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Abstract

Background

Social distancing have been widely used to mitigate community spread of SARS-CoV-2. We
sought to quantify the impact of COVID-19 social distancing policies across 27 European
counties in spring 2020 on population mobility and the subsequent trajectory of disease.

Methods

We obtained data on national social distancing policies from the Oxford COVID-19 Govern-
ment Response Tracker and aggregated and anonymized mobility data from Google. We
used a pre-post comparison and two linear mixed-effects models to first assess the relation-
ship between implementation of national policies and observed changes in mobility, and
then to assess the relationship between changes in mobility and rates of COVID-19 infec-
tions in subsequent weeks.

Results

Compared to a pre-COVID baseline, Spain saw the largest decrease in aggregate popula-
tion mobility (~70%), as measured by the time spent away from residence, while Sweden
saw the smallest decrease (~20%). The largest declines in mobility were associated with
mandatory stay-at-home orders, followed by mandatory workplace closures, school clo-
sures, and non-mandatory workplace closures. While mandatory shelter-in-place orders
were associated with 16.7% less mobility (95% CI: -23.7% to -9.7%), non-mandatory orders
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were only associated with an 8.4% decrease (95% Cl: -14.9% to -1.8%). Large-gathering
bans were associated with the smallest change in mobility compared with other policy types.
Changes in mobility were in turn associated with changes in COVID-19 case growth. For
example, a 10% decrease in time spent away from places of residence was associated with
11.8% (95% CI: 3.8%, 19.1%) fewer new COVID-19 cases.

Discussion

This comprehensive evaluation across Europe suggests that mandatory stay-at-home
orders and workplace closures had the largest impacts on population mobility and subse-
qguent COVID-19 cases at the onset of the pandemic. With a better understanding of poli-
cies’ relative performance, countries can more effectively invest in, and target, early
nonpharmacological interventions.

Introduction

Non-pharmacological policies aimed at improving physical distancing, such as shelter in place
orders or gathering bans, have been widely used to mitigate the spread of airborne pathogens,
particularly in the early stages of a pandemic. While lockdowns have been utilized throughout
the course of the COVID-19 pandemic, they are primarily intended to decrease the effective
reproduction number (Ry) to provide the time and bandwidth for public officials and the
health system to enact other containment measures, such as comprehensive testing, tracing,
and supportive isolation. However, as demonstrated by the COVID-19 pandemic, measures
such as lockdowns are difficult to sustain in the long-term. There are often significant social
and economic costs associated with social distancing policies [1, 2]. In this context, under-
standing the effectiveness of different types of policies employed during the first wave of the
pandemic can be used to inform the decisions of policymakers weighing the costs of future
lockdowns against the need to better mitigate the early spread of pandemic disease.

Prior work has shown the effect of social distancing orders on decreasing mobility and case
growth in the US and India [3-7], but Europe remains a unique case study for the evaluation
of early non-pharmacologic interventions [8, 9]. First, several European countries including
Italy, Spain, and France were early hotspots of the COVID-19, hence more data is available to
evaluate the first phase of the pandemic response [10, 11]. Second, while earlier studies have
assessed the impact of social distancing policies, understanding the mechanisms through
which social distancing policies may work—such as by reducing overall aggregated popula-
tion-level mobility—would provide critical validation of public health interventions [8, 12].
Lastly, although not unique to Europe, understanding the relative effectiveness of mandatory
vs. non-mandatory social distancing measures would enable public health officials across
Europe and elsewhere to better implement early pandemic mitigation strategies in the future.

Quantifying the links between implementation of social distancing policies, decreases in
mobility, and subsequent declines in COVID-19 cases is therefore critically important for pol-
icymakers in managing COVID-19, and may also inform the management of future emerging
pandemics. Using a comprehensive COVID-19 policy database and aggregated mobility data
linked to national counts of COVID-19 cases, we adopted a three-pronged strategy and sought
to answer the following questions. First, to what extent did mobility decrease in response to
social distancing policies across the study countries? Second, what type of policies (school clo-
sures, workplace closures, gathering bans or stay at home), and policy implementations
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(mandatory or non-mandatory) were most effective in decreasing mobility? And, finally, what
was the relationship between the change in mobility and the trajectory of COVID-19 infections
during the first wave of the pandemic?

Materials and methods
Data sources

This retrospective, country-level observational study uses data from three sources. First, we
obtained data on national social distancing policies from the Oxford COVID-19 Government
Response Tracker (OxCGRT), which has collected and aggregated information on the timing
and nature of several specific government policy responses to the pandemic [13]. The data
have been made publicly available and the methods of data collection and classification have
been described elsewhere [6]. From these data, we considered the date of implementation at a
national level of the following restrictions: school closures, workplace closures, cancellation of
public events, and restrictions on internal movement such as shelter-in-place or stay-at-home
orders (S1 Table in S1 File). Policies were further classified as mandatory or non-mandatory.

We used daily aggregated and anonymized data from tens of millions mobile device users
in Europe who have turned on the Location History setting. The anonymized and aggregated
dataset analyzed herein was the same one that was used to create the publicly-available Google
COVID-19 Community Mobility Reports (first published at http://google.com/covid19/
mobility on April 2, 2020). The data analyzed in this paper consisted of anonymized, aggre-
gated, and differentially private counts of visits to places in different categories; the publicly
avaijlable data reflects ratios computed using these counts.

Our analytic sample included 13,770 country-day observations across 27 European coun-
tries from January 3rd through April 19, 2020. Post-intervention data, with dates varying by
country, represent relative mobility compared to a pre-COVID baseline for the same day of
the week in the same location (computed over the period of 2020-01-03 through 2020-02-06).
The methods for generating, aggregating, and anonymizing data were the same as those used
in the creation of the publicly-available Google COVID-19 Community Mobility Reports [14,
15]. As in our prior work [6], we used relative change in the average number of hours spent
away from places of residence as our primary mobility outcome. This metric is estimated as 24
(hours) minus the population-averaged number of hours spent at places of residence, divided
by the corresponding number from the baseline period. We used publicly accessible mobility
variables, including the number of visits to workplaces, grocery stores and pharmacies; retail
stores, recreational sites, and eateries; transit stops; and parks were used as secondary out-
comes. The anonymization process for these data was designed to ensure that no personal
data, including an individual’s location, movement, or contacts, can be derived from the
resulting metrics [14].

Finally, we obtained data on known COVID-19 cases from the European Centre for Disease
Prevention and Control and national sources aggregated and standardized through the Center
for Systems Science and Engineering (CSSE) at Johns Hopkins University [16].

Policy identification

In Europe, large-scale restrictions on businesses and people’s movements with the intention of
promoting social distancing were first enacted in Northern Italy in late February, 2020. Other
European countries subsequently enacted a variety of mandatory and non-mandatory social
distancing measures, including closures of schools, closing workplaces, cancelation of public
events and restrictions on internal movement or stay at home policies. We reviewed all Euro-
pean countries, and we selected a subset of 27 study countries based on the availability of data
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on both social distancing orders and on population mobility. For each study country, we
defined index dates based on the implementation of the first social distancing policy. We then
compared the value of several mobility metrics in the week following the index date versus the
7-day period extending from 9 to 2 days prior to the index date. We included a two-day wash-
out period prior to the index date given the volatility due to public messaging that typically
precedes implementation of social distancing orders. Because each country is compared to
itself, these estimates control for possible confounding by country-specific factors that remain
relatively stable over this time period.

Statistical analysis

We employed an interrupted time series design and linear mixed-effects models to first assess
the relationship between policies and observed changes in weekly average mobility, and then
to assess the relationship between changes in mobility and rates of COVID-19 infections in
subsequent weeks.

Policy type & changes in mobility. We first assessed which policies were most effective in
reducing average population mobility. We evaluated the association between enactment of
national policies intended to foster social distancing and changes in population mobility. We
applied a single interrupted time series approach using each country’s recent past as its own
control (S1 Fig in S1 File). We next fit a linear mixed-effects model to quantify the impact of
different social distancing policies on the relative change in time spent away from places of res-
idence, accounting for within-country correlation (S1 Appendix in S1 File). Sensitivity analy-
ses suggest these results were robust to alternative modeling choices (S2 Table in S1 File).

Changes in mobility & infections. We next used a linear mixed-effects model to assess
the association between changes in mobility and subsequent changes in the number of new
COVID-19 cases, a primary driver of policy decisions during this time. Specifically, we esti-
mated the change in the log of new cases from one week to the next in each country as a func-
tion of recent weekly mobility changes. We modeled the country-specific time course of the
pandemic by including an indicator variable for the first week the country reported 10 new
cases and a separate variable to account for the number of weeks elapsed since then. We ini-
tially considered the impacts on case growth rates from changes in mobility in the prior 1, 2, 3,
and 4 weeks. Using a forward selection approach (see S1 Appendix in S1 File), our final
model only included mobility changes two weeks prior to the present week.

We report the results from this analysis as the change in case growth rate associated with a
10% and 50% decrease in population mobility. To further facilitate interpretation, we also
present results as the difference over time in new and total COVID-19 cases given the actual
observed changes in mobility versus the counterfactual scenario of no change in mobility (S2
Fig in S1 File). Confidence intervals for these estimates were estimated using a cluster boot-
strap approach with the country as the cluster, as described in the S1 File.

Results

We found that national policies intended to promote social distancing and decrease commu-
nity mobility were implemented within a relatively short time frame across Europe (Fig 1).
Switzerland was the first country to institute a social distancing policy: a non-mandatory pub-
lic gathering ban. This policy was followed by a clustering of closures implemented between
March 12" and 19", with significant heterogeneity in policies across the European countries.
Policies centered on the cancellation of public events largely preceded school closures, work-
place closures and stay-at-home policies or restrictions on internal movement, though there
was variation between countries in terms of the ordering of these policies. Policies also varied
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Fig 1. Timeline of major COVID-19 policy interventions by country. In response to the COVID-19 pandemic, European countries
enacted a series of national policies intended to promote social distancing that varied across countries in terms of time (with respect to both
calendar time and reported cases), nature, and enforcement (mandatory versus non-mandatory). Policy type is indicated with color and if
that policy was instituted as a mandatory or non-mandatory policy is indicated with shape.

https://doi.org/10.1371/journal.pone.0253071.9001

in terms of timing (with respect to both calendar time and time from reporting of the 10th,
100th and 1,000th cases), type, and implementation (mandatory versus non-mandatory).
While Germany, France, the UK and other countries reported their first cases in February, the
majority of national social distancing policies were implemented after a country first reported
10-100 cases.

Across the study countries social distancing policies had a substantial yet heterogeneous
impact on population mobility. Italy was the first country to exhibit a notable decline in mobil-
ity, which began during the week of March 1* [17]. Spain saw the largest mobility decrease
from the pre-COVID baseline, as measured by the time spent away from residence, with a
decline in aggregate mobility of nearly 70% (Fig 2). Sweden had the smallest decrease in mobil-
ity, with approximately a 20% decline from baseline at the end of the study period (April 12
2020). In certain countries (e.g., Italy), the initial observed decline in mobility preceded man-
datory stay-at-home policies at the regional level [17], suggesting voluntary reductions in
mobility as previously documented in the US [18].

When assessing the relationship between social distancing policies and changes in mobility,
we found that mandatory policies were more effective than non-mandatory policies in reduc-
ing mobility (Table 1). For example, mandatory workplace closings were associated with a
13.3% reduction in mobility (95% CI: -20.5% to -6.1%), versus 11.2% for non-mandatory
workplace closure policies (95% CI: -17.9% to -4.6%). On the other hand, mandatory stay-at-
home policies or shelter-in-place orders were associated with 16.7% less mobility (95% CI:
-23.7% to -9.7%) versus only 8.4% less mobility (95% CI: -14.9% to -1.8%) for non-mandatory
stay-at-home policies. Non-mandatory large gathering bans were not associated with a
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Fig 2. Relative change in mobility across study countries, Spring 2020. Relative change in mobility in European study countries, as estimated
using aggregated (anonymized with differential privacy) data from Google users who have opted-in to Location History. For each country, crosses
indicate the date on which the 100th case was reported, squares indicate the date of the first mandatory social distancing policy, and triangles denote
the date of shelter-in-place orders.

https://doi.org/10.1371/journal.pone.0253071.9002

Table 1. Relationship between social distancing policies and changes in mobility.

Policy Percent Point Change
Spent Away from Residence (95% CI)

School closures (S1) -13.0 (-18.9, -7.2)****
Workplace closures (S2)

Non-Mandatory -11.2 (-17.9, -4.6)***

Mandatory -13.3 (-20.5, -6.1)****
Limits on large gatherings and events (S3)

Non-Mandatory -0.5 (-7.7, 8.7)

Mandatory -7.8 (-14.0, -1.6)**
Stay at home policies (S6)

Non-Mandatory -8.4 (-14.9, -1.8)**

Mandatory -16.7 (-23.7, -9.7)****
Fixed effects R? 51.7%

For school closures, all but one country mandated school closures so mandatory versus non-mandatory closures were
not considered separately. Additional variations of the model can be found in $3 Table in S1 File.

*p<0.10

*p < 0.05

**p < 0.01

D £ 0.001.

https://doi.org/10.1371/journal.pone.0253071.t001
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statistically significant change in mobility. School closures were associated with a -13.0% (95%
CI: -18.9% to -7.2%) change in mobility. Mandatory stay-at-home policies were associated
with the largest change in mobility out of all policy types studied.

Using a linear mixed effects model, we found a strong link between changes in mobility
and changes in COVID-19 case growth (S2 Fig in S1 File). We estimated that decreases in
mobility were approximately linearly related with subsequent change in case growth (Fig 3).
For example, a 10% decrease in mobility was associated with an 11.8% decrease in new cases
(95% CI: 3.8%, 19.1%) two weeks later. Furthermore, a more pronounced 50% decrease in
mobility resulted in a 46.6% decrease in cases two weeks later (95% CI: 17.5%, 65.4%).

Discussion

Across 27 European countries, we found that social distancing policies imposed early in the
pandemic had substantial impacts on population mobility, but that the magnitude of this
impact varied across policies and countries. We also observed a near 1:1 linear relationship
between decreases in mobility and relative decline in COVID-19 case growth rate. These data
provide important information relevant to understanding the impact of the initial lockdowns
and other policies intended to limit the extent of the pandemic. For example, a 10% decrease
in mobility was associated with an approximately 12% decrease in the number of newly
reported cases two weeks later, highlighting the potential for aggregated mobility data to serve
as a leading indicator of subsequent case trajectory. The largest reductions in mobility were
associated with mandatory workplace closures and mandatory stay at home policies. Policies
that involved mandated orders appear more effective in reducing time spent away from the
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residence compared to non-mandatory or recommended measures, with workplace closings
and shelter-in-place-like orders being associated with the largest changes in mobility (each
leading to approximately a 15% reduction in mobility the week after they are imposed).

Our findings have important implications for policy makers hoping to mitigate harm from
the early pandemic spread of airborne pathogens. Policy makers combatting future waves of
COVID-19 may be hesitant to return to strategies employed in the spring of 2020. Indeed,
lockdowns and other extreme restrictions—particularly when mandated—cannot be sustained
for long periods of time. These restrictions are intended to give time for countries to reduce
the incidence of disease and put in place robust, and more sustainable, measures that prevent
and control transmission. In line with this, comprehensive measures to find, test, trace, isolate,
and support individuals who may be impacted by COVID-19 are integral and complementary
to the policies we examine here. In this context, our findings are particularly relevant for early
disease spread, and suggest that mandated measures were more effective in decreasing mobil-
ity and case growth as compared to voluntary measures during the first phase of the COVID-
19 pandemic. For later stage mitigation, policymakers may need to consider intermittent
cycles of mandatory social distancing to suppress the effective reproduction number (Ry),
allow for testing and tracing while also combatting the fatigue associated with such orders.

Ensuring policy choices are evidence-based is of critical importance when faced with high
“lockdown fatigue”. As our results demonstrate, based on studying the effect of policies
employed at the onset of the pandemic, decreasing mobility led to a nearly 1:1 reduction in the
COVID-19 case count. Even with an effective vaccine, the roll out of life-saving pharmacologi-
cal products can take years; many high need tuberculosis patients, for example, remain unvac-
cinated. In addition, our understanding of how specific airborne pathogens spread and in turn
what constitutes a safe physical distance or the extent to which particulates remain on surfaces,
improve with time. In line with this, risk mitigation strategies can be informed and improved
by this knowledge, most notably during COVID the effectiveness of community masking.
Indeed, mitigation strategies informed by new knowledge, such as mask wearing or improved
ventilation systems in workplaces or schools [19], may mediate the relationship between social
mobility and airborne infection during later lockdowns and social distancing measures, poten-
tially requiring a smaller decrease in aggregate population mobility to achieve similar reduc-
tions in case growth.

While these results provide valuable new insights, governments must always consider their
unique domestic and sub-national contexts. The consideration of school closures, for example,
must be weighed with other country- or state-specific factors. This may include the share of
the population that is food-insecure and receiving meals through the educational system or
how much of the workforce would forgo employment in order to provide childcare at home.
Particularly relevant within Europe’s cities are issues of safe and sustainable shared mobility,
such as the need and ability of the population to utilize public transportation infrastructure
[20]. In addition, how citizens view their health system has been shown to impact public
response to early mitigation efforts. For example, Chan et al. found that regions with high trust
in the government but low confidence in the healthcare system have higher adherence to social
distancing policies [21]. They hypothesize that this may be attributable to citizens’ understand-
ing that their health care system does not have adequate capacity but do trust the government
represents their interests [21]. Regardless of baseline attributes, any single country’s policies,
particularly those related to trade and travel restrictions, will impact its neighbors. The level of
coordination of pandemic control policies across well-connected European countries can have
large impacts on both travel and the continued community spread of disease [9, 22], but we
were not able to factor these considerations into our analyses. There is considerable variability
between and within-countries in terms of the degree of vulnerability of their populations, the
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trust these populations have in government measures and local governments’ ability to lever-
age resources for supportive, and safe, social distancing over time [23].

Our analysis adds to a growing literature aimed at assessing non-pharmaceutical interven-
tions on COVID-19 in Europe by more closely examining the impact of social distancing poli-
cies [24]. In the spring of 2020, Dergiades et al. assessed the impact of government
interventions across Europe on COVID-19 deaths [25]. Using daily data for 32 countries and
examining the stringency of these policies, they found that stronger policy interventions (mea-
sured using the Oxford’s Government Response Tracker Index score) were more effective in
slowing, or even reversing, the growth rate of COVID-19 deaths. By using real-time mobility
data our work builds on this research and quantifies the policy strength in terms of how
intensely people responded to the policy in practice, rather than the stringency of the policy as
written. More recently, a pre-print by Oh et al. examined the impact of societal mobility
restrictions across 36 countries [12]. Oh and colleagues looked at “commuting mobility,”
which is an aggregate variable of visits to different types of community locations. Our work is
similar, both in aim and countries studied, but examines relative time spent away from indi-
viduals’ primary place of residence—i.e. the amount of time people in a given location spend
outside the home. Unlike mobility to and from specific locations, the average time that indi-
viduals spend away from their primary place of residence is significantly associated with
COVID case growth.

Limitations

This study has a number of limitations. First, countries do not implement policies at random.
Observed differences may be confounded by country-level characteristics, such as varying
degrees of public support for government policy more broadly. Moreover, there may be het-
erogeneous responses by populations of different countries to mandatory versus non-manda-
tory social distancing policies. As demonstrated by Bargain and Aminjonov, countries with
higher baseline levels of government trust may not need to “enforce” a policy to achieve adher-
ence [23]. However, during the time period we examine, we were not able to account for these
country-level characteristics or other relevant factors, such as: variation in the underlying
health-system, testing availability or adoption of corresponding non-pharmacological mea-
sures, such as masking or improved air filtration/ventilation of indoor spaces. Testing rates, in
particular, have varied throughout the pandemic both between and within countries as well as
over time, which likely constitutes a source of unmeasured bias. In addition, because social dis-
tancing policies and case milestones can occur in close proximity, causal attribution to one
specific policy is challenging. As a result, our estimates represent the pooled effect of these
events in practice, as opposed to the isolated response to a single action. In other words, we
cannot exclude the possibility of residual confounding of within-country estimates by factors
correlated with policy interventions or changes in mobility. Moreover, our analyses are limited
to average country-level mobility during the study period, and therefore do not capture
within-country heterogeneity. For instance, there was a significant diversity in response to
social distancing policy at the sub-national level in both the US and India [6, 7].

Finally, we investigated the link between mobility and COVID-19 case growth rather than
deaths. While COVID-19 mortality is an important outcome measure, we chose COVID-19
case growth as a primary outcome because mortality is a lagging indicator, sensitive to the
demographic profile of each country, and sensitive to the health system response [26]. An
additional limitation is that comparisons across countries using mobility data are descriptive.
Since the Location History feature is off by default and requires explicit opt-in, countries may
differ in the proportion of the population who opt-in to sharing Location History; the
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demographics of this group, the quality of the mobility data and of the Google Maps data
about local establishments and other unobserved factors that may influence the observed
changes in mobility. Finally, this study was limited to countries in which there were available
data on both COVID-19 policies and mobility. As a result, the study does not include all coun-
tries in Europe.

Conclusion

Our findings, based on analysis of spring 2020 data, offer actionable insights into which poli-
cies were most effective in decreasing aggregate mobility and infections during Europe’s first
wave of the pandemic. With a better understanding of relative policy effectiveness at the begin-
ning of the COVID-19 pandemic, countries can better design and target future non-pharma-
cological interventions based on what mitigated early spread of the disease.
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