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Understanding the causes and consequences of the emergence of SARS-CoV-2 variants of concern is
crucial to pandemic control yet difficult to achieve, as they arise in the context of variable human behavior
and immunity. We investigate the spatial invasion dynamics of lineage B.1.1.7 by jointly analyzing UK human
mobility, virus genomes, and community-based PCR data. We identify a multi-stage spatial invasion
process in which early B.1.1.7 growth rates were associated with mobility and asymmetric lineage export
from a dominant source location, enhancing the effects of B.1.1.7’s increased intrinsic transmissibility. We
further explore how B.1.1.7 spread was shaped by non-pharmaceutical interventions and spatial variation in
previous attack rates. Our findings show that careful accounting of the behavioral and epidemiological
context within which variants of concern emerge is necessary to interpret correctly their observed relative

growth rates.

The SARS-CoV-2 lineage B.1.1.7 expanded rapidly across the
United Kingdom (UK) (7, 2) in late 2020 and subsequently
spread internationally (3, 4). As of 19 January 2021 (date of
the most recent sample in our dataset), B.1.1.7 had reached all
but five counties of Wales, Scotland, Northern Ireland and
England, with onward transmission in each. Restrictions on
international travel were enacted to contain B.1.1.7’s spread,
however genomic surveillance has since detected the pres-
ence and growth of the lineage in many countries worldwide
(4, 5). Analyses of genomic, laboratory, secondary contact,
and aggregated epidemiological data estimate higher trans-
missibility of B.1.1.7 compared to previous SARS-CoV-2 line-
ages (1, 6-9) and potentially a greater risk of hospitalisation
(10-13). The spatial heterogeneity of SARS-CoV-2 transmis-
sion - and of emerging infectious diseases in general - can
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have profound effects on the local likelihood and intensity of
transmission, final epidemic size, and immunity (I4-22).
More specifically, estimates of B.1.1.7’s increased relative
transmissibility declined during its emergence in the UK (7,
9); understanding why this occurred is necessary if we are to
respond effectively to future SARS-CoV-2 variants. Here, we
reconstruct and quantify the spatial dynamics of B.1.1.7’s
emergence and investigate how human mobility and hetero-
geneity in previous exposure contributed to its initial spread
and evaluation of higher transmissibility.

Spatial expansion and source sink dynamics of
B.1.1.7 in the UK

B.1.1.7 can be first detected in CoG-UK genome data in
Kent on 20 September 2020 and spread quickly across the
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UK, with each week adding detections in approximately 7
new Upper Tier Local Authorities (UTLA) (table S2) (Fig. 1, A
and B). Notably, B.1.1.7 was already reported in several UTLAs
before the start of the second English lockdown (5 November
2020). By the end of that lockdown (2 December 2020), B.1.1.7
was widespread throughout the UK (Fig. 1, A and B).

The spatial expansion of SARS-CoV-2 lineages [e.g., (16,
24)] can be tracked using data from the UK’s national sur-
veillance of SARS-CoV-2 genomes (25). By combining these
data with aggregated mobile phone data, we examined the
dissemination of B.1.1.7 via human mobility, from its likely
location of emergence (Kent and Greater London) to other
UK regions (Fig. 1, D and E, and materials and methods). Hu-
man mobility among UK regions increased at the end of the
second English lockdown, from 55 to 75 million weekly move-
ments (Fig. 1E). Due to its centrality, Greater London exhibits
an important connective role in the UK human movement
network (Fig. 1D, red lines represent the week the second
lockdown was eased). Compared to previous weeks, move-
ments out of Greater London were more frequent and
reached more unique destinations (fig. S1). For each UTLA,
we find that the date of first detection of B.1.1.7 is predicted
well by human mobility from Kent and Greater London to
that UTLA (Pearson’s = -0.73, 95% CI: -0.61, -0.81, Fig. 1C;
AIC = 734) and similarly well using movements from Kent
and Greater London separately (fig. S2). This correlation
strengthens through time as new locations of B.1.1.7 detection
are added (fig. S3) and is robust to changes in human mobil-
ity through time in among-region human movement (Pear-
son’s r = -0.44, 95% CI: -0.16, -0.65, P value < 0.01, mobility
data through 23 January 2021; materials and methods). Geo-
graphic distance from Greater London correlates less
strongly with B.1.1.7 arrival times (Pearson’s 7 = 0.60, 95% CI:
0.44 - 0.71; AIC = 763, fig. S4).

To understand better the spatial dispersal of B.1.1.7 during
its emergence, we reconstructed its spread across England us-
ing large-scale phylogeographic analysis (26-28). We ana-
lyzed 17,716 B.1.1.7 genomes collected between 20 September
2020 and 19 January 2021 (Fig. 2 and fig. S5), collated from
PCR-positive community samples that represent a random
selection of SARS-CoV-2-positive samples (29). These ge-
nomes represent ~4% of UK B.1.1.7 cases during the study pe-
riod (n = 460,510 estimated tests with PCR S-gene target
failure, SGTF, between 20 September 2020 and 19 January
2021). Samples per location (UTLA) and per week in the SGTF
and whole genome datasets are strongly correlated [ Pearson’s
r = 0.69, 95% CI: 0.63 - 0.73, P value < 0.001, fig. S6, (7)],
making it feasible to reconstruct B.1.1.7 expansion history us-
ing phylogeographic approaches (30).

We identify distinct phases to the emergence of B.1.1.7. In-
itially, during the second English lockdown, most (71.2%)
B.1.1.7 phylogenetic branch movements originated and ended
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in Greater London/Kent; long distance dispersal events were
relatively infrequent (Figs. 2 and 3). After the lockdown
ended, and new cases in London subsequently rose rapidly,
observed virus lineage movements from southeast England to
other regions increased and other large cities started to ex-
hibit local transmission (Figs. 2 and 3). This phase of growing
number of exported B.1.1.7 cases from London and environs
stabilized in mid-December and coincided with reduced mo-
bility from Greater London (Tier 4 restrictions were an-
nounced on December 20, 2020 and entailed a “Stay at home”
order, closure of non-essential shops and hospitality, and
strict limitations on household mixing, Figs. 1E and 2C).
However, the total number of B.1.1.7 lineage exports did not
immediately decline, because the growing number of B.1.1.7
cases in southeast England offset the decline in outward
travel (Fig. 2C) (31), indicating a limited effect of delayed ac-
tion on B.1.1.7 spread from Greater London. Our analysis did
not allow us to establish a causal link between NPIs and their
impact on lineage exportations so these results should be in-
terpreted with caution.

By combining mobility and SGTF data with estimates of
the proportion of the population testing SARS-CoV-2-positive
(materials and methods) we can estimate the frequency of
B.1.1.7 export from Greater London to other English regions
(Fig. 2C and fig. S7) and explore its role in accelerating the
lineage’s emergence. Using these combined data sources, we
estimate the number of B.1.1.7 case exports from Greater Lon-
don rose during November (including during lockdown) from
<600 to >12,000 in early December (Fig. 2C, grey curve), re-
flecting growth in B.1.1.7 infections in Greater London and an
increase in human mobility among UK geographic regions
across in late November (Fig. 1E). The estimated intensity of
B.1.1.7 case exportation from Greater London remained high
in December, peaking in mid-December at ~20,000 weekly
exports, before declining in early January after the third na-
tional lockdown started on 5 January 2021. Importantly,
these estimates (Fig. 2C, grey curve) closely match the trends
in lineage B.1.1.7 movement inferred from phylogeographic
analysis (Fig. 2C, red curve), cross-validating both data
sources (exports estimated using each method are strongly
correlated; Pearson’s r = 0.62, 95% CI: 0.61 - 0.64, P value <
0.001, fig. S8). Lineage exportation events estimated from ge-
nomic data are lower from late December onwards, possibly
due to reporting lags in genomic data generation and/or de-
layed care-seeking due to the Christmas holidays (32). Our
simple model assumes that non-symptomatic infectious indi-
viduals are equally likely to travel (Fig. 2C, grey line), which
may bias our estimates of infectious travellers upwards.

B.1.1.7 dispersal dynamics shifted in late December to
more bi-directional exchange of phylogenetic lineages in and
out of Greater London (Fig. 3), coinciding with rapid growth
in B.1.1.7 cases across England (9). Throughout, the weekly
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number of B.1.1.7 cases in a UTLA was positively associated
with the number of B.1.1.7 lineage introductions into that
UTLA during that week (Pearson’s = 0.41, 0.76, 0.91, and
0.73, for October, November, December and January; P <
0.001 for all; fig. S6; see supplementary materials for further
analysis). We observe spatial heterogeneity in B.1.1.7 lineage
importations; in the phylogeographic analysis some locations
received >500 inferred importations, despite the fact that our
genomic dataset represents <4% of reported B.1.1.7 cases dur-
ing the study period (Fig. 2D).

Detailed mapping of the spatial dynamics of SARS-CoV-2
lineages is difficult without comprehensive, well-sampled ep-
idemiological and genomic data (33, 34). However, the CoG-
UK data enables us to study dissemination trends by compar-
ing inferred B.1.1.7 importations to within-location move-
ments. Greater London (and to some extent Kent) acted as
the main exporter of B.1.1.7 lineages to other UTLAs until
mid-December 2020 (Fig. 3A). The longest (>100km) and
shortest (<100km) dispersal events consistently originated
from Greater London throughout the study period (Fig. 3B),
primarily due to its large epidemic. However, the relative per-
centage of lineage movements that originated from Greater
London approximately halved between September 2020 and
January 2021; table S1).

Spatial heterogeneity in SARS-CoV-2 incidence and
B.1.1.7 expansion

Using SGTF PCR-positive tests as a proxy for B.1.1.7 infec-
tion (35), we next examined daily growth rates of SARS-CoV-
2 cases at the UTLA level for SGTF and non-SGTF cases (36)
(excluding case data from 25-31 January to account for re-
porting and testing delays; materials and methods). Case
growth rates immediately following the November 2020 lock-
down were highest in regions of southeast England con-
nected to Greater London/Kent (fig. S9). Acceleration in
SGTF case growth rates in Greater London began in mid-No-
vember and preceded acceleration in other regions (Fig. 4B).
At the UTLA level, growth rates of SGTF cases were signifi-
cantly higher than non-SGTF cases (fig. S9), a key observation
used to support an increased transmissibility for B.1.1.7 (7, 9)

Here, we add to those findings by quantifying the import
of B.1.1.7 cases from London and investigate the association
of importation trends with lineage-specific case growth rates
(materials and methods). Using our phylogeographic analysis
results (Figs. 2 and 3) we find that growth in the rate of B.1.1.7
importation into a LTLA closely matches the early growth
rate of SGTF cases in that LTLA (Fig. 4A shows Birmingham,
Liverpool and Manchester). We further calculated the per-re-
gion difference between SGTF and non-SGTF case growth
rates [fig. S11; the estimated raw additive increase in SGTF
growth rate - is 0.0715 and median multiplicative advantage
is 1.576, assuming a generation time of 6.5 days); qualitatively
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similar to those reported previously (7, 9), with the caveat
that generation times may differ between B.1.1.7 and other
lineages (37, 38)]. The degree to which this difference is pos-
itively correlated with B.1.1.7 importation rate grew during
the latter half of the November lockdown and remained re-
markably high (R? > 0.75) until mid December, before declin-
ing (Fig. 4C; the trend remains when accounting for
uncertainty in the estimated number of infections across
Greater London, figs. S12). This result is robust to the data
and methods used to estimate per-location B.1.1.7 importa-
tion rates (figs. S9 and S10). Accounting for continued export
of B.1.1.7 from Greater London and Kent can explain in part
why estimates of the growth advantage of B.1.1.7 declined
during the second half of December 2020, before the imple-
mentation of tighter control measures (Tier 4, December 20)
(7, 9).

Human mobility and prior outbreaks as predictors of
B.1.1.7 growth

The epicenter of SARS-CoV-2 transmission in the UK
shifted during the November 2020 lockdown: between 1 Sep-
tember and 1 December 2020, ~80% of reported cases were
reported outside London and southeast England, while those
regions accounted for ~40% of all cases during December 1-
7. We sought to understand how, in each location, post-lock-
down growth rates related to previous attack rates as well as
travel inflow to that location. We investigated predictors of
the increase in the relative frequency of B.1.1.7 genomes com-
pared to that of other SARS-CoV-2 lineages (Fig. 5A) (7, 9). In
a multivariate model, we find that about half of the variation
in the increase in B.1.1.7 relative frequency between 2 and 16
December is associated with human mobility from Greater
London and attack rates prior to the November lockdown
(Fig. 5, B and C). UTLAs with lower previous attack rates
tended to have faster-increasing B.1.1.7 frequencies. We re-
peated this analysis using SGTF case frequency data and ob-
tained similar results (R> = 0.57, P < 0.001) (fig. S13).
However, neither human mobility nor pre-lockdown attack
rate were significant predictors of later changes. Instead,
change in the relative frequency of B.1.1.7 genomes after 17
December was best predicted simply by its frequency on that
date (R? = 0.13, P < 0.01; fig. S14)). Although we note that a
model identified through exhaustive search using BIC in-
cludes the “frequency of B.1.1.7 on December 177, an interac-
tion between arrival time and “frequency of B.1.1.7 on
December 17” and an interaction between incidence prior to
the November lockdown and mobility from London (BIC
178.467, R*> = 0.68, P < 0.001, fig. S14). Mobility from Greater
London remains a significant predictor of B.1.1.7 growth after
controlling for population size using both a multivariate re-
gression and model-selection using exhaustive search with
both BIC and AIC.

(Page numbers not final at time of first release) 3

1202 ‘9 1snbny uo /B10°Bewaouslos aousIds//:dny wol) papeojumoq


http://www.sciencemag.org/
http://science.sciencemag.org/

Conclusions, limitations and future work

We find the emergence of B.1.1.7 throughout the UK was
associated with a high export frequency from a major source
location that was identified only retrospectively. This pattern
recapitulates at a national scale the role that international
mobility played in the early spread of the SARS-CoV-2 pan-
demic (39-4I). We conclude that the exceptionally rapid spa-
tial spread and early growth rates of lineage B.1.1.7 likely
reflect the combined effects of its higher intrinsic transmissi-
bility (1, 7, 9) and the spatial structure of incidence and mo-
bility before, during, and after the second lockdown in
England (42).

Understanding what causes a new SARS-CoV-2 lineage to
grow and replace pre-existing lineages is a complex problem.
In addition to virus genetic changes to relevant phenotypes
(such as per-contact transmissibility, duration of infectious-
ness, and immune evasion) lineage replacement dynamics
are likely affected by spatio-temporal heterogeneity in inci-
dence, NPIs, prior infection, and among-region mobility (43).
The role of the latter may be enhanced in the context of low
or declining prevalence, as suggested by the frequency
growth of lineage B.1.177 in the UK and Europe during sum-
mer 2020, which was associated with international travel
(44-46). Evidence for the increased intrinsic transmissibility
of B.1.1.7 is clear but estimates have varied considerably [38-
130% increase (7, 9)]. The growth potential of new SARS-CoV-
2 variants will depend also on the average durations of their
exposed and infectious phases, as well as their per-contact
transmissibility (37). Our results indicate that exportations
from a high-incidence epidemic source region raised early lo-
cation-specific growth rate estimates across the UK (Fig. 4B),
and that this effect declined through time. Similar trends
have since been observed for lineage B.1.617.2 into the UK,
following its importation from high incidence regions onto a
background of low incidence and lockdown easing. This con-
clusion is important for the interpretation of the current and
future estimates of the increased transmissibility of B.1.1.7
(and other variants of concern) in other countries [e.g., USA,
Denmark (3)]. Further epidemiological and experimental
work is needed to discriminate transient demographic factors
from the permanent contribution to increased transmissibil-
ity conferred by the mutations carried by B.1.1.7.

Although B.1.1.7 was first detected in Kent, UK, and is
speculated to have accumulated its mutations during a
chronic infection (47), our results support the hypothesis that
B.1.1.7 originated in Kent or Greater London, due to the
strong correlation between human mobility from those areas
and date of B.1.1.7 detection elsewhere. Further, our phyloge-
ographic reconstruction shows early lineage dissemination
from Kent and Greater London, indicating that B.1.1.7 spread
through the UK from one dominant UK source region, as op-
posed to a large undetected epidemic elsewhere, which would
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likely have resulted in multiple introductions through inter-
national travel (I16).

We demonstrate that large-scale and well-sampled ge-
nomic surveillance data can reveal the detailed spatial trans-
mission dynamics of individual SARS-CoV-2 lineages, and
compensate for their comparatively low genetic diversity
(48). To achieve a representative genomic sample, we used
only samples from population-level testing rather than those
from specific outbreak investigations. However, this ap-
proach does not fully mitigate reduced representation from
populations less likely to seek testing (49) and there is some
geographic variation in the proportion of cases sequenced
(fig. S15). We note that Greater London consistently has a
higher sampling proportion than other regions throughout
the study timeframe. Although sampling biases cannot be
wholly eliminated, the selection procedure used here, and our
cross-validation between independent data sources (human
mobility and SGTF datasets), help to ensure our conclusions
are robust. As SARS-CoV-2 genome sequencing efforts are ac-
celerated worldwide, careful consideration and communica-
tion of sampling frameworks are needed to facilitate
downstream epidemiological analyses (50). Spatial heteroge-
neity at the within-city scale was not accounted for in our
analysis, consideration of which may further refine our un-
derstanding of the mechanisms of lineage emergence and in-
vasion.

Coordinated and unified systems of genomic surveillance
are needed worldwide to identify, track, and mitigate the
transmission of SARS-CoV-2 variants of concern, including
mechanisms to pair virus genomic and contact tracing data.
Continuing rises in global incidence will increase the rate
generation of viral genetic variation, while the accrual of
higher levels of population immunity will create new selec-
tive pressures (51), the effects of which on virus evolution are
difficult to predict (62-54). It is therefore critical to rapidly
and accurately disentangle the contribution of genetic and
ecological factors to the emergence of new SARS-CoV-2 vari-
ants. Geographic variation in vaccine availability, uptake and
delivery is expected to further contribute to variability in
COVID-19 burden and the differential risk of disease resur-
gence (17, 55, 56), which can be mitigated by increased global
access to vaccination and continued transmission control
measures (54). Importation of SARS-CoV-2 lineages and var-
iants from areas of high incidence will continue to pose a risk
to those regions that are reducing NPIs after having con-
trolled infection.
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Fig. 1. Human mobility and spatial expansion of B.1.1.7 across the UK. (A) Map at the UTLA level (n = 115) of
arrival dates of lineage B.1.1.7. Darker colors indicate earlier dates and lighter colors later dates. Arrival time is
defined as the earliest sampling date of a B.1.1.7 genomic sequence in each UTLA. (B) Cumulative number of
UTLAs in which B.1.1.7 has been detected, in 7-day intervals. The blue shaded area indicates the period of the
second lockdown in England. (C) Relationship between the arrival time of B.1.1.7 and estimated number of
movements from Kent and London during February 2020 for each UTLA (Pearson'sr =-0.73, 95% Cl: -0.61; —
0.81, P value < 0.001, see materials an methods). (D) Human mobility at the UK Local Authority District Level
(LAD) (table S2) during the epidemiological week 29 November—5 December 2020. Thicker lines (edges)
represent more movements between regions. Nodes with larger absolute incoming movements are shown with
darker colors. Red lines show movements from Greater London. Insets show mobility within three UK
metropolitan areas. (E) Trends in human mobility across the UK (representing movements between but not
within LADs). The blue shaded areas indicate the period of the first, second and third lockdown in England. Dark
red shows the timing (20 December 2020) of the Tier 4 restrictions imposed in southeast England, including
London (23).
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Fig. 2. Spatial emergence dynamics of SARS-CoV-2 lineage B.1.1.7 in England. (A and B) Continuous
phylogeographic reconstruction with phylogeny nodes colored according to their time of occurrence and
dispersal direction of phylogeny branches indicated by edge curvature (anti-clockwise). From left-to-right, data
to 5 November, 1 December and 20 December 2020, respectively. (B) Map of the entire reconstruction, up to 19
January 2021. (C) Estimated number of weekly exports of lineage B.1.1.7 from the Greater London area, inferred
from the continuous phylogeographic analysis (red), and estimated from mobility and prevalence survey data
(black). (D) Estimated number of cumulative B.1.1.7 introductions inferred from phylogeographic analysis into
each administrative area (UTLA) by 12 December 2020.
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Fig. 3. Spatial structure of B.1.1.7 lineage dispersal in England from phylogeographic reconstruction. (A) Curved
arrows and line thicknesses show the direction and intensity of B.1.1.7 lineage flows among regions. Red circles
indicate, for a given location, the ratio of inferred local movements to inferred importations into that location. Four
time periods are shown (left to right) and roughly correspond to (i) pre second lockdown, (ii) second lockdown, (iii)
post second lockdown and (iv) implementation of Tier 4 restrictions in southeast England. (B) Distribution of the
geographic distances of phylogenetic lineage movement events (>50 km); those from Greater London are in red and
those from other locations are in grey.
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Fig. 4. Case growth rates of B.1.1.7 are correlated with human mobility and attack rates across the United
Kingdom. (A) 7-day rolling average number of cases reported that had the S-gene target failure (SGTF) in green
and cases reported with non-SGTF (red) for three selected Lower Tier Local Authorities [LTLAs (table S2)
Birmingham, Liverpool and Manchester]. The black line shows the weekly number of independent introductions
estimated from the phylogeographic analysis. Grey shaded area indicates the timing of the second (5 November
- 1 December) and start of the third (5 January) English lockdown. (B) Rolling 7-day average growth rates of SGTF
cases in Greater London (red line) and outside of Greater London (blue line). (C) Association between per-region
(LTLA) difference between SGTF and non-SGTF case growth rates (corrected to account for differences through
time in sampling intensity of SGTF cases) and number of B.1.1.7 importations into that region, as estimated from
prevalence surveys and human mobility (grey dots; Fig. 2C) (materials and methods). Grey area shows the time
of the second English lockdown. Modelling results for SGTF growth rates are shown in fig. S9 and regression
results under different assumptions about the frequency of SGTF are shown in fig. S10.
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Fig. 5. (A) Frequency of B.1.1.7 at the UTLA level at different sampling times (pre-lockdown refers to dates prior
to 5 November; lockdown 5-30 November; post-lockdown 1-15 December; Tier 4, 16—31 December; and the
most recent sampling point 1-12 January, Materials and Methods). (B) Increase in the frequency of B.1.1.7
sampled genomes between 2 - 16 December 2020 is associated with mobility from Greater London. (C) Increase
in the frequency of B.1.1.7 sampled genomes at the UTLA level is associated with previous attack rates in each
location. Results for equivalent analyses of SGTF data are similar and shown in supplementary materials.
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