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Assessing the impact of mobility on epidemic
spreading is of crucial importance for understand-
ing the effect of policies like mass quarantines and
selective re-openings. High mobility between ar-
eas contribute to the importation of cases, affect-
ing the spread of the disease. While many fac-
tors influence local incidence and making it more
or less homogeneous with respect to other areas,
the importance of multi-seeding has often been
overlooked. Multi-seeding occurs when several
independent (non-clustered) infected individuals
arrive at a susceptible population. This can give
rise to autonomous outbreaks that impact sepa-
rate areas of the contact (social) network. Such
mechanism has the potential to boost local inci-
dence and size, making control and tracing mea-
sures less effective. In Spain, the high hetero-
geneity in incidence between similar areas despite
the uniform mobility control measures taken sug-
gests that multi-seeding could have played an im-
portant role in shaping the spreading of the dis-
ease. In this work, we focus on the spreading
of SARS-CoV-2 among the 52 Spanish provinces,
showing that local peaks of incidence and mor-
tality strongly correlate with mobility occurred
in the early-stage weeks from and to Madrid, the
main mobility hub and where the initial local out-
break unfolded. These results clarify the higher
order effects that mobility can have on the evo-
lution of an epidemic and highlight the relevance
of its control.

INTRODUCTION

The COVID-19 epidemic, firstly detected in the Hubei
province in China, reached the status of pandemic on
March 11, 2020 [1] and currently involves at least 187
countries around the entire world with almost 3.5 million
cases and more than 240, 000 deaths as of the beginning
of May 2020 [2].

In Europe, SARS-CoV-2 severely hit Italy, the first
country to report local transmission, in mid-February [3]
and, by the end of the month, other European countries
like Spain were already experiencing sustained local out-
breaks [3]. Madrid was the first region to confirm large
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numbers of local contagions and, on March 6, 2020, the
city already reached 100 confirmed cases. This led to the
closure of public buildings and different activities, like,
for instance, universities, which brought the lateral ef-
fect of getting people who reside in the city for work or
study to leave and go back to their province of origin. As
most major capitals in the world, Madrid attracts work-
ers and students from all the country, a large fraction of
daily commuters from neighboring provinces and weekly
travelers from all provinces. Among these for example
Soria, one of the most affected provinces by COVID-19
per capita, which counts with a scarce population and
density but a large number of weekly commuters with
the capital. On March 14, given the fast spread of the
virus in the country, the Spanish Government declared
the Alarm State (Estado de Alarma) [4]. Such State al-
lows the Government to impose restrictions on economic
activities and citizens mobility. The restrictions included
a reduction of public transport services like buses, metros
and trains around the 50% of the usual capacity, the clo-
sure of buildings and activities related to the public sec-
tor and the limitation of individual mobility in the whole
country. People could leave home only for essential needs
as grocery shopping, visiting the doctor and pharmacies,
or going to work. Mobility between provinces was lim-
ited to working reasons. This compressed the closing of
many economic activities, especially those related to the
service sector, letting only some exceptions like logistics
and transport, supermarkets, pharmacies, health-related
centers, construction, agriculture and industry to keep
operating. On March 29, given the growth in the num-
ber of new cases, the Government declared the closing of
all non-essential activities. After April 13, 2020, the re-
striction measures have started to be progressively lifted
but we will center on the initial stages of the spreading.

In this work, combining detailed human mobility data
with epidemiological reports, we study the relationship
between inter-city mobility flows and COVID-19 inci-
dence. Our working hypothesis is that large mobility
flows lead to multiple seeding events resulting in sev-
eral local outbreaks and, finally, to a higher incidence.
Although the role of human mobility in shaping epi-
demic dynamics has been extensively considered [5–14],
even recently for COVID-19 [15–21], the effect of mul-
tiple seeding due to mobility has received sensibly less
attention; with only few theoretical [22, 23] and applied
exceptions [24–27]. To test this assumption, we focus on
the change in mobility among the province of Madrid –
where the first sustained outbreak was recorded– and the
other provinces in Spain the week before the onset of the
local outbreaks. The same analysis is then performed
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FIG. 1. Division of Spain in provinces. The color code
corresponds to the decimal logarithm of the number of resi-
dents in each province with visits to Madrid (white region in
the center) on March 4.

on the mortality instead of the incidence, attesting the
robustness of our approach. Our results confirm that
trips between Madrid and other provinces occurred one
week before the onset explain the 67% of the peak inci-
dence for each area. Moreover, we find that a model that
takes into account trips, population size and onset time
accounts for the 77% of the SARS-CoV-2 incidence and
mortality during the peak in each area of the country.

DATA AND METHODS

We take as basic geographical units Spanish provinces
(see Fig. 1), which are 50 territorial divisions and 2 au-
tonomous cities in the Northern coast of Africa (Ceuta
and Melilla). They correspond to the NUTS 3 statistical
areas according to the European nomenclature.

The characterization of inter-province mobility has
been inferred from anonymized records of telecommu-
nication network activity by Kido Dynamics SA (www.
kidodynamics.com). The dataset contains approxi-
mately 13 million devices with unique daily mobility pat-
terns, each being composed of a series of trips and vis-
its. A trip is defined as a sequence of records per device
that are only compatible with displacements of at least
5 km/h in the past 1 hour window. Trips are aggre-
gated by origin (destination) province according to the
location of the antennas where the first (last) records
occurred. Complementary to trips, a stay is defined as
any sequence of consecutive records that do not consti-
tute trips. Stays are aggregated by province according
to the location of the antennas where all their records
occurred. Each device is assigned a residence province
according to the most common location of its stays out-
side office hours. All the stays outside a device’s resi-
dence area are then labeled as “visits”. Figure 1 shows,
for instance, the number of residents from the different

provinces with stays in Madrid. Mobility patterns in
Spain display significantly different behaviors during the
weekend and weekdays. Thus, we classify the visits of a
given device to a given province as “weekender” if more
than half of the device’s visits to that province during
the period of study occurred during the weekend.

Sequence of labeled trips and visits are then aggre-
gated daily into a total number of trips per province of
residence and province of origin/destination, and total
number of visits per province and province of residence,
both for weekenders and for non-weekenders. Finally, in-
spired by differential privacy methods [28] and to avoid
any potential disclosure of personally-identifiable mobil-
ity patterns, a small unbiased Laplacian noise with scale
parameter of 5 (i.e. variance of 50) is added to all aggre-
gated values. After adding the noise, any values below
10 are discarded from the sample as additional preventive
measure. Such aggregated trip and stays information are
the basis for the mobility analysis presented in this work.

Regarding the number of cases, the incidence and the
mortality at the peak, the data has been collected from
official health services releases where available. The list
of links is at Ref. [29].

RESULTS

We define a group of key features of the spreading di-
rectly from the epidemic curves of incidence and mortal-
ity per day from the beginning of the epidemic to April
13, 2020, which is when testing policies changed, rising
sensibly the coverage of registered cases. A first word of
warning is required: the data of both curves are noisy
due to changes in the testing rhythms. It is easy, for in-
stance, to detect the effect of weekends with a clear slow-
ing down of testing and reporting. A process of smooth-
ing is, hence, applied to obtain more reliable estimates on
the trends of the epidemic. To do this, we take a running
average of three days assigning the value to the central
point.

Once the curves have been smoothed-out (see Fig.
7 below), we record the magnitude of the peak, the
times between the local onsets (when the incidence is
larger than 7/100, 000) and the respective peaks in every
province (∆τ), and the time between the local onset and
March 6 (∆tM ), which is when Madrid reached 100 con-
firmed cases. Four provinces (Almeŕıia, Cadiz, Huelva,
Las Palmas and Sevilla) have few detected cases and do
not reach the established onset, thus we have excluded
them from the first analysis on times. The list of onset
and peak times for the incidence can be found in Table
I.

On the mobility side, we define the total trips divided
by the province population (intended as the sum of in-
flow and outflow) between Madrid and each province one
week before the local onset. For example, if the onset in
province A occurred on March 15, 2020, the trips counted
are those registered between March 1 and 7. We checked
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FIG. 2. Correlations of the incidence. a Incidence at the peak as a function of the time between local onset and peak
(∆τ); b Relation between the incidence at the peak and the time difference between the local onset and the case number 100
detected in Madrid (∆tM ); c Delay in the onset ∆tM as a function of the trips from/to Madrid one week before the local onset;
d The same but with the trips of a single day seven days before the local onset; e Peak of incidence versus the trips divided by
the local population to/from Madrid one week before the local onset. f The same (peak of incidence vs mobility) but instead
of taking a full week only seven days before the local onset. In all cases, the curves with the fits are obtained using the non
parametric LOESS method, as also the values of R2

L. The shaded areas correspond to the 95% confidence interval.

the correlations between the local epidemic metrics and
the mobility in different time ranges but one week before
the local onset produces the best results. For the sake of
completeness, we have also considered the mobility of a
single day seven days before the local onset.

We start our analyses by confirming some correlations
of the incidence that one could a priori expect. As can be
seen in Fig. 2a, the height of the incidence peak is con-
nected to the time between the local onset and peak in
every province. This is natural, but it testifies that the
outbreaks behave similarly across provinces once local
contagion ignites. An analogous, even clearer relation,
can be observed between the maximum incidence and
the delay of the local onset from the arrival of Madrid
at 100 cases (Fig. 2b). As can be observed in Figs. 2c
and d, the time of the local onset is highly related to the
total trips from/to Madrid the week before, showing that
mobility was the main driver of the epidemic expansion.
The main outliers here are La Rioja and Álava, which
started the onset right after Madrid without having such
high level of trips per capita with the capital. This is
due to a super-spreading event registered in a wedding
that strongly boosted local contagion in both neighbor-
ing provinces almost at the same time that the epidemic
started to ramp up in Madrid [30]. Finally and more
importantly for the hypothesis of the relevance of multi-
seeding, Figs. 2e and f show the connection between
the height of the incidence peak and the trips from/to
Madrid weighted by the local population of the province
with a high level of correlation. There are some out-
liers as the provinces neighboring Madrid (Ávila, Cuenca,
Guadalajara and Toledo), which fall within the func-

tional metropolitan area of the capital and thus behave
similarly to Madrid itself. This explains the flattening of
the trends on the right side of the plots.

The picture is maintained if one focuses on the mor-
tality instead of on the incidence. The local onset for
the mortality is established when every province reaches
1/1 000 000 (see Fig. 8 and Table I below). Differently
from before, the height of the peak of mortality is not
so strongly connected to the time between the local mor-
tality onset and the peak (see Fig. 3a). The peak of
mortality correlates better with the time difference be-
tween the local onset and March 6 (Fig. 3b). The mo-
bility for the analysis is the same as that taken for the
incidence, one week before or 7 days before the onset of
the incidence in every province. The results of plotting
the time difference between the local mortality onset and
March 6 are shown in Fig. 3c (for the one week mobility)
and in Fig. 3d for a single day mobility. In general, the
higher the mobility between the province and Madrid,
the faster casualties are observed. This relation is valid
for all provinces except for those with a strong overlap
with the metropolitan area of Madrid, which once again
are outliers in these plots. As shown in Figs. 3e and
f, the mobility the week before the local incidence onset
from/to Madrid in trips per capita of the province corre-
lates with the peak in mortality. This further contributes
to the hypothesis that the arrival of multiple-seeds can
increase the local size of the epidemic and, consequently,
the mortality.

We have analyzed so far total trips from/to Madrid
but one person can be responsible for more than one of
these trips. The status of each single individual against
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FIG. 3. Correlations for mortality. a Mortality at the peak as a function of the time between the local mortality onset
(> 1/1 000 000) and the peak. b Mortality peak versus the time between the local onset and March 6. c Time between the local
mortality onset and March 6 versus the trips from/to Madrid one week before the onset. d The same but with the trips of one
single day seven days before the local onset. e Relation between the height of the mortality peak and the trips from/to Madrid
divided by the local province population. f Mortality peak versus the trips per capita from/to Madrid seven days before the
onset. As before, the fits and the value of R2

L are obtained with LOESS. The shaded areas correspond to the 95% confidence
interval.

the pandemic is an intrinsic variable and, therefore, to
improve the results it is necessary to consider the stays
instead of the trips. This allows us to analyze the number
of stays of residents in Madrid in the different provinces
and, the other way around, the number of residents of
those provinces that visited Madrid and came back home.
In all the cases and as above, we will take as basis the mo-
bility one week before the onsets in incidence in the dif-

a

d

b

c

non-weekendersweekenders

non-weekendersweekenders

FIG. 4. Stay analysis. The height of the local incidence
peak as a function of the visits per capita of a weekenders
and b weekdays travelers from/to Madrid one week before the
incidence onset. In c (weekenders) and d (weekday travelers),
the same analysis but for the peak of mortality and with the
stays of one week before of the incidence onset. The curves
and R2

L correspond to the LOESS non-parametric fit, shaded
ares are the 95% confidence intervals.

ferent provinces. Out of different types of mobility that
occur between provinces and the capital, we separate it
into two classes: the visits of weekenders to the provinces
and visits of weekday travelers. In Fig. 4, one can observe
the correlation between the height of the local incidence
and mortality and the stays per capita of weekenders
and weekday travelers in the different provinces one week
before the corresponding onsets. Neighboring provinces
overlapping with Madrid metro area have higher com-
muting levels (weekday visits) to the capital with respect
to others. This is understandable given that for them the
trips are internal mobility. Such effect brings the satu-
ration in the curves of Fig. 4b and c. On the other
side, weekender stays from/at Madrid are not affected
by distance as much as for weekday visitors, hence the
saturation for neighboring provinces disappears. By this
analysis, we can understand that those provinces where
a higher relative peak of contagions and deaths occurred
exhibit higher visits to/from the capital per capita the
week before the onsets and, therefore, a higher inflow of
seeds. Note that we do not find differences in consider-
ing residents of Madrid visiting the provinces or province
residents traveling to Madrid, the effect is the same.

Besides the number of stays per capita, we can analyze
as well the duration of the visits to check whether longer
stays correlate better with the magnitude of the peaks.
However, changes in the correlation are so small that the
information given by the duration of stays is negligible.
It is thus not so relevant to separate the visitors either
by origin or stay duration.

To further understand the relevant variables contribut-
ing to the heights of the local peaks of incidence and
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FIG. 5. Multivariate analysis. Bar chart with the multi-
variate correlation results in R2

P for the incidence and mor-
tality peak heights in each province as a function of the mo-
bility per capita and onset times. In every case, the upper
bar corresponds to the simple correlation with mobility, be-
low the multivariate correlation with onset time, onset time
plus population and finally all the three variables together.
In this analysis, R2

P refers to R-squared of the linear Pearson
correlation.

mortality, we perform a multivariate analysis including
five variables: logarithm of total stays per capita one
week before the incidence onset, density of population,
distance from Madrid, population of every province and
onset times. Note that the onset time is an intrinsic epi-
demic variable and as such it can depend on the others
(e.g., mobility). For those provinces that did not reach
the established onset, here we consider the peak day as
a proxy for the onset. As shown in Figure 5, mobility
per capita alone explains the 67% (incidence) and 68%
(mortality) of the peak heights variance. By adding all
the variables for each province, the explained variances
increase to R2

P = 77% and R2
P = 78%, respectively.

By using the multivariate fitted parameters, we can
reconstruct the estimated incidence and mortality peaks
for each province and compare the statistical model pre-
dictions and the actual values. As illustrated in Figure
6, both statistical models (for incidence and mortality)
give good accuracy in the estimation of the real peaks for

a

b

,

FIG. 6. Statistical models. Comparison plots for the height
of the a incidence and b mortality peaks. The x-axis displays
the predictions of the corresponding statistical model and the
y-axis the actual values in every province. The explained
variance in Pearson coefficients is of R2

P = 0.77 and R2
P =

0.78, respectively.

each province.

Finally, the Spanish Ministry of Health has
just released the first results of a study on the
prevalence of antibody response in the popula-
tion (https://www.mscbs.gob.es/gabinetePrensa/
notaPrensa/pdf/13.05130520204528614.pdf). The
analysis tested 60, 983 individuals from different
provinces, age groups and socio-economic contexts in a
sample obtained with the same mechanisms as the cen-
sus. The results are thus expected to be representative
of the extension of the pandemia in the population. We
have repeated the same analysis presented so far with
this new data (see Supplementary Material, Figs. 9, 10,
and 11 below). The mobility in terms of stays per capita
explains 64% of the variance of the antibody prevalence
(R2

P = 0.64), while the full multivariate model accounts
for 68% and the comparison between the statistical
model and the data yields R2

P = 0.68. Despite the
data of the prevalence analysis has been obtained much
later than the peaks, these results strongly confirm the
scenario we have found of dependence between the peaks
(mortality and incidence) and the mobility.
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CONCLUSIONS

Understanding the impact of mobility on the early
stages of spreading of an epidemic is key to design ef-
ficient public health responses. In this work, we address
the question of how relevant is multi-seeding for the epi-
demic indicators in a population. The relation between
a larger inflow of seeds and the epidemic size, heights
of the incidence and mortality peaks is easy to hypoth-
esize from a theoretical perspective. Is it, however, a
reality? To test it, we perform a simple correlation anal-
ysis in the context of the present COVID-19 pandemic in
Spain. The first local outbreak was declared in Madrid,
attaining 100 confirmed cases on March 6, 2020. From
then on, cases were detected in all the 52 provinces and
autonomous cities of the country. The confinement mea-
sures were taken in a uniform way across the country with
a first lockdown on Friday March 14, 2020, a stricter lock-
down on March 29. The incidence peaks for most of the
provinces occurred after the first lockdown and before
the second. The fact that the lockdowns are uniform al-
lows us to perform the analysis on multi-seeding in equal
conditions. We find a clear relation between the mobil-
ity from/to Madrid and the heights of the peaks of inci-
dence and mortality. Furthermore, the kind of mobility
that better correlates is the one exhibited by weekenders
one week before the local onset and, typically, before the
confinement measures. The results are further confirmed
by obtaining similar correlations between the prevalence
of antibodies in the population measured in an indepen-
dent study and the mobility. This supports the policies
intended to target non-essential trips first and, only later,
commuting flows (weekday travelers).

It is not surprising that a larger mobility to and from
the area with the first outbreak accelerates the local on-
sets. But if the flow of trips per capita are high and
frequent, the probability of importing more cases in-
creases. Multi-seeds impact in different zones of the local

social/contact network. The protection that bottlenecks
in such contact network structure could bring is, thus,
deactivated, which leads in turn to an enhancement of
the contagions and a larger epidemic size with respect to
a single or few seeds scenario. More cases imply larger
mortality. These are theoretical arguments of the effect
of multi-seeding. The main contribution of our work is
to offer empirical evidence of such connections between
multi-seeding and the severity of the epidemic at the pop-
ulation level. We hope that this study will highlight the
importance of mobility in an epidemic situation, which
goes beyond a first direct relation between arrival times
and inflow of trips, and help stakeholders and decision-
makers to design more efficient responses.
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Province Incidence onset Incidence peak time Mortality onset Mortality peak time

Álava 2020-03-07 2020-03-25 2020-03-16 2020-03-31
Albacete 2020-03-17 2020-03-29 2020-03-17 2020-04-05
Alicante 2020-03-24 2020-03-29 2020-03-21 2020-04-03
Almeŕıa nan 2020-03-28 2020-03-22 2020-04-10

Ávila 2020-03-18 2020-03-27 2020-03-17 2020-03-26
Badajoz 2020-03-25 2020-03-27 2020-03-24 2020-04-09
Baleares 2020-03-22 2020-03-26 2020-03-21 2020-04-01
Barcelona 2020-03-15 2020-03-25 2020-03-12 2020-03-31
Burgos 2020-03-19 2020-03-24 2020-03-16 2020-03-31
Cáceres 2020-03-19 2020-03-27 2020-03-14 2020-04-01
Cádiz nan 2020-04-01 2020-03-27 2020-04-08
Castellón 2020-03-23 2020-03-26 2020-03-21 2020-04-08
Ciudad Real 2020-03-17 2020-04-04 2020-03-17 2020-04-09
Córdoba 2020-03-28 2020-04-04 2020-03-19 2020-03-31
A Coruña 2020-03-22 2020-04-01 2020-03-22 2020-04-01
Cuenca 2020-03-19 2020-04-08 2020-03-17 2020-03-27
Girona 2020-03-18 2020-03-25 2020-03-17 2020-04-03
Granada 2020-03-23 2020-03-30 2020-03-16 2020-03-28
Guadalajara 2020-03-16 2020-03-31 2020-03-21 2020-03-25
Guipúzcoa 2020-03-22 2020-03-25 2020-03-20 2020-04-10
Huelva nan 2020-04-02 2020-03-27 2020-04-06
Huesca 2020-03-23 2020-04-01 2020-03-21 2020-04-09
Jaén 2020-03-23 2020-03-30 2020-03-13 2020-04-08
León 2020-03-22 2020-03-28 2020-03-16 2020-04-03
Lleida 2020-03-18 2020-03-25 2020-03-16 2020-03-26
La Rioja 2020-03-07 2020-03-27 2020-03-11 2020-04-06
Lugo 2020-03-25 2020-04-01 2020-03-23 2020-04-01
Madrid 2020-03-09 2020-03-25 2020-03-09 2020-03-27
Málaga 2020-03-24 2020-03-24 2020-03-14 2020-04-10
Murcia 2020-03-25 2020-03-25 2020-03-24 2020-04-05
Navarra 2020-03-14 2020-03-26 2020-03-15 2020-03-30
Ourense 2020-03-22 2020-04-01 2020-03-22 2020-04-01
Asturias 2020-03-18 2020-03-19 2020-03-19 2020-04-10
Palencia 2020-03-20 2020-03-27 2020-03-24 2020-04-04
Las Palmas nan 2020-03-28 2020-03-20 2020-03-21
Pontevedra 2020-03-21 2020-04-01 2020-03-26 2020-03-31
Salamanca 2020-03-17 2020-03-28 2020-03-16 2020-03-28
Santa Cruz de Tenerife 2020-03-24 2020-03-26 2020-03-20 2020-03-21
Cantabria 2020-03-19 2020-03-26 2020-03-20 2020-03-31
Segovia 2020-03-17 2020-04-07 2020-03-16 2020-03-30
Sevilla nan 2020-03-28 2020-03-22 2020-04-07
Soria 2020-03-17 2020-03-25 2020-03-16 2020-03-30
Tarragona 2020-03-24 2020-03-31 2020-03-21 2020-04-08
Teruel 2020-03-23 2020-03-26 2020-03-16 2020-04-01
Toledo 2020-03-17 2020-03-26 2020-03-17 2020-04-09
Valencia 2020-03-23 2020-03-24 2020-03-21 2020-04-02
Valladolid 2020-03-19 2020-04-10 2020-03-18 2020-04-01
Vizcaya 2020-03-19 2020-03-25 2020-03-17 2020-04-08
Zamora 2020-03-22 2020-04-03 2020-03-17 2020-04-03
Zaragoza 2020-03-23 2020-03-26 2020-03-10 2020-04-01
Ceuta 2020-03-30 2020-03-30 2020-03-26 2020-04-05
Melilla 2020-04-03 2020-04-03 2020-03-24 2020-03-24

TABLE I. Table of epidemic features for the 52 provinces of Spain, when available.
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FIG. 7. Epidemic curves of confirmed cases for the 52 provinces of Spain. Green dashed line to represent the incidence
onset, red dashed line to represent the incidence peak time.
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FIG. 8. Epidemic curves of reported deaths for the 52 provinces of Spain. Green dashed line to represent the
mortality onset, red dashed line to represent the mortality peak time.
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FIG. 9. Stays per capita versus temporal size at May 13th 2020. Correlation plot of stays per capita of weekenders
from Madrid to other provinces versus size of incidence in the local population.

FIG. 10. Correlation analysis of antibodies prevalence at May 13th 2020. Variance of local size at May 13th 2020
explained by mobility, population, population density and distance from Madrid of each province.
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FIG. 11. Multivariate model for the antibodies prevalence in each province.
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