
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rant taxa (mean relative abundance 
7  s.d. 34.0%; figure 2C ; supplementary 
m see §2 ). 

3 ion 
M icks. Sample pairs from the same age 
c s (Bayesian regression model (brm): 
u as 0.12, 95% credible intervals (CIs) 
0 ick microbiotas were more similar to 
o airs = 0.94, CIs 0.50–1.38), suggesting 
b ) increased with age ( figure 3A; see 
a

ower in chicks compared with adults 
( ore consistent (i.e. lower variability 
a ver, ASV richness did not differ sig- 
n Is − 0.10 to 0.17). To assess whether 
t  36.9, compared with 95–145 in other 
p ted the models excluding this popu- 
l gnificantly lower in chicks (posterior 
m ill showed no significant age-related 

d
obiota, we next examined taxonomic 

c a was higher in adults than in chicks 
( s of Clostridium sensu stricto 1 , which 
w ores in driving the age effect on the 
p  figure S1B). These genera were taxo- 
n cutes, Proteobacteria, Gemmatimon- 
a ach taxon contributes to age-related 

m  data and measuring the change in 
m  abundances (less than 0.2%) in both 
a  of age-associated occurrence rather 
t ge category and absent in the other 
w  relative abundance. Others, such as 
C erichia–Shigella (approx. 8% in adults, 
a e, although their relative abundances 
v  2B and 3B ; supplementary material, 
t gen tolerance: on average, chicks had 

a ts (posterior mean for chick = − 1.81, 
C re S1C). 

3  microbiota shaped by oxygen 

S endent. In adults, neither popula- 
t mity significantly predicted micro- 
b  − 0.44 to 1.30; posterior mean for 
a istances in supplementary material, 
fi tly higher in sample pairs from the 
s  no significant effect (posterior mean 
f proximity = − 0.08, CIs − 0.28 to 0.13). 
T e adult sample structure, though the 
p erior mean for same population = 0.60, 
C  to 0.41; table 1 ). 

Downloaded from ro
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Overall, the puffin gut microbiota was dominated by aerotole
0.4%, s.d. 29.3%; mean relative abundance of anaerobic taxa 31.5%,
aterial, figure S1C; aerotolerance was determined at genus level, 

.2. Age-related variation in microbial diversity and composit
icrobiota composition differed significantly between adults and ch

ategory were more similar than those from different age categorie
sing different as the reference category, posterior mean for same w
.02–0.21; see details for all models in §2). Among same-age pairs, ch
ne another than adult microbiotas (posterior mean for chick–chick p
eta diversity (interindividual variation in microbiota composition
lso individual-level phylum and genus profiles in figure 2 ). 
In terms of alpha diversity, Shannon diversity was significantly l

posterior mean for chick = − 1.99, CIs − 2.85 to − 1.13), and also m
cross individuals; posterior mean phi = 4.06, CIs 3.27–4.86). Howe
ificantly between age groups (posterior mean for chick = 0.03, C
he relatively low ASV richness in the Shiants population (mean =
opulations; table 1 ) may have influenced these patterns, we repea
ation. Results were nearly identical: Shannon diversity remained si
ean for chick = − 1.94, CIs − 2.80 to − 1.08), while ASV richness st
ifference (posterior mean for chick = 0.06, CIs − 0.08 to 0.19). 
To further characterize age-related differences in the puffin micr

omposition. Overall, the relative abundance of Proteobacterial tax
 figure 2A), while at the genus level, chicks had higher abundance
as also among the top 10 genera with the highest importance sc
uffin microbiota ( figure 3B ; supplementary material, table S1 and
omically diverse, spanning five distinct phyla: Bacteroidota, Firmi
dota, and Verrucomicrobiota. This approach assesses how much e
icrobiota differences by systematically removing them from the
odel certainty. While several of these taxa had low mean relative
dult and chick samples, importance scores reflect the consistency
han absolute abundance: a taxon that is reliably present in one a
ill strongly influence the age effect estimate regardless of its mean
atellicoccus (approx. 53% in adults, approx. 40% in chicks) and Esch
pprox. 4% in chicks), were substantially more abundant on averag
aried widely across individuals within each age category ( figures
able S1). This compositional divergence extended to microbial oxy
 significantly lower proportion of aerotolerant bacteria than adul
Is − 2.79 to − 0.81; figures 2C and 3C ; supplementary material, figu

.3. Puffin chicks but not adults show spatially structured gut
tolerance 

patial effects on microbiota similarity were strongly age dep
ion similarity (same vs different population) nor at-sea proxi
iota similarity (posterior mean for same population = 0.43, CIs
t-sea proximity = − 0.38, CIs − 1.30 to 0.53; see at-sea population d
gure S2). In chicks, however, microbiota similarity was significan
ame rather than different populations, while at-sea proximity had
or same population = 0.79, CIs 0.62–0.96; posterior mean for at-sea 
hese effects were maintained in a reduced dataset matched to th
opulation effect was weaker and only marginally significant (post
Is 0.03–1.19; posterior mean for at-sea proximity = − 0.20, CIs − 0.81
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​252018/​6164566/​rsos.​252018.​pdf
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Figure 3. (A) Estimated effects of age similarity ( top ) and categor y ( bottom ) on pair wise gut microbiota similarity (Jaccard distance), 
based on two Bayesian regression models (brm). The top model (‘same age category’) estimates the effect of whether two samples are 
from the same versus different age categories (reference: different age). The bottom model (‘chick pair’) estimates the effect of being 
a chick pair versus an adult pair, among within-age comparisons (reference: adult pair). Points show posterior means; horizontal lines 
show 95% credible intervals (CIs). A variable significantly predicts community similarity if its CIs does not overlap zero. The effect sizes 
of the estimates between the two models are not directly comparable. Y-axis labels (‘Same age category’, ‘Chick pair’) indicate the pre- 
dictor levels being compared with their respective reference groups. (B) Mean relative abundance ( ± s.d.) of the top 10 bacterial genera 
contributing most strongly to age-related differences in microbiota composition, identified using a ‘drop-one-taxon-out’approach (see 
§2). Importance scores (in parentheses) reflect the influence of each genus on the certainty of the age effect estimate (i.e. the extent 
to which its removal widens the CI): high importance scores therefore reflect consistent age-associated occurrence and need not cor- 
respond to high mean relative abundance. (C) Stacked bar plots showing the aerotolerance profile of gut microbiota across individual 
puffins, grouped by age. Each thin bar represents an individual, ordered by the relative abundance of aerotolerant taxa within the age 
category. The wider bars at the top of each cluster show the mean relative abundances for adults (top) and chicks (middle). Colours 
indicate bacterial oxygen tolerance category: aerotolerant ( blue ), obligate anaerobe ( red ) and unknown aerotolerance ( grey ). 

ponents, additional spatial patterns 
e oth predicted anaerobic microbiota 
s ; posterior mean for at-sea proximity 
=  within populations but became less 
s rior mean for same population = 0.76, 
C 2 to − 0.01; figure 4A). Although this 
l bial groups show spatial structuring 
b erns may effectively cancel each other 
o s ( figure 4A). In adults, by contrast, 
n l structuring ( figure 4A). 
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When splitting the microbiota into anaerobic and aerobic com
merged. In chicks, population similarity and spatial proximity b
imilarity (posterior mean for same population = 0.20, CIs 0.04–0.36
 0.36, CIs 0.16–0.55), while aerobic microbiota were more similar
imilar between populations that were geographically closer (poste
Is 0.58–0.93; posterior mean for at-sea proximity = − 0.22, CIs − 0.4
atter effect was only marginally significant, it suggests both micro
eyond population similarity. However, these opposing spatial patt
ut in whole-community analyses, obscuring broader spatial trend
either anaerobic nor aerobic microbiota showed significant spatia
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Figure 4. (A) Estimated spatial effects on pairwise gut microbial similarity on Jaccard distance in adult and chick sample pairs from 

Bayesian regression models (brm) that predicted pairwise similarity of aerobic ( blue ) or anaerobic ( red ) microbiota communities in 
adult–adult or chick–chick sample pairs with population ID similarity (same vs different population with ‘different population’as refer- 
ence category) and at-sea proximity (scaled to 0–1 for easier interpretation; sample sizes are given as the number of unique pairwise 
comparisons: adult–adult n = 78 dyads; chick–chick n = 820 dyads). Points are posterior means, and lines are 95% CIs. A variable signif- 
icantly predicts community similarity if its CI does not overlap zero, and effects are significantly different if their CIs do not overlap. Black 
horizontal lines separate different models. Effect sizes are model-specific and not directly comparable across models. (B–D) ASV sharing 
networks between chick samples from puffin populations (1. Skomer, 2. Shiant Isles, 3. Sule Skerry, 4. Pentland Skerries, 5. Fair Isle, and 
6. Isle of May) for the whole microbiota (B), anaerobic microbiota (C) and aerobic microbiota (D). Nodes represent puffin populations, 
with node size proportional to the average ASV richness per population based on 100 iterations of randomly sampled sets of four chick 
samples. Edges represent pairwise microbiota similarity (not direct ASV sharing or transmission) between populations, quantified as the 
mean Jaccard index across the same iterations. Edge thickness is scaled to average Jaccard index values. Edge length is determined by a 
force-directed layout and reflects overall network structure, but does not correspond to spatial distance or microbiota similarity. 

populations, we visualized networks 
o e whole microbiota ( figure 4B ) as well 
a  ). The full network revealed strong 
s  overlap with the Shiant Isles (node 
2 rtitioned by oxygen tolerance, these 
p cted and relatively even distribution 
a nesses between nodes). By contrast, 
t iant Isles, with fewer common ASVs 
t ffect of spatial proximity on aerobic 
m gle, distinct population rather than a 
c

4
B  of the host traits supporting these 
b nent of avian biology that remains 
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To better understand microbiota differentiation between puffin 
f pairwise microbiota similarity. Networks were constructed for th
s for anaerobic and aerobic communities separately ( figure 3C , D
imilarity among most populations but also highlighted reduced
), suggesting some population-specific distinctiveness. When pa
atterns diverged. Anaerobic microbiota exhibited broadly conne
cross populations (indicated by the relatively uniform edge thick
he aerobic microbiota exhibited a pronounced separation of the Sh
han other populations. This suggests that the observed negative e
icrobiota similarity ( figure 4A) may be largely driven by this sin
onsistent pattern across all populations. 

. Discussion 

irds are key contributors to ecosystem function [56 ]. Yet, many
enefits are tightly linked to the gut microbiota [57 ], a compo
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​252018/​6164566/​rsos.​252018.​pdf
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u s from the British Isles, we demon- 
s ependent and displays patterns that 
s

s and Proteobacteria, with relatively 
l er seabirds such as shearwaters [4 ], 
f rs [10 ] and bats [58 ,59 ], and is broadly 
c roteobacteria and Firmicutes among 
t nt terrestrial mammals are typically 
d rine mammals show mixed patterns 
[ drive high Proteobacteria abundance. 

rest owing to their distinct develop- 
m  than the primary maternal transmis- 
s robiota [14 ,17 ,67 ,68 ]. This may result 
i opulations, and bird species, in con- 
t alian species [14 ,17 ,69 ]. Our findings 
s ta diversity and composition. 

s (who were approx. two–five weeks 
o sting that evenness, rather than rich- 
n ere both richness and evenness typ- 
i th more heterogenous age dynamics 
r enness (reflected in higher Shannon 
d system maturation, which could pro- 
m  for the lack of richness differences is 
t ial colonization dynamics may have 
a apidly over a matter of days during 
e  our ability to capture early richness 
c

d compositional differences between 
c  most abundant genus in our dataset 
a  dominance of Catellicoccus in puffins 
h 2 ] and thick-billed murres [5 ], with 
l  described species, Catellicoccus mari- 
m imited biosynthetic capacity and spe- 
c ith longer telomere length in yellow- 
l lly isolated from porpoise and grey 
s d marine mammals, and appears to 
b gests that shared habitat (rather than 
h iated mammals. In puffins, its higher 
r re. Given its dominance in multiple 
a pecies, Catellicoccus may represent a 
‘ nce. 

biota became increasingly individu- 
a r than those of adults, suggesting that 
m older. This pattern is consistent with 
fi s observed in common mammalian 
s e more variable between individuals 
a microbiotas may reflect their narrow 

a lts: chicks were all sampled within a 
n ly spanned a much wider age range 
( dults also forage widely [78 ,79 ] and 

m  between the non-breeding distribu- 
t [38 ], potentially encountering similar 
e which may reduce population-level 
d

icks but not adults. Chick microbio- 
t t with local environmental shaping, 
w s age-dependent spatial pattern sup- 
p mentally driven than in mammalian 
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nderexplored. Using samples from six Atlantic puffin population
trate that microbiota composition and structuring is strongly age d
uggest divergence from mammalian models. 
Overall, the puffin gut microbiota was dominated by Firmicute

ow levels of Bacteroidota. This composition resembles that of oth
ulmars [4 ] and thick-billed murres [5 ], as well as Seychelles’ warble
onsistent with prior observations from UK puffins that found P
he dominant phyla [60 ]. By contrast, gut communities in non-vola
ominated by Firmicutes and Bacteroidota [14 ,17 ,61 ,62 ], while ma
63 –66 ], suggesting that marine ecology alone does not consistently 

Age-related microbiota dynamics in birds are of particular inte
ental context, probably shaped by environmental exposure rather
ion routes (birth canal and lactation) that influence mammalian mic
n more variable early-life microbial dynamics across individuals, p
rast to the relatively conserved trajectories seen in several mamm
upport this view, revealing clear age-related shifts in gut microbio
Shannon diversity was significantly higher in adults than in chick

ld at sampling), while ASV richness remained comparable, sugge
ess, increases with age. This pattern diverges from mammals, wh
cally increase during early development [12 –14 ,17 ], but aligns wi
eported in other bird species [21 ,22 ,34 ,35 ,70 ,71 ]. The increased ev
iversity) in adults may reflect dietary diversification and immune 
ote more even microbial communities. One possible explanation

hat since chick samples were collected weeks after hatching, init
lready been stabilized (microbiota diversity is known to change r
arly chick development in great tits [22 ] and ostrichs [35 ]), limiting
hanges. 
These age-related diversity patterns were accompanied by marke

hicks and adults, driven primarily by Catellicoccus , which was the
nd showed significantly higher relative abundances in adults. The
as been reported previously [60 ] and is also observed in gulls [7
ower-level detection in waterfowl [73 ] and waders [74 ]. The only
ammalium , exhibits features of a host-adapted lifestyle, including l
ialized nutrient transport systems [75 ], and has been associated w
egged gulls [76 ], hinting at potential links to host health. Origina
eal [77 ], Catellicoccus has been primarily reported in seabirds an
e uncommon in terrestrial mammals. This distribution pattern sug
ost phylogeny alone) may influence its prevalence in marine-assoc
elative abundance in adults could reflect increased marine exposu
vian taxa, signs of host adaptation, and age-association across s
core’ member of the avian gut microbiota with functional importa

Interestingly, we found that the overall composition of gut micro
lized with age. Chick microbiotas were more similar to one anothe
icrobial communities diverge between individuals as they grow 

ndings in some other bird species [22 ] but contrasts with pattern
ystems (primates and mice), where early-life microbiotas tend to b
nd converge over time [13 ,14 ,17 ]. The greater similarity in chick 
ge range and more constrained environments compared with adu
arrow age range (approx. two–five weeks), whereas adults probab
puffin breeding age can range approx. 5–40 years). Furthermore, a
igrate across large marine areas throughout the year, with overlap

ion of different populations but substantial individual differences 
nvironmental microbes regardless of their breeding population, 
ifferences while still increasing variation between individuals. 
Indeed, spatial structuring of the microbiota was evident in ch

as were more similar within than between populations, consisten
hile adult microbiotas showed no such geographic structure. Thi
orts the hypothesis that avian microbiota assembly is more environ
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s al weeks post-hatching [36 ] and are 
t These early-life exposures probably 
s ation-level signal observed. In early 
l host physiological control [55 ,80 ,81 ], 
m As hosts mature, increased immune 
m host-driven divergence, as well as a 
w ain why adult microbiotas are both 
m ss spatially structured. The absence 
o ult sample size, though when chick 
a opulation effect was still marginally 
d

ut microbial communities, we parti- 
t rboured a higher proportion of obli- 
g xa. This contrasts patterns observed 

i  of ecological, physiological and/or 
b  broadly. For instance, adult puffins 
s  they are exposed to bacteria that are 
p awater. Although chicks are similarly 
e posure may well be more passive, as 
t e in seawater while feeding. Further 
r  ratio of anaerobes to aerobes is com- 
m ng frequency) might be driving it. It 
i files, we cannot distinguish whether 
d resent resident members of the gut 
m  exposures, which could be resolved 

t
in how anaerobic and aerobic micro- 

b ks, anaerobic microbiotas were more 
s te populations. By contrast, aerobic 
m ased similarity with increasing spa- 
t significant, may reflect environmen- 
t en by a single distinct population. 
T also had markedly lower ASV rich- 
n d diversity and unique local condi- 
t ve contributed to its differentiation. 
T arbler in which anaerobic—but not 
a ss of cooperative breeding interac- 
t a broadly informative approach for 
r  whole-community analyses of wild 

b
ing of the Atlantic puffin gut micro- 

b : 72 samples were removed prior to 
r 100 reads), probably reflecting failed 

D r avian microbiota studies [84 ] given 
t t together in the faeces [85 ]. A further 
2 ting in small final sample sizes with 
u icular, adult sample sizes were lim- 
i sons (particularly Sule Skerry, where 
o ith appropriate caution. In addition, 
g  although gut microbiota heritability 
i l comparison of adults and chicks at 
a ge categories, longitudinal sampling 
f the microbiota assembly process and 

i enefit from investigating microbiota 
c ell as exploring high-resolution func- 
t to host health and fitness. 

t microbiota in the Atlantic puffin, 
r position, and spatial ecology. The 
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pecies. Puffin chicks remain in underground burrows for sever
herefore exposed to locally distinct soil microbial communities. 
hape the initial microbial community, contributing to the popul
ife, microbial communities are also thought to be under weaker 
aking them more susceptible to local environmental influences. 
odulation and physiological filtering may contribute to greater 
eakening of geographic signals. In puffins, this may help expl
ore variable across individuals (i.e. higher beta diversity) and le
f spatial structure in adults may also partly reflect our smaller ad
nalyses were restricted to match the adult sample structure, a p
etectable. 
To further understand the ecological drivers shaping puffin g

ioned the microbiota by oxygen tolerance. On average, chicks ha
ate anaerobes, whereas adults were dominated by aerotolerant ta
n mammals [17 ,55 ,68 ,82 ] and may be explained by a combination
ehavioural factors unique to puffins or potentially seabirds more
pend significant time foraging at or near the ocean surface, where
robably aerotolerant owing to the high oxygen levels in surface se
xposed to soil microbes, which are expected to be aerobic, their ex
hey are unlikely to actively ingest soil in the way adults may tak
esearch is needed to determine whether the observed pattern in the
on in seabirds and what factors (e.g. immune modulation, feedi

s also important to note that in our cross-sectional microbiota pro
etected microbes—including the aerotolerant taxa in adults—rep
icrobiota or transient taxa associated with recent environmental

hrough longitudinal sampling. 
The spatial structuring of the microbiota supports a divergence 

ial communities respond to host and environmental factors. In chic
imilar within populations and between geographically proxima
icrobiota showed higher similarity within populations but decre

ial proximity. This negative spatial effect, while only marginally 
al filtering or localized divergence in aerobes, potentially driv
he Shiant Isles exhibited highly distinct aerobic microbiota and 

ess for both aerobic and anaerobic taxa, suggesting that reduce
ions (such as island-specific geology or soil microbiota) may ha
hese findings, consistent with a recent study of the Seychelles w
erotolerant—microbiota similarity was predicted by the closene
ions [40 ], suggest that partitioning by oxygen tolerance may be 
evealing microbial transmission dynamics that remain obscured in
irds. 
Despite yielding considerable advancements in our understand

iota, this study had limitations. Sequencing success was variable
arefaction analysis owing to extremely low read counts (less than 
NA extractions or PCR inhibition [82 ,83 ]—a common challenge fo
he co-excretion of nitrogenous waste and gastrointestinal excremen
5 samples were removed for insufficient sequencing depth, resul
neven representation of populations and age categories. In part
ted across all populations, and results from adult-specific compari
nly two adult samples were available) should be interpreted w
enetic relatedness among chicks within populations is unknown,
n wild animals is generally modest [80 ]. While our cross-sectiona
 single time point reveals marked differences between the two a
rom hatching through fledging would be needed to fully capture 
nitial colonization dynamics in birds. Future studies would also b
omponents beyond bacteria, such as fungi (the ‘mycobiota’), as w
ional changes in the puffin gut microbiota and their relationships 

In conclusion, our study provides characterization of the gu
evealing a dynamic interplay between host age, microbiota com
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p  chicks that disappears in adults, in- 
c appear to contrast those observed in 
c ght the need for further research into 
t  birds and suggest that age-related 

m vian species face increasing environ- 
m  pathogenic avian influenza (HPAI), 
u  and what consequences microbiota 
d ore broadly, our results contribute to 
a ve models for advancing microbiota 
r
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