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Recap: Bayesian phylodynamics
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Tree shape is informative about underlying dynamics
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the supply of susceptibles. This feedback,
along with the effect of pathogen epidemic
dynamics on genetics in other systems, is
illustrated schematically in fig. S1A.

Partial immunity to influenza A virus
also generates strong fitness differences
among strains, leading to rapid strain turn-
over. Such continual immune selection de-
termines the shape of phylogenies of the
HA (Fig. 1E) and NA genes; these are
strongly temporal in structure with high
rates of lineage extinction, so that genetic
diversity at any time is limited. The central

trunk depicts the ancestry of the successful
lineages and has the highest rate of amino
acid replacement at key antigenic sites (9),
suggesting that immunological distance
from previous strains determines viral fit-
ness. Although substantial progress has
recently been made in integrating the
individual- and population-level dynamics of
influenza (5), the role of within-host dynam-
ics remains to be added to the picture. Influ-
enza B, and influenza A in other mammals,
generally shows more complex patterns of
antigenic drift (fig. S1B). In addition to anti-

genic drift, influenza pandemics can be
caused by novel HA and NA combinations
(antigenic shift). Aquatic birds are the natural
reservoirs of influenza A viruses and harbor a
variety of antigenic types, thereby providing
an environment in which new recombinant
subtypes can arise and transmit to mammals.

This phylodynamic category also includes
foot and mouth disease virus (FMDV), which
causes a highly infectious acute epidemic
disease of livestock. Primary infection or
vaccination gives imperfect protection
against other variants of the virus, and there is

Fig. 1. (A) Prevaccination measles dynamics: weekly case
reports for Leeds, UK (7). (B) Weekly reports of influenza-
like illness for France (44). (C) Annual diagnosed cases of
HIV in the United Kingdom (45). (D) Measles phylogeny: the
measles virus nucleocapsid gene [63 sequences, 1575 base
pairs (bp)]. (E) Influenza phylogeny: the human influenza A
virus (subtype H3N2) hemagglutinin (HA1) gene longitudi-
nally sampled over a period of 32 years (50 sequences, 1080
bp). (F) Dengue phylogeny: the dengue virus envelope gene
from all four serotypes (DENV-1 to DENV-4, 120 sequences,
1485 bp). (G) HIV-1 population phylogeny: the subtype B
envelope (E) gene sampled from different patients (39
sequences, 2979 bp). (H) HCV population phylogeny: the
virus genotype 1b E1E2 gene sampled from different pa-
tients (65 sequences, 1677 bp). (I) HIV-1 within-host phy-
logeny: the partial envelope (E) gene longitudinally sampled
from a single patient over 5.8 years [58 sequences, 627 bp;
patient 6 from (26)]. All sequences were collected from GenBank and trees were constructed with maximum likelihood in PAUP* (46 ). Horizontal
branch lengths are proportional to substitutions per site. Further details are available from the authors on request.
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In a character-dependent model:  

The number of types is known and the type at the tips is known

Character-dependent or independent?
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The BiSSE/MuSSE/BDMM model
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The BiSSE/MuSSE/BDMM model
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Fitzjohn et al. Sys. Bio. 2009
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SSE/BDMM inference
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SSE/BDMM inference

Important assump�on: the evolu�onary processes in the 
complete phylogeny (including non-sampled parts) are 

iden�cal to the processes in the reconstructed phylogeny.
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BDMM-Prime
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the phylogenetic trees and originates from LBMs. The resulting 
maximum clade credibility (MCC) tree (Fig. 2) shows that the 
Yangtze River Delta region was host to a wide range of H7N9 

lineages but also exhibited lineage movements to the Pearl River 
Delta region. From wave 2, several lineages appeared to have been 
circulating at the same time in both regions. During each wave, 

Fig. 2. Maximum clade credibility (MCC) tree estimated from H7N9 genome sequences of the hemagglutinin (HA) gene segment collected between 1st February 
2013 and 30th April 2017 in China. Branch colors indicate the most probable deme type. Circles at internal nodes indicate clade posterior probabilities above 
0.75. For selected nodes, numbers show the posterior probabilities of the most probable deme type. Effective reproduction numbers (Re) through time, 
simultaneously inferred with the phylogenetic trees of the H7N9 genome sequences, using the multitype birth–death model. The dark gray line and the light 
gray shading represent the median posterior estimate of Re and the 95% highest posterior density credible intervals, respectively. The red dashed line represents 
the threshold 1. The vertical dashed gray lines represent the 14-time intervals for Re estimations.D
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Significance

Our study used a phylodynamic 
model incorporating 
geographical and host structure 
to uncover critical information 
about the transmission dynamics 
of H7N9 virus in China including 
the number, geographic 
direction, and timing of new 
infections. By employing a 
Bayesian phylodynamic 
approach, we emphasize the 
significance of integrating 
epidemiological and genetic data 
to assess the epidemic state and 
inform future surveillance efforts 
for both public and animal 
health. Our findings highlight the 
importance of leveraging 
phylodynamic analyses to better 
understand and respond to 
emerging infectious diseases.
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EVOLUTION

Bayesian phylodynamics reveals the transmission dynamics 
of avian influenza A(H7N9) virus at the human–live bird  
market interface in China
Claire Guinata,b,1 , Hao Tangc , Qiqi Yangd , Cecilia Valenzuela Agüía,b , Timothy G. Vaughana,b , Jérémie Scirea,b , Hongjie Yue, Wei Wange, 
Zhiyuan Chene, Mariette F. Ducatezf , and Tanja Stadlera,b

Edited by Marcus Feldman, Stanford University, Stanford, CA; received September 12, 2022; accepted March 13, 2023

In 2013 to 2017, avian influenza A(H7N9) virus has caused five severe epidemic waves 
of human infections in China. !e role of live bird markets (LBMs) in the transmis-
sion dynamics of H7N9 remains unclear. Using a Bayesian phylodynamic approach, 
we shed light on past H7N9 transmission events at the human–LBM interface that 
were not directly observed using case surveillance data-based approaches. Our results 
reveal concurrent circulation of H7N9 lineages in Yangtze and Pearl River Delta 
regions, with evidence of local transmission during each wave. Our results indicate 
that H7N9 circulated in humans and LBMs for weeks to months before being first 
detected. Our findings support the seasonality of H7N9 transmission and suggest a 
high number of underreported infections, particularly in LBMs. We provide evidence 
for differences in virus transmissibility between low and highly pathogenic H7N9. 
We demonstrate a regional spatial structure for the spread of H7N9 among LBMs, 
highlighting the importance of further investigating the role of local live poultry trade 
in virus transmission. Our results provide estimates of avian influenza virus (AIV) 
transmission at the LBM level, providing a unique opportunity to better prepare 
surveillance plans at LBMs for response to future AIV epidemics.

Phylodynamics | avian influenza | live bird markets | transmission | spill-over

Since its emergence in March 2013, avian in!uenza A(H7N9) virus has caused "ve epi-
demic waves of human infections in mainland China. A total of 1,568 laboratory-con"rmed 
H7N9 human infections with 616 deaths were reported as of August 2020 (1), outreaching 
those globally caused by avian in!uenza A(H5N1) virus (n = 868) (2, 3) (Fig. 1). In wave 
1, the spatial range of H7N9 human cases was mainly restricted to the Yangtze River Delta 
region in eastern China and extended toward the Pearl River Delta region in southern 
China during waves 2-3 (4, 5). Wave 5 attracted global attention since it was marked by 
i) an increased number of human infections, ii) an expansion in the spatial distribution 
of human infections toward northern and western China, and iii) the emergence of highly 
pathogenic avian in!uenza H7N9 virus (4). Among novel avian in!uenza viruses (AIV) 
to date, H7N9 virus raised the highest level of concern in terms of pandemic potential 
(6, 7) and negative public health impact (8).

Live bird markets (LBMs) are common in eastern and southern China and serve as 
trade premises for the distribution and sale of live poultry, with birds generally being held 
for a short period of time before sale (9–11). #e majority of species sold in LBMs are 
indigenous yellow-feather broilers, followed by spent hens and waterfowl (10). #ere are 
two types of LBMs: retail LBMs serve as a major source of food for both urban and rural 
populations, while wholesale LBMs play a specialized role in the distribution of poultry 
in their areas and others (10, 12). However, the size and characteristics of each LBM, as 
well as the types of bird species sold, can vary greatly and lead to variations in the trade 
patterns and movements of poultry (12, 13). LBMs can be either indoor or outdoor 
facilities, with the majority being outdoors with the shed covering the stalls.

Exposure to infected poultry at LBMs was shown to be the major risk factor for H7N9 
human infections. Of note, following con"rmation of human infections, H7N9 viruses 
have been extensively detected in LBMs, mostly from chicken or environment samples 
(14). LBMs o$er ideal environments for the emergence, maintenance, and dissemination 
of AIV with potential for zoonotic transmission (15, 16). #is is because they combine a 
high density, turnover, and variety of bird species with a high contact frequency between 
birds and humans (9). Moreover, substantial and active live poultry trading through LBMs 
across the country increases the risk of AIV spread and human exposure (12, 13, 17, 18). 
#us, continuous surveillance of AIV in LBMs is needed for emergence risk assessment 
and pandemic preparedness (19).

OPEN ACCESS
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Exercise
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Both skyline and multi-type extensions of 
the FBD model are available via BDMM-
Prime

ARTICLES NATURE ECOLOGY & EVOLUTION

finding that varanopids are not synapsids therefore substantially 
reduces the duration of ‘eupelycosaur’ co-occurrence with the-
rapsids in these biota to a short interval at the start of the Middle 
Permian (Fig. 4). This makes the Cisuralian–Guadalupian turnover 
event more pronounced than was previously recognized (by, for 
example, refs. 43,44).

The origin of amniotes was a landmark event in the evolution of 
terrestrial ecosystems, providing a foundation for the tremendous 
ecological diversity of extant land vertebrates53,54. Taken together, 
our findings suggest that reptiles achieved greater diversity in the 
Early Permian than was previously recognized, and challenge the 
existing narrative of early amniote classification and evolution-
ary history. Improved resolution of deep amniote divergences will 
enable more detailed characterization of the early radiation of ver-
tebrates on land and is also central to understanding the origins of 
their major extant groups.

Methods
Phylogenetic analysis. This was performed using both maximum parsimony and 
Bayesian inference. Both methods were used to present a fully comprehensive 
series of results, particularly in light of recent conflicting opinions on the 
comparative performance of both methods for discrete morphological datasets55–58. 
Furthermore, the estimation of branch lengths derived from Bayesian analysis 
using a FBD model (see below) can offer insights into macroevolutionary patterns. 
The topologies recovered using both maximum parsimony analysis and Bayesian 
inference are fundamentally similar in respect to higher taxonomic levels, although 
several differences are evident (see Fig. 1 and Extended Data Figs. 1–3).

Construction of morphological dataset. We compiled a comprehensive taxon  
list, encompassing a broad range of early amniotes, with the aim of resolving 
relationships among higher taxonomic groups. The sample was focused on  
the basal chronologically early members of each clade (see online data). In  
total, 70 taxa were selected, including four species of stem group amniotes 
(Gephyrostegus, Seymouria and the diadectomorphs Tseajaia and Limnoscelis)  
and 66 species that have previously been considered as crown group amniotes. 
Most operational taxonomic units (OTUs) were selected at species level, with  
six taxa considered at the generic level to improve scoring completeness 
(Seymouria, Ophiacodon, Dimetrodon, Araeoscelis, Proterosuchus and Romeria). 
All OTUs are Carboniferous or Permian in age, with the exception of those 
representing archosauromorphs (Prolacerta broomi and Proterosuchus spp.)  

and procolophonoids (Procolophon trigoniceps and Owenetta kitchingorum), 
from the earliest Triassic, and Candelaria barbouri, from the Ladinian, Middle 
Triassic. All OTUs were scored for 294 discrete characters, and all characters are 
parsimony informative, although limited non-parsimony informative scoring 
has been retained in some multistate characters for information purposes. The 
character list was assembled by undertaking a comprehensive review of key 
phylogenetic studies on stem amniotes59, early amniotes1–3, early synapsids60–66, 
parareptiles67–69, diapsids70–74 and captorhinids75–78. There are 21 new characters; 
eight (75,76,77,85,86,89,90,95) represent a new series of characters describing 
temporal fenestration and emargination, together with seven new characters of the 
mandible (165,176,177,175,182,196,197), three of the palate (134,135,139) and one 
each for the maxilla (40), prefrontal (62) and manus (266). The new characters, 
together with the characters derived from previous studies, were compiled into 
a single database from which 294 characters were selected, with the omission of 
similar or redundant characters or those that were parsimony uninformative. 
There are 55 multistate characters, all of which are unordered. Equal weighting was 
applied across all characters. A full character list with annotations on their use in 
previous analyses, optimization and, where appropriate, explanatory comments are 
provided in the online data package, along with a character-taxon matrix.

Parsimony analysis. This was performed in TNT v.1.5-beta79, using the new 
technology-driven search with sectorial, drift and tree fusing algorithms, set at 
an initial level of 100, with 1,000 random additional sequences and the minimum 
tree length searched for 100 times. Gephyrostegus bohemicus was set as the out-
group. No constraints were applied to the original analysis. The resulting 18 
MPTs of 1,558 steps were then subjected to an additional round of tree bisection 
reconnection branch swapping, with no additional trees recovered. Decay indices 
(Bremer support) also were calculated in TNT v.1.5-beta. Bootstrap analysis (100 
replicates, full heuristic search) was performed using PAUP* v.4.0a for Macintosh80. 
Since the setting in TNT in respect to character optimization is restricted to 
unambiguous synapomorphies (that is, where ACCTRAN and DELTRAN agree), 
the parsimony analysis was also performed in PAUP* v.4.0a, using a heuristic 
search and tree bisection reconnection, with 1,000 random additional replicates, 
resulting in 18 MPTs of 1,558 steps. The ACCTRAN/DELTRAN optimizations of 
character states were subsequently produced, which are detailed in the character 
list provided in the online data package. The retention index, consistency index 
and rescaled consistency index were also calculated in PAUP* v.4.0a. The tree 
topology, tree length and number of MPTs recovered in PAUP* v.4.0a were 
identical to those recovered in TNT v.1.5-beta. The NEXUS file for the character-
taxon matrix is provided in the online data package.

Non-time-calibrated Bayesian analysis. We performed a Bayesian analysis using 
the Mkv model with the new dataset of 294 discrete morphological characters 
and 70 OTUs using MrBayes v.3.2.6 (ref. 81). The ‘standard’ datatype was used 
for morphological data, and the coding was set at ‘variable’ (that is, only variable 
characters being sampled) with rates set to a gamma distribution (α = 1). Gamma 
distribution modifies the Mkv substitution model to allow variation in the rates 
of evolution among characters82. The α parameter determines one aspect of the 
shape of the gamma distribution. Gephyrostegus and Seymouria were constrained 
as the out-group taxa. The Mkv model analysis was performed with two runs of 
four chains each (one ‘cold’ and three ‘heated’), with temperature set at 0.10. The 
analysis was run for 50 million generations, sampling every 500th generation, with 
a burn-in of the first 2,500 sampled trees (25%). The effective sample size for the 
two parameters (tree length and shape of gamma distribution) were in excess of 
60,000, and the average potential scale reduction factor was <1.001. Scripts for all 
Bayesian analyses are available in the online data package.

Time-calibrated Bayesian analysis with FBD model. We performed a second 
Bayesian phylogenetic analysis on the new amniote dataset with a FBD prior83,84, 
using a relaxed clock model (rates = gamma, coding = variable, clockvarpr = igr). 
The ages of all OTUs were specified using a uniform distribution (see online 
data for age ranges). Options specifying proportional sampling of extant taxa 
(sampleprob) were omitted since the analysis is limited to fossil data. The setting 
for the tree age prior, the age of the most recent common ancestor of the tree, 
was set to offsetexponential (x,y), where x is the oldest fossil in the taxon list 
(Hylonomus lyelli at 318.1 Ma), and y the mean density of the cumulative density 
function between the oldest taxon and earliest putative date of the appearance of 
a common tree ancestor (in this case the earliest Carboniferous, 358.9 Ma). Two 
runs, each consisting of four chains at a temperature of 0.10, were performed for 
50 million generations, and sampled every 500th generation, with a burn-in of the 
first 2,500 sampled trees (25%). The effective sample size was greater than 200 for 
all tested parameters and an average potential scale reduction factor was <1.001 
on all parameters.

Constraint analysis—parsimony. A series of additional parsimony analyses 
were run, which included topological constraints, to compare tree lengths 
of alternative phylogenetic hypotheses. Pairwise Templeton tests were used 
to statistically compare the topologically constrained analyses to the most 
parsimonious trees. The Templeton test is a non-parametric statistical test 
(Wilcoxon signed-rank test) adapted to phylogenetic data85. It uses a critical 

Pennsylvanian

Carboniferous

Cisuralian Guadal. Lop. Lo
w

.

Mid.

Permian

Miss.

Triassic

K
un

gu
ria

n/
R

oa
di

an

Synapsid transition
range

Ophiacodontidae

Edaphosauridae

Sphenacodontians

Therapsida

Caseasauria

Varanopidae

Protorothyridids

Captorhinidae

A
m

niota (crow
n-group)

NeoreptiliaR
eptilia

S
ynapsida

Fig. 4 | Phylogeny of major clades of early amniotes showing wholesale 
turnover of the mammalian total group (Synapsida) during the 
Early–Middle Permian transition. The duration of coexistence between 
eupelycosaurs and therapsids is reduced by the finding that varanopids 
are reptiles and not synapsids. Synapsid lineages are shown in green and 
diapsids in magenta. Miss., Mississippian; Guadal., Guadalupian; Lop., 
Lopingian; Low., Lower.

NATURE ECOLOGY & EVOLUTION | VOL 4 | JANUARY 2020 | 57–65 | www.nature.com/natecolevol62

https://taming-the-beast.org/tutorials/BDMM-Prime-for-macroevolution/


• 70 fossils, spanning the 
Carboniferous to the 
Triassic 

• Not all lineages are 
extinct 

• 294 morphological 
characters 

• Fossil ages plus locality 
information 
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Increased 
connectivity / migration 
is supported by 
different data and 
methods
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to the pattern recovered in previous analyses [15]. Local rich-
ness rose slowly through the Carboniferous, with most
collections (¼fossil localities) containing fewer than 10 species.
At the end of the early Permian, this increase accelerates as the
number of species per collection increases. Exceptionally well-
sampled sites can be clearly seen to be isolated from the general
pattern (figure 1a–c), further exemplifying uneven sampling
during this interval. For example, exceptional sites occur in
the Moscovian (Linton Diamond coal mine, Ohio and Nyrañy
coal mine, Czech Republic), and Artinskian/Kungurian
(Coffee Creek locality, Texas and Richard’s Spur quarry site,
Oklahoma) (see electronic supplementary material, table S1).

Coverage-standardized richness estimates of diversity
across the Carboniferous/Permian boundary suggest that
diversity increased into the late Carboniferous, but fell substan-
tially across the boundary (with the decline beginning in the
Gzhelian) and subsequently began to increase again, albeit
slowly, through the early Permian (figure 3a). However, it is
important to recognize that both relative and rank-order rich-
ness can change depending on quorum level, and at higher
quorum levels, the relative drop in diversity from the Carbon-
iferous to the Permian becomes less pronounced (figure 3b).
These estimates stand in stark contrast to the patterns of raw
diversity. The marked decrease in standardized diversity
across the Carboniferous/Permian boundary correlates closely
with the time of the ‘rainforest collapse’, suggesting a close link
between gamma diversity and floral composition. The appar-
ent conflict between heightened local richness (alpha
diversity) but lower gamma diversity in the earliest Permian

relative to the late Carboniferous is explicable if beta diversity
decreased (i.e. faunas became less biogeographically distinct
and more cosmopolitan—as discussed below).

(b) Patterns of biogeography
Previous investigations of early tetrapod biogeography pat-
terns suggest that habitat fragmentation following the CRC
(Kasimovian, approx. 305 Ma) drove the development of
increased endemism for the first time among tetrapod
faunas in the early Permian [15]. Our analyses do not support
this hypothesis; instead, we recover a significant increase in
global connectedness (pBC) from before the CRC (Carbon-
iferous) to after (early Permian) (figure 4a). Instead of
endemism developing, communities appear to have become
better connected following the ‘rainforest collapse’. This
same pattern is seen when three shorter intervals, instead
of only two, are analysed (figure 4b).

Sahney et al. [15] formed their hypothesis of endemism
based on a simple calculation of dividing global tetrapod
family diversity by mean a diversity for each time bin. How-
ever, given the strong sampling biases present in the data, we
argue that more sophisticated methods are necessary to deci-
pher the responses of tetrapod faunas to the rainforest
collapse. To explain their finding of enhanced endemism,
Sahney et al. [15] invoked the theory of island biogeography
[47] which suggests that habitat fragmentation can drastically
affect diversity. However, this conclusion may stem from an
oversimplification of the floral changes that happened at the
end of the Carboniferous. Instead of the rainforests ‘collapsing’,
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Figure 4. Histograms showing the distribution of bootstrap analyses of phylogenetic biogeographic connectedness ( pBC). (a) Carboniferous and early Permian for all
tetrapod species; (b) Bashkirian – Kasimovian ( pre-CRC), Gzhelian – Sakmarian ( post-CRC) and Artinskian – Kungurian ( post-CRC) intervals, again for all tetrapod
species; (c) Carboniferous and early Permian for non-amniote species; (d ) Carboniferous and early Permian for amniote species. Higher pBC values indicate increasing
connectivity between regions, and arrows indicate the mean pBC value for each interval (e.g. in (a) Carboniferous ¼ 0.37, early Permian ¼ 0.49). Abbreviations of
interval names are as in figure 1. Silhouettes from phylopic.org. (Online version in colour.)
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We recommend always double checking your model parameters
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Parameter Notes

Birth (speciation) Rate — λ usually estimated (time or lineage variable)

Death (speciation) Rate — μ usually estimated (time or lineage variable)

Sampling (fossilisation) Rate — ψ usually estimated (time or lineage variable)

Rho (extant sampling) Probability — ρ usually fixed

Removal Probability — r not applicable in macroevolution, fix to zero

Migration Rate — m usually estimated (time or lineage variable)

Birth Rate Among Demes not applicable in macroevolution, fix to zero


