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Daylight saving time (DST) consists in a one-hour advancement of legal time in
spring offset by a backward transition of the same magnitude in fall. It creates a
minimal circadian misalignment that could disrupt sleep and homoeostasis in
susceptible individuals and lead to an increased incidence of pathologies and
accidents during the weeks immediately following both transitions. How this
shift affects mortality dynamics on a large population scale remains, however,
unknown. This study examines the impact of DST on all-cause mortality in 16
European countries for the period 1998-2012. It shows that mortality decreases
in spring and increases in fall during the first two weeks following each DST

transition. Moreover, the alignment of time data around DST transition dates
revealed a septadian mortality pattern (lowest on Sundays, highest on Mon-

days) that persists all-year round, irrespective of seasonal variations, in men

and women aged above 40.

Western Europe is subject to a biannual time change policy, also
known as daylight saving time (DST). The clock is set forward by one
hour on the last Sunday in March and set back to standard time on the
last Sunday in October. Implemented for the purposes of energy
conservation and time harmonisation, DST today involves an esti-
mated population of 447 million in Europe’.

In 2019, an international panel of experts called for the dis-
continuation of DST, motivated by sensible evidence supporting its
negative impact on public health?. A year later, the American Academy
of Sleep Medicine followed suit in a position statement’. In Europe,
public opinions, as well as policymakers, started to express similar
reservations and doubts about its economic relevance so much that the
European Parliament issued a proposal to end “the seasonal change of
time” by 2021, granting every country the block the liberty to choose
between DST and standard time as a fixed, year-round time policy*. EU
countries were yet reluctant to put such dramatic changes in place, for
lack of significant data from population health studies on DST—parti-
cularly on mortality—and scientific guidance on which time framework

they should favour instead. The Covid pandemic largely impeded those
debates, leaving the majority of these questions unanswered.

In fact, there is evidence that DST might adversely affect health by
imposing a minimal shift on the circadian clock, thereby disrupting its
physiological function and transiently causing anomalous sleep para-
meters; hindering the circadian clock’s adjustment, or even compro-
mising it in late chronotypes (i.e. individuals who prefer a late
bedtime), particularly during the spring>®.

Studies have demonstrated that DST could have an effect on
physical or mental diseases and accidents characterised by seasonal,
temporal or circadian rhythmicity and particularly sensitive to dis-
turbances of the sleep-wake cycle’®, Spring transitions were found to
be associated with a shift in onset as well as a modestly increased risk
of myocardial infarction (MI)”°7¢, ischaemic stroke (IS)"'®, motor
vehicle accidents (MVAs)'%, atrial fibrillation (AF)*, patient safety-
related incidents (SRIs)” and suicides’”. Because these conditions
represent a high proportion of general mortality, it was hypothesised
that DST could impinge on general mortality patterns®.
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The interpretation of these studies, however, is strongly limited.
Results tend to be conflicting, for the most part, and of weak statistical
significance; samples, which differ often in terms of age, sex, and
comorbidities, are of limited size; study periods are too short; control
periods around DST transitions vary greatly, and different statistical
approaches do not allow for comparison™>*?,

Here we present the relationship between DST transitions and
patterns of all-cause mortality in 16 European countries that apply the
DST policy for the period 1998-2012. We divided daily death numbers
by daily population estimates to compare daily death rates (DDR) for
up to 2 months before and after each DST transition. We find that both
DST transitions are significantly associated with mortality patterns that
decrease in spring and increase in the fall, after adjusting for temporal
(year, season, month, day of the week), meteorological (daily mean
temperature, humidity and wind speed), geographic (latitude and
longitude of the region’s centroid, a sine-cosine function that con-
siders daylight seasonality, yearly regional GDP and country) and
population variables (sex and 10 years age group). We also report a
distinct septadian pattern of mortality (i.e. death rates fall on Sunday
and peak on Monday) present throughout the year, limited to indivi-
duals aged >40 of both sexes, and not described to date.

Results

The dataset included 59,067,376 observed deaths over a 15-year per-
iod, ranging from 3,978,245 in 1998 (out of a total population of
396,756,788) to 4,058,346 in 2012 (out of a total population of
422,022,873).

DST and mortality

Figure 1 shows the 15-year average daily mortality rates in 16 European
countries when the data are unadjusted and centred on each DST date.
Daily mortality rates are obviously subject to seasonal variations with a
downward trend in spring and an upward trend in fall (cf. splines in
Fig. 1b, c). However, when compared to these expected seasonal
trends, mortality shows an apparent increase after the DST transition
in spring (Fig. 1b) and an apparent decrease in fall (Fig. 1c).

The mortality curves tend to be higher for men than for women in
all age groups (Fig. 2) but it is worth mentioning that the mortality of
women aged [0-10) is higher than that of women aged [10-30). Only
the curves for the over-40 age group of both sexes (Fig. 2) show
mortality patterns identical to those of the general population (cf.
Fig. 1b, ¢). There is a DST effect, a Sunday effect (i.e. the weekly mini-
mum of mortality is reached on Sunday, while the peak is reached on
Monday), as well as a sensitivity to seasonal changes, which strength-
ens as age increases. However, men aged between 10 and 30 display an
inverted pattern with regard to the Sunday effect: the peak of mortality
is found on Sunday and the minimum the subsequent Monday.

An adjusted multiple binomial negative regression model
(Table 1) shows a significant decrease in death counts in the spring DST
(IRRyeeks 0.965; 95% CI: 0.951-0.979, p < 0.001; IRRyeeiz 0.972; 95% CI:
0.958-0.986, p<0.001), and a significant increase in the fall DST
(IRRyees 1.018 95% CI: 1.003-1.033, p= 0.016; IRRycerz 1.023 95% CI:
1.008-1.039, p = 0.002). Significant variations of mortality are mainly
observed during the first two weeks following each DST transition.
Nevertheless, we note from week 4 onwards after the fall of DST a
significant, quasi-constant decrease in daily death rates. General
mortality in the 16 countries examined shows a continuous and sig-
nificant downward trend between 1998 and 2012. It also exhibits a clear
seasonality: mortality is highest in winter and lowest in spring (when
summer is taken as a reference). The values gradually diminish from
January to September and then increase again. Mortality rates are
higher in men than in women for all age groups. The older the age
group, however, the highest the death rates, irrespective of sex.
Regional longitude and latitude are also modest determinants of
mortality, as easternmost and northernmost NUTS2 centroids,

respectively, are associated with a higher risk of death. In our dataset,
Switzerland and Italy have the lowest mortality rates, while Croatia and
Poland have the highest. Higher annual and regional (i.e. by NUTS2)
gross domestic product (GPD) is significantly associated with a lower
risk of death. Finally, as to meteorological variables, we find that an
increase in temperature and wind speed, but a decrease in relative
humidity were significantly leading to a higher risk of mortality. The
same model with different sex and age interactions—month, day of the
week, spring DST, fall DST and country—shows that most are statisti-
cally significant with the notable exception of the following ones:
sex*DSTs; 10-year age group*DST spring (results not shown).

Septadian pattern

We find a regular pattern of mortality limited to the end of the week
and consisting of a significant drop on Sunday, followed by a sig-
nificant 3% increase on the subsequent Monday (IRR 1.029; 95% CI:
1.024-1.033, p < 0.001) (Table 1), corresponding to an absolute excess
number of 15,102 deaths per year. This pattern recurs every week,
month, and season, is present throughout the year (Fig. 1 and Sup-
plementary Fig. 1), in the largest countries examined (2) and only
affects men and women aged 40 and over (Fig. 2). Neither the DST
transition in spring nor the return to standard time in the fall influences
this pattern. A significant opposite pattern is observed only in men
aged [10-30].

Discussion

DST and mortality

This is the largest study to assess the relationship between DST and all-
cause mortality at a continental level, our dataset comprising more
than 59 million deaths from 16 European countries over a 15-year
period.

Our results indicate for the first time that DST is linked with a
significant decrease in general mortality in spring (-3.6% week 1; -2.9%
week 2 post-DST) as well as a significant increase in the fall (+1.8% week
1; +2.3% week 2 post-DST). They are in striking contrast to the general
scientific postulate that has driven much of the DST literature (i.e. a
minimal deprivation of sleep would result in an increase in mortality)
and to the conclusions of previous papers which emphasised the
question of mortality"**2%,

One of them, whose methodology is somewhat comparable to
this study, assesses the effects of DST on general mortality in the
city of Vienna between 1970 and 2018, using a Poisson regression
model®. It finds an increase in mortality of about 3% per day in the
week following DST in spring (Tuesday to Friday) and an apparent
weak protective role of Monday after the transition in fall. It is very
likely that the reported increase in mortality is not attributable to
the DST, but may rather reflect the recurrent mortality pattern
reported in our study (death rates increase by 3% on Mondays as
compared to Sundays).

To date, very few papers have investigated the short-, medium-
and long-term consequences of a minimal shift in circadian rhythm
(as constituted by DST transitions) on mortality, mental and phy-
sical health. Because the spring transition causes stress on the
internal clock that fails to adjust, and thus increases its difference
with the social clock®*%, it has long been suggested, although
nonunivocally, that the time of disease/accident presentation, as
well as their respective risk, would be the greatest on the transition
day (Sunday) and the following days (especially Monday). While this
might be the case for cardiovascular diseases’>'*'%* or road
traffic accidents?*, for example, Zhang et al.” also hypothesised
that spring DST might act as a brief stressor that could have bene-
ficial effects on inflammatory processes and thus reduce the risk of
certain health conditions. Based on our findings, we cannot exclude
that DST in spring does not significantly change their occurrence,
risk and outcome, immediately after the transition or in a delayed
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Fig. 1| Unadjusted average daily death rate/100,000 observed in 16 European
countries (1998-2012). Vertical dotted line: DST transition date. Blue curve:

spring. Orange curve: fall. Grey dots: Sundays. Triangles: Mondays. a Spring and fall
transition. b Spring transition with 3rd-degree polynomial regression envelop for

Sundays (*=0.991) and Monday (r*= 0.992), the dotted lines correspond to a

7 weeks interpolation period. c Fall transition with 2nd-degree polynomial regres-
sion envelop for Sundays (*=0.982) and Mondays (> = 0.983), the dotted lines
correspond to the interpolation period.

manner but it is unlikely to negatively interfere with the general
trend in mortality that we describe.

Furthermore, it is assumed that the switch back to standard time
in the fall (with the possible addition of one hour of sleep) would either
have no effect on the risk of diseases, accidents and mortality or would
be a protective factor®”??2¢%  After adjusting for temporal, meteor-
ological, geographic, country-specific, and population variables, our

findings point to a significant increase in mortality in the first and
second week after the DST fall transition.

We cannot account for the significant decrease in daily mor-
tality that occurs after week 4 post-DST fall, as it occurs indepen-
dently of the monthly and seasonal effect. Indeed, one would
normally expect an increase in mortality at this time of year
(cf. Supplementary Fig. 1)**%.
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Fig. 2 | Unadjusted average daily death rate by sex and age groups. Unadjusted
average daily death rate/100,000 observed between 1998 and 2012 in 16 European
countries by sex (women (left); men (right)) and 10 years age groups 80+ (a, b),

70.0-79.9 (¢, d), 60.0-69.9 (e, f), 50.0-59.9 (g, h), 40.0-49.9 (i, j), 30.0-39.9 (k, I),

Number of days around DST

20.0-29.9 (m, n), 10.0-19.9 (o, p), 0.0-09.9 (q, r). Vertical dotted line: DST tran-
sition date. Blue curve: spring. Orange curve: fall. Grey dots: Sundays. Triangles:
Mondays.
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Table 1| Multiple negative binomial regression model predicting daily mortality rate expressed as incidence rate ratios (IRR)
with 95% confidence interval (95% CI)

Parameter IRR 95% CI P P « exact »
Year
1998 1.227 [1.225-1.230] <0.001 0.0000 E+00
1999 1.214 [1.212-1.216] <0.001 0.0000 E+00
2000 1144 [1.142-1.146] <0.001 0.0000 E+00
2001 1101 [1.099-1.103] <0.001 0.0000 E+00
2002 1.070 [1.068-1.072] <0.001 0.0000 E+00
2003 1.067 [1.065-1.069] <0.001 0.0000 E+00
2004 1.003 [1.001-1.005] 0.002 2.0637 E-03
2005 1.000 -
2006 0.956 [0.954-0.958] <0.001 0.0000 E+00
2007 0.944 [0.942-0.946] <0.001 0.0000 E+00
2008 0.929 [0.928-0.931] <0.001 0.0000 E+00
2009 0.914 [0.912-0.915] <0.001 0.0000 E+00
2010 0.899 [0.897-0.900] <0.001 0.0000 E+00
20M 0.866 [0.864-0.867] <0.001 0.0000 E+00
2012 0.870 [0.868-0.872] <0.001 0.0000 E+00
Season
Spring 1.016 [1.014-1.018] <0.001 4.2703 E-45
Summer
Autumn 1.016 [1.014-1.018] <0.001 1.2774 E-44
Winter 1.078 [1.075-1.080] <0.001 0.0000 E+00
Month
1 1.243 [1.239-1.248] <0.001 0.0000 E+00
2 1.210 [1.206-1.214] <0.001 0.0000 E+00
3 1.158 [1.155-1.162] <0.001 0.0000 E+00
4 113 [1.110-1.116] <0.001 0.0000 E+00
5) 1.047 [1.044-1.050] <0.001 1.9755 E-208
6 1.023 [1.020-1.025] <0.001 2.6867 E-78
7 1.020 [1.018-1.022] <0.001 1.9998 E-73
8 1.000 -
9 1.002 [1.000-1.003] 0.110 11008 E-01
10 1.056 [1.053-1.059] <0.001 2.6596 E-305
n 117 [1.113-1.120] <0.001 0.0000 E+00
12 1193 [1.189-1.197] <0.001 0.0000 E+00
Day of the week
Sunday 0.972 [0.970-0.973] <0.001 0.0000 E+00
Monday 1.000 -
Tuesday 0.997 [0.996-0.998] <0.001 2.1190 E-06
Wednesday 0.993 [0.992-0.994] <0.001 6.5640 E-27
Thursday 0.994 [0.992-0.995] <0.001 5.1022 E-24
Friday 0.997 [0.996-0.998] <0.001 1.3594 E-05
Saturday 0.985 [0.984-0.986] <0.001 11747 E-118
Sex
Man 1.623 [1.622-1.625] <0.001 0.0000 E+00
Age group
0.0-09.9 1.000 -
10.0-19.9 0.448 [0.446-0.451] <0.001 0.0000 E+00
20.0-29.9 0.972 [0.968-0.977] <0.001 4.9523 E-35
30.0-39.9 1.553 [1.547-1.559] <0.001 0.0000 E+00
40.0-49.9 3.862 [3.848-3.876] <0.001 0.0000 E+00
50.0-59.9 9.381 [9.348-9.413] <0.001 0.0000 E+00
60.0-69.9 21.481 [21.407-21.554] <0.001 0.0000 E+00
70.0-79.9 56.733 [56.541-56.926] <0.001 0.0000 E+00
80+ 219.048 [218.311-219.787] <0.001 0.0000 E+00
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Table 1 (continued) | Multiple negative binomial regression model predicting daily mortality rate expressed as incidence rate
ratios (IRR) with 95% confidence interval (95% CI)

Parameter IRR 95% CI P P « exact »
SinCos 1.021 [1.015-1.026] <0.001 1.7064 E-13
Longitude 1.000 [1.000-1.001] <0.001 4.4561E-07
Latitude 1.008 [1.008-1.008] <0.001 0.0000 E+00
Week number Spring DST
(0] 0.988 [0.978-0.998] 0.023 2.3427 E-02
-1 1.000 -
1 0.965 [0.951-0.979] <0.001 1.7360 E-06
2 0.972 [0.958-0.986] <0.001 1.2388 E-04
3] 0.986 [0.972-1.001] 0.062 6.1846 E-02
4 0.988 [0.973-1.002] 0.089 8.9270 E-02
5 0.991 [0.977-1.006] 0.244 2.4379 E-01
6 0.997 [0.983-1.011] 0.659 6.5884 E-01
7 1.000 [0.986-1.015] 0.968 9.6832 E-01
8 0.989 [0.975-1.004] 0.148 1.4784 E-01
Week number Fall DST
(0] 0.983 [0.972-0.993] 0.001 1.2410 E-03
-1 1.000 -
1 1.018 [1.003-1.033] 0.016 1.6181 E-02
2 1.023 [1.008-1.039] 0.002 2.3109 E-03
8 0.999 [0.984-1.014] 0.889 8.8864 E-01
4 0.971 [0.957-0.986] <0.001 1.1045 E-04
5 0.989 [0.974-1.003] 0.133 1.3298 E-01
6 0.983 [0.968-0.997] 0.021 2.1338 E-02
7 0.983 [0.968-0.997] 0.020 1.9513 E-02
8 0.982 [0.968-0.997] 0.017 1.7054 E-02
Country
AT 1.000 -
BE 1.014 [1.011-1.017] <0.001 4.5363 E-18
CH 0.881 [0.878-0.884] <0.001 0.0000 E+00
(074 1.301 [1.297-1.304] <0.001 0.0000 E+00
DE 1.007 [1.005-1.010] <0.001 6.3580 E-09
DK 1.102 [1.098-1.107] <0.001 0.0000 E+00
ES 0.931 [0.928-0.935] <0.001 2.2824 E-247
FR 0.9M [0.909-0.914] <0.001 0.0000 E+00
HR 1.435 [1.429-1.441] <0.001 0.0000 E+00
IT 0.91M [0.909-0.914] <0.001 0.0000 E+00
LU 0.961 [0.953-0.970] <0.001 4.2264 E-18
NL 1.007 [1.003-1.011] <0.001 3.8102 E-04
PL 1.367 [1.363-1.371] <0.001 0.0000 E+00
PT 1.099 [1.094-1.105] <0.001 1.3978 E-281
SI 1172 [1166-1.177] <0.001 0.0000 E+00
UK 1.083 [1.079-1.086] <0.001 0.0000 E+00
Mean temperature [K] 1.004 [1.004-1.005] <0.001 0.0000 E+00
Mean relative humidity [%] 0.980 [0.977-0.984] <0.001 3.5545 E-25
Mean speed [m/s] 1.000 [1.000-1.001] 0.002 1.7502 E-03
GDP 0.999 [0.999-0.999] <0.001 0.0000 E+00

N=13,714,704 observations (2 sex, 9 age group, 15 years, 145 NUTS2 regions, 365.27 days by year on average over the period (4 leap years)).

0: all the weeks not included in the DST; -1: the week before DST; 1: the first week after DST, etc.

GDP: gross domestic product in millions of US dollars.

P values are two-sided and obtained from z-tests. Usually, there is no need for further adjustment for multiple comparisons as all parameters were analysed at once in the same regression model, but
as the number of P values is high we computed the Benjamini-Hochberg P-value threshold for multiple comparisons, which is equal to 0.0445783, very close to the usual 0.05.

P “exact”: detailed P-value presented as the power of 10 (i.e. 4.2703 E-45 is the scientific notation for 4.2703*107%).
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End-of-week patterns: a Sunday or Monday effect?

This study finds a peculiar, weekly pattern of mortality. It is defined as a
significant decrease every Sunday (nadir) followed by a significant
increase every Monday (peak), regardless of the season and through-
out the year. This pattern only affects men and women aged above 40.

Scarce evidence exists in the literature that could account for this
finding. A group of studies examining the temporal distribution of
certain diseases that are prone to circadian and septadian rhythmicity
distinctly point to an increased risk of MI, IS, sudden deaths, acute
aortic dissections (AAD), and cardiac arrests on Mondays***'. Chal-
lenging these established conclusions, recent data looking at sudden
cardiac deaths and AAD suggest however that such temporal dis-
tribution either fades or become no longer significant, as psychosocial
stressors—prominent triggers of cardiovascular accidents—tend to be
more evenly distributed across the entire week*>**. Significant asso-
ciations with the first day of the week have also been reported for
suicide, road traffic and workplace accidents**,

The greater incidence of mortality on Mondays could also be
explained by a possible weekend effect, that is, an altered patient
outcome—namely an increased mortality risk—if hospital admissions
or interventions occur during the weekend*®>. Although causal
pathways have always proved particularly difficult to determine, it has
long been attributed to suboptimal senior staffing, systematic work-
flow disruptions, and characteristics of patients admitted on weekends
(i.e. sicker) compared to weekdays™*°. Yet some authors have merely
failed to identify such an effect, emphasising that it may only be
clinically relevant in certain geographic locations, hospital settings,
periods of the year, subgroups of patients, etc. In the context of a
weekend effect, it is worth mentioning that the frequency of death has
not been associated with any specific day of the week®>"’.

Four hypotheses could be put forward to understand these
weekly mortality patterns.

First, the death of elderly people living alone occurring during the
weekend may only be noticed the next Monday. This “detection bias”
could be confirmed if this regular pattern were absent in hospitals and
nursing homes.

Secondly, doctors responsible for issuing death certificates are
less likely to work on weekends (reporting bias), which could produce
a catching-up effect on Mondays; but this seems very improbable
given that young men aged [10-30[ display regular mortality peaks
each weekend.

Ambient air pollution due to traffic congestion and industrial
activity (especially NO,) appears to be lower on weekends and could
therefore provide a rationale for the lower mortality rates observed on
Sundays®, as it is increasingly recognised as a key risk factor for car-
diovascular disease, suicide, and overall mortality™ 2

Finally, we could hypothesise that the social and domestic activ-
ities taking place on weekends (more family contact with the elderly,
less exposure to hazardous situations, more sleep time) might have a
protective role, thereby contributing to this weekly decline in mor-
tality incidence.

As for the opposite pattern presented in our results, which mainly
affects young men aged between 10 and 35 (the mortality peaks on
Sundays), this is probably attributable to transport accidents and self-
injuries, the leading promoters of death in this age group occurring
most frequently on weekends.

Strengths and limitations

This study offers many strengths. The very important size of our
population allowed us to examine for the first time daily variations of
mortality up to 2 months before and after DST transitions. Further-
more, our dataset comprises exhaustive death numbers of all age
groups and both sexes from 16 European countries, whereas previous
studies were only sample-based and limited to specific populations
(i.e. hospital admissions with comorbidities) in particular countries.

Weather conditions, which can be important confounding factors, as
they can greatly alter daily mortality rates when significant enough,
have been taken into account. Socio-economic conditions can influ-
ence the mortality level of a given population; hence we adjusted our
analysis for country and yearly regional GDP.

Nevertheless, this study should be interpreted with caution.

The most critical limitation of our study is the absence of data with
regard to the daily causes of deaths by age, sex, and NUTS2 region. In
fact, these data are not commonly available at the European level and
are extremely difficult to obtain from national statistical offices, given
that they can serve as key clues to the identification of deaths and pose
problems of confidentiality. Yet, many studies suggest that death
certificates remain largely inaccurate, particularly in the context of a
diminishing number of yearly autopsies® .

As the national statistical offices did not yield the subjects’
demographic characteristics or health status, we could not extend our
sub-group analysis beyond age, sex, day, region and country of death.
In addition, we did not have access to the time of death. Hence, no
hourly distribution could be analysed. Monday deaths might actually
have taken place during the very first hours of the day (during the
Sunday-Monday night) and fall into the weekend category (depending
on the definition) supporting the Sunday effect already mentioned.

We cannot exclude DST-associated increases in mortality limited
to specific subgroups of patients’", However, these increases might be
captured by random fluctuations and unlikely to determine mortality
trends on a regional, country or population level. It was not feasible to
compare the DST effect with Western countries that did not apply this
policy.

This is an observational study. Thus, causation cannot be inferred.

The last limitation would be the absence of documented sleep
parameters (quality; duration; sleep-wake cycle), and chronotypes,
whose interplay notably governs an individual’s response to DST
transition®®,

To conclude, DST does influence mortality in Western Europe. It is
associated with a significant decrease in mortality during the first two
weeks after the spring DST and a significant increase in mortality
during the first two weeks after the fall DST. For the purpose of this
study, we had to align time data around the DST dates, which revealed
that weekly mortality reached its lowest value every Sunday,
throughout the year.

Methods

Daylight saving time (DST)

Austria (AT), Belgium (BE), Croatia (HR), Czech Republic (CZ), Den-
mark (DK), England and Wales (UK), France (FR), Germany (DE), Italy
(IT), Luxemburg (LU), the Netherlands (NL), Poland (PL), Portugal (PT),
Slovenia (SI), Spain (ES), and Switzerland (CH) implemented DST
before 1998. The European Parliament has established two common
transition dates for all Member States (the last Sunday in March and
the last Sunday in October). Control periods were set 2 months before
and after both transition dates.

Data sources

We wrote emails to each national statistical office (listed in Supple-
mentary Table 1) to obtain daily death counts and annual population
numbers (collected by sex, one-year age group, country and 145
NUTS2 regions - Nomenclature of Territorial Units for Statistics) of 16
European countries (see above) for the period 1998-2012*%°. We
conducted population analyses according to sex and 10 years age
group. Mortality data by sex and age groups were missing for Croatia
and the United Kingdom before 2002. Population data by age was also
missing for CH (1998), PL (1998, 2011-2012), FR (2012), and DE
(2011-2012); thus, these years were excluded from Fig. 2 and Table 1.
We have taken the year 2000 as the reference year, as it is present in all
the data examined.
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Daily death counts (Deathq,y;) were adjusted for varying lengths
of the day at DST transition dates: 23 h in spring and 25 h in fall. Daily
population counts (Population;q,y;) were obtained using a method
previously described. They “were estimated with a 5-step protocol
based on the lexis diagram, which integrates daily age-specific mor-
tality counts with annual population numbers of consecutive age strata
for age strata above 64 and with a linear interpolation between two
consecutive years for age strata below 65”, full details are provided in
the supplementary information®*’°. The daily mortality rate was
computed as (Deathpgay/Populationyga,;). Unadjusted, average daily
death rate observed in the 16 European countries (1998-2012) was
computed as the sum of Deathyqay; for all NUTS2 regions divided by the
sum of Populationq,y; for all NUTS2 regions, averaged by year and day
of the year and displayed in Fig. 1 (all sex and all ages) and Fig. 2 (by age
and 10 years age groups).

Daily average values by NUTS2 regions of three meteorological
variables: temperature (Kelvin), relative humidity (%) and wind speed
(m/s) were computed from publicly available historical data down-
loaded from the European Centre for Medium-Range Weather Fore-
casts (https://www.ecmwf.int/en/forecasts/datasets/open-data).

The gross domestic product (GDP) is a proxy variable of socio-
economic conditions. The GDP values were downloaded from the
Organisation for Economic Co-operation and Development (OECD)
website (https://stats.oecd.org/index.aspx?queryid=67051). GDP is
expressed in millions of US dollars, at constant prices and constant
purchasing power parities (PPP is the “rate of currency conversion that
equalise the purchasing power of different currencies by eliminating
the differences in price levels between countries”) with 2015 as the
reference year. These data were not available by NUTS2 regions for
several countries before the year 2000 and for Switzerland before the
year 2008. Thus, we imputed the yearly regional GDP among NUTS2
regions according to the trend observed during the available years
2000-2019, respectively, 2008-2019 using a linear regression impu-
tation method.

Statistical analysis
Daily death counts were analysed using multiple negative binomial
regression models to take into account their over-dispersion. Results
are presented as incidence rate ratios (IRR) with a 95% confidence
interval and were adjusted for year, season, month, day of the week,
country, latitude and longitude of the NUTS2 centroid (NUTS2 being
clustered into countries), a sine-cosine function that considers day-
light seasonality, the weeks following DST transitions, yearly regional
GDP, daily mean temperature (Kelvin), daily mean humidity (%) and
daily mean wind speed (m/s). The same model was also run with dif-
ferent sex and age interactions—month, day of the week, spring DST,
fall DST and country. Coefficients’ P values are two-sided and obtained
from z-tests. Usually, there is no need for further adjustment for
multiple comparisons as all parameters were analysed at once in the
same regression model, but as the number of P values is high we
computed the Benjamini-Hochberg P-value threshold for multiple
comparisons, which is equal to 0.0445783, very close to the usual 0.05.
Third- and second-degree polynomial regression models were
used to predict mortality rates arising on Sundays (weekly minimum)
and Mondays (weekly maximum) from the time before the transition
date to 9 weeks after the DST (cf. Fig. 1). Time is the number of days
away from the DST transition. The mortality rates observed during the
9 weeks consecutive to both DST transition dates were not used in the
regression models and thus interpolated in order to search for a
deviation in mortality (that would manifest after DST). All statistics
were performed with Stata release 17.0

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the figures” data generated in this study are provided in the Sup-
plementary Information/Source Data file as an excel file.

Links to public datasets are https://www.ecmwf.int/en/forecasts/
datasets/open-data for climate data and https://stats.oecd.org/index.
aspx?queryid=67051 for the gross domestic product by regions.

Regarding the raw daily mortality data which are protected and
not available due to data privacy laws:

(a) who to contact and who can contact: the corresponding author
is the person to be contacted by academic researchers or national
institutions.

(b) under which conditions and for what purposes data can be
used: data exchanges are possible on the basis of scientific collabora-
tion; the data can be reanalysed by the corresponding author to
address new related questions or verification purposes.

(c) a time frame in which requests will be granted: within
8 weeks. Source data are provided with this paper.
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