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Abstract

Seasonal respiratory infections typically surge within a limited time window, but what
determines the exact timing within a given year is not well understood. Major causes
of death show a similar seasonal pattern, but whether this pattern is linked to respi-
ratory infections is unclear. The disruptions caused by the COVID-19 pandemic led
to dramatic changes in the transmission dynamics of many respiratory pathogens,
providing a unique opportunity to study the determinants of seasonal epidemics and
the role of infectious diseases in driving seemingly unrelated causes of mortality. We
analyzed publicly available data on weekly incidences of respiratory infections and
all-cause mortality in Germany for the last 14 years. The analysis was complemented
with results from an epidemiological model to determine the main drivers of seasonal
timing. The timing of the seasonal epidemic of respiratory infections in Germany

has been remarkably consistent for years, peaking during just few weeks in late
winter. During the COVID-19 pandemic the seasonal surge in respiratory infections
occurred substantially earlier, initially driven by the emerging COVID-19 and during
later seasons by the resurgence of influenza and RSV. Remarkably, this shift was
accompanied by a similar shift in the seasonality of all-cause mortality, and in partic-
ular mortality due to cardiovascular disease. The observed shift in epidemic timing

is a consistent, but transient, outcome of disrupted epidemic seasonality, predictable
from basic epidemiological principles. Our study reinforces that the buildup of sus-
ceptibles after the pandemic disruption was responsible for the shift in timing of the
seasonal epidemic of respiratory infections. We show that more generally the rate of
immune waning is the main determinant of the exact timing of seasonal epidemics of
infectious diseases. The corresponding shift in seasonality of cardiovascular mortality
suggests a connection between recent respiratory infections and severe cardiovas-
cular events. This highlights the importance of monitoring individual infection history
and improving vaccination coverage, in particular against influenza.
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hospitalisations due to severe acute respi-
ratory infections (https://doi.org/10.5281/
zenodo.12178860) in Germany are publicly
available from the Robert Koch-Institute. Data
on weekly all-cause mortality in Germany is
publicly available from the German Federal
Statistics Office (2000-2020: https://www.
destatis.de/DE/Themen/Gesellschaft-Umwelt/
Bevoelkerung/Sterbefaelle-Lebenserwartung/
Publikationen/Downloads-Sterbefaelle/
statistischer-bericht-sterbefaelle-tage-wo-
chen-monate-endg-5126108.html;

2021-2026: https://www.destatis.de/
DE/Themen/Gesellschaft-Umwelt/
Bevoelkerung/Sterbefaelle-Lebenserwartung/
Publikationen/Downloads-Sterbefaelle/statis-
tischer-bericht-sterbefaelle-tage-wochen-mon-
ate-aktuell-5126109.html). The code to analyze
the data and snapshots of the data are available
at https://github.com/misieber/arishift.
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Introduction

Many infectious respiratory diseases in human populations experience a sea-

sonal variation in transmission, leading to recurring epidemics [1-5]. The non-
pharmaceutical interventions (NPIs) implemented during the COVID-19 pandemic
constituted a major disruption of the seasonality for many endemic respiratory dis-
eases, resulting in wide-spread changes to their usual seasonal dynamics [6—11]. One
of the most striking examples of this effect was the almost complete disappearance of
influenza and respiratory syncytial virus (RSV) for one season or even longer [12—15].

It had been suggested during the COVID-19 pandemic that such disruptions can
lead to changes in the severity and timing of the seasonal dynamics of the respec-
tive diseases [16—20]. Out-of-season waves of respiratory infections following
COVID-19-associated NPIs have subsequently been reported from around the world
[13,15,21-30], but these waves were not necessarily more severe than previous
seasons [31].

Whether these unusual epidemic patterns are a predictable consequence of
disruptions of seasonal infection dynamics and also translate to changes in temporal
patterns of mortality has not been systematically evaluated. While the major drivers
of disease seasonality such as changes in the abiotic environment, vector seasonal-
ity and seasonal changes in host behaviour [1,32—34] determine the overall season-
ality of diseases, the determinants of the exact timing remain largely unknown [1].

With almost three full seasonal cycles having passed since the Public Health
Emergency of International Concern due to COVID-19 has been declared over in
May 2023, a more complete picture of the magnitude and duration of the disruptive
changes of seasonal epidemics due to NPIs emerges. The interplay of an emerging
respiratory disease and the disruption and resurgence of already circulating diseases
provides a unique opportunity to study the drivers of seasonal forcing of respiratory
diseases and the factors determining the seasonal timing of epidemics [1].

Methods
Data on respiratory infections

We analyzed publicly available data for weekly incidences (cases per 100.000
persons) of self-reported symptomatic respiratory infections [35], doctor’s visits for
acute respiratory infections [36], and hospitalisations due to severe acute respiratory
infections [37] in Germany for the last 10-12 years.

Additionally, we obtained weekly incidences of influenza, COVID-19, and RSV
from the German database of cases of notifiable diseases using the SurvStat@RKI
2.0 application [38].

Data on mortality

We also analyzed the timeseries of weekly all-cause mortality in Germany, publicly
available from the German Federal Statistics Office [39,40]. The incidence of mortal-
ity per week (deaths per 100.000 persons) was calculated by dividing the absolute
numbers of deaths by the total population of Germany obtained from the German
Federal Statistics Office [41].
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In addition, we obtained monthly data on the number of deaths attributed to specific causes from the German Federal
Statistics Office. This data is available upon request from the Federal Statistics Office, and it is also included in the github
repository accompanying this paper.

SIR model

The transient shift in seasonal timing of respiratory diseases can be understood within an established SIR (susceptible-
infectious-recovered) model with seasonal forcing. Such SIR or related SEIR (susceptible-exposed-infectious-recovered)
models have been used to shed light on the epidemiological dynamics of seasonal diseases, including sudden transitions
between different epidemiological patterns [42], and the effects of behavioural or environmental perturbations of the sea-
sonal forcing [43,44].

In the simplest case, the deterministic SIR model describes the spread of an infectious disease in a population of con-
stant size with the fraction of susceptible individuals S, the fraction of infected individuals /, and the fraction of recovered
and immune individuals R, so that S+/+R=1. Susceptible individuals get infected with the intrinsic transmission rate 5(f)
by infected individuals. The transmission rate varies with time, reflecting that seasonally changing environmental condi-
tions influence the transmissibility of the disease. We assume a periodically driven transmission rate

B(t) = Bmin + (1 _p) (IBmax_/Bmin) % (1 —COos (25—72"1‘)),

which for p=0 oscillates between a minimal transmission rate ,;, and a maximum transmission rate Spax. The period of
the seasonal forcing is chosen as 52 weeks, with the maximum transmission rate occurring at t=26 weeks, defined as the
turn of the calendar year and mid-season.

The factor 1 — p in this model reflects the reduction of the amplitude of the seasonal forcing due to non-pharmaceutical inter-
ventions (NPIs), so that p=0 during a usual season in the absence of NPIs and 0 < p < 1 during periods of NPIs. We assume
that NPIs can not reduce transmission below the minimal rate 3,,;, even at 100% efficacy, but our results do not depend on the
specific way NPI efficacy p affects transmission. Unless stated otherwise, NPIs reduce transmission by 30% (p=0.3).

The ordinary differential equations (ODEs) describing this SIR model are

susceptible Z—f =—4(HSI+wR
dl
infecti — = I—pl
infective o B(t)SI—p
dRrR
— =pl-wR
recovered o Pl-w )

The goal of our model analysis is to understand the general factors influencing the timing of seasonal epidemics, rather
than to predict the dynamics of any specific infectious disease. We thus fix the parameter values within the ranges that
have previously been estimated for seasonal respiratory diseases. The minimal transmission rate is fixed at 5, = 0.6,
and the maximum transmission rate at Sax = 3. After infection an individual remains infective for a duration of p~' = 1
week, after which it recovers and enters the fraction R. These values for transmission and recovery rates lie within the
range estimated previously for seasonal influenza [32], RSV [45], and other respiratory viruses [46]. Waning immunity is
the result of a complex interaction between the host’'s immune system and antigenic variation of the causal pathogen, and
the exact duration of protection is uncertain for many respiratory diseases [47]. Here we assume that recovered individ-
uals are protected against re-infection for a duration of immunity of ™' = 40 weeks. This leads to annual epidemics and
similar values have previously been used to describe the spread of seasonal influenza [43].

PLOS Global Public Health | https://doi.org/10.137 1/journal.pgph.0006376  July 15, 2026 3/16




\: Global Public
PLO?%\' Health

The deterministic ODE model (1) was numerically solved with Python using the solve_ivp function from the SciPy soft-
ware library [48].

Code and data availability

The code and all data used to generate the results and figures are available at https://github.com/misieber/arishift.

Results
Transient shift in timing of respiratory disease season

The incidences of respiratory infections follow a clear seasonal pattern, increasing four to five-fold in late fall and winter
compared to the summer months (Figs 1a-1c). This seasonal pattern was remarkably stable before the COVID-19 pan-
demic, with incidences consistently peaking during just a few weeks in February and March each year (Figs 2a-2c).

The NPIs implemented in 2020/21 during the first winter of the the COVID-19 pandemic in Germany resulted in a
reduced transmission not only of Sars-CoV-2, but also of many other respiratory infections. For example, seasonal influ-
enza and RSV were almost completely absent in the winter of 2020/21 (Fig 3). This reduced transmission of respiratory
pathogens due to NPIs is reflected in a reduced number of self-reported respiratory infections and doctor’s visits for ARIs
in the fall and winter of 2020/21 (Fig 1a, 1b). This reduction was found across all age groups, with weekly incidences
reduced by 50% or more compared to previous seasons (S1-S3 Figs). The effect was even more striking for hospitalisa-
tions of 0—4 years olds, with no discernible seasonal increase of SARI cases at all in the winter of 2020/21 (S1 Fig).
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Fig 1. Timeseries data showing the strong seasonal component of respiratory infections and all-cause mortality in Germany. Pre-pandemic
seasons are shown in blue and (post-)pandemic seasons in red colors. (a) Weekly incidence of self-reported, symptomatic respiratory infections (SRI).
(b) Weekly incidence of acute respiratory infections (ARI). (c) Weekly incidence of hospitalized severe acute respiratory infections (SARI). (d) All-cause

mortality as number of deaths per 100.000 per week. The winter peaks are often interspersed with a sharp summer peak, corresponding to heat-related
mortality in particularly hot summers.

https://doi.org/10.1371/journal.pgph.0006376.9001
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Fig 2. The same data as in Fig 1 in a polar plot to highlight the shift in the timing of seasonal epidemics. As in Fig 1, pre-pandemic seasons are
shown in blue and (post-)pandemic seasons in red. The bars above the timeseries indicate the four weeks with the highest incidences in each season.
Before the pandemic, those peak weeks occurred almost exclusively in February and March. During and after the pandemic they were shifted to Decem-
ber or even earlier. (a) Weekly incidence of self-reported, symptomatic respiratory infections (SRI). (b) Weekly incidence of acute respiratory infections
(ARI). (c) Weekly incidence of hospitalized severe acute respiratory infections (SARI). (d) All-cause mortality as number of deaths per 100.000 per week.

https://doi.org/10.1371/journal.pgph.0006376.9002

Despite this anomalous season at the start of the COVID-19 pandemic, the overall epidemiological dynamics of ARI
cases continued to be dominated by a clear seasonal signal (Fig 1a-1c), in particular for the severe cases that required
hospitalisation (Fig 1c). At the same time, rapid evolution of SARS-CoV-2 led to out-of-season waves of emerging viral
variants, most prominently the spread of the Alpha variant from January to April 2021, and the Omicron variant from Janu-
ary to March 2022. These waves appear as overlaying the dominating seasonal pattern (Fig 1a-1c).

While the overall seasonality of acute respiratory diseases appeared unchanged after the anomalous 2020/21 season,
there was a striking shift in timing: In the first winter of the COVID-19 pandemic in 2020/21 and the two following seasons
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Fig 3. Weekly incidences of influenza, RSV and COVID-19 in Germany. Influenza and RSV very consistently peaked in February and March, except
during the H1N1 influenza pandemic 2009/10 and the COVID-19 pandemic. For influenza and RSV we observe a gradual shift of the season back to its
normal timing.

https://doi.org/10.1371/journal.pgph.0006376.9003

from 2021/22—-2022/23, the onset and peak of respiratory disease season was shifted by several weeks, each occurring
8—-12 weeks earlier than in all of the observed previous seasons (Figs 2a-2c).

For the 2020/21 winter, this shift was driven by the seasonally early epidemic spread of COVID-19 (Fig 3), which was
responsible for the majority of ARI and SARI cases in the absence of influenza and RSV. After being absent in 2020/21,
RSV re-emerged in September of 2021/22, very early in the season and almost simultaneously with the start of the next
winter wave of COVID-19 (Fig 3). The COVID-19 pandemic was at this time mainly driven by the highly pathogenic Delta
variant (S5 Fig).

As a consequence the incidence of hospitalized SARI cases already peaked in November, earlier than in any other
observed season and 3—4 months before the usual pre-pandemic timing (Fig 2c). For the ARI cases the 2021/22 season
is more complicated, as the highly transmissible, but less pathogenic Omicron variant began to rapidly replace the Delta
variant in late 2021 and early 2022 (S5 Fig). This emerging variant lead to a peak in ARI cases in March 2022, which did
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not lead to a corresponding peak in hospitalisations, presumably due to the generally lower pathogenicity of the Omicron
variant. In 2022/23 seasonal influenza, re-emerging after being almost completely absent in 2020/21 and 2021/22, had
an early epidemic peak in December, 2—3 months before its usual peak in February or March (Fig 3). Simultaneously with
influenza in 2022/23 the RSV epidemic occurred, two months later than the very early season in 2021/22 right after its
re-emergence, but still two months earlier than usual (Fig 3).

This suggests a shift back towards the usual, pre-pandemic seasonal timing for RSV, a pattern that was confirmed for
both RSV and influenza in the most recent season in 2023/24. A similar shift back to pre-pandemic seasonal patterns
had also been reported in the US [28]. The 2023/24 season was characterized by a succession of COVID-19 early in the
season from September to December, followed by seasonal influenza and RSV, which both peaked almost back at their
normal timing in late January and early February (Fig 3). This pattern was confirmed in the 2024/25 season, suggesting
that the shift in seasonal timing for previously circulating diseases in Germany was transient and was gradually reversed
within one or two seasons.

Corresponding shift in seasonality of mortality

The excess mortality associated with the COVID-19 pandemic has received a lot of attention, showing that the number of
deaths was substantially higher than expected around the world [49]. But changes to the temporal dynamics of mortality
have received relatively little systematic attention. In Germany, weekly mortality follows a clear seasonal pattern (Figs
1d, 2d), correlated with the weekly incidences of ARl and SARI cases. While peak mortality can vary by more than 30%
season-by-season, the timing of the seasonal peak in mortality was remarkably stable before the COVID-19 pandemic.
Mortality generally peaked in February or March, coinciding with the pre-pandemic seasonal peaks in ARI and SARI cases
(Fig 2d). Naturally, the dynamics of all-cause mortality are dominated by the older age groups, and this clear seasonal pat-
tern is absent from the youngest age groups (S1 Fig).

Strikingly, during and after the COVID-19 pandemic the seasonal peak in mortality occurred 2—3 months earlier, in
December and early January (Fig 2d). This is a shift very similar to the one observed for respiratory infections and a strong
signal of the effect the pandemic had not only on epidemiological processes, but also seasonal dynamics of mortality.

The observed shift in all-cause mortality is even more striking considering that deaths directly attributed to respiratory
diseases account for no more than about 15% of the total annual mortality (S4 Fig). Intriguingly, mortality linked to car-
diovascular disease, the main cause of death in Germany, also exhibits strong seasonal dynamics and usually peaks in
late winter (S4 Fig). Seasonality of cardiovascular disease has been widely documented [50,51], and sometimes been
attributed to direct effects of environmental factors [52,53]. The strong correlation with seasonal respiratory epidemics
before the pandemic could also hint at a more direct link between the physiological effects of respiratory diseases and
cardiovascular mortality [54—59]. But due to the strong correlation of these unrelated cardiovascular risk factors with a
common environmental driver, a cause-and-effect relationship has been difficult to establish [54,58].

The substantial shift in the seasonal pattern of respiratory diseases provides an ideal opportunity to test if such a link
exists. Looking at the monthly cardiovascular mortality for the last eleven years shows that up until the 2019/20 season,
mortality consistently peaked in February or March, in line with respiratory infections (Fig 4). Now, if the seasonality of
cardiovascular mortality is independently driven by environmental factors, we would expect the seasonal dynamics of
heart attacks or strokes to remain unaffected by the disruptions caused by the COVID-19 pandemic. But what we actually
observe during the pandemic seasons 2020/21-2022/23 is that the seasonal pattern of cardiovascular mortality shifted
in lockstep with seasonal respiratory infections, with peak mortality now occurring in December (Fig 4). This corresponds
to tens of thousands of deaths occurring 2—3 months earlier in the season than usual, signifying a major shift. For the
most recent season the pattern shifted back towards its pre-pandemic timing (Fig 4), mirroring the gradual reverse shift of
seasonal respiratory epidemics. This highly correlated seasonal shift of cardiovascular mortality and respiratory infections
suggests that respiratory infections are one of the main drivers of seasonality in cardiovascular mortality.
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Fig 4. Monthly incidence of mortality due to respiratory diseases and cardiovascular diseases in Germany. The month with the highest annual
mortality is highlighted. Mortality due to both causes consistently peaked in late winter up to the onset of the COVID-19 pandemic. During and after the
pandemic mortality attributed to both causes shifted 2-3 months forward with the peak now occurring in December. This is in line with the earlier timing of
the seasonal respiratory disease epidemic (Fig 2).

https://doi.org/10.1371/journal.pgph.0006376.9004

Shift in seasonal timing in an SIR model

A timeseries obtained from the numerical solution of model (1) is presented in Fig 5a, starting from an initially completely
susceptible population. This corresponds to the scenario of a novel disease spreading in a population without pre-existing
immunity, as for example at the onset of the COVID-19 pandemic. After introduction of the disease the seasonally varying
transmission rate leads to seasonal epidemics with a very consistent timing (Fig 5b). For the chosen parameter values
the peaks of the recurring epidemics are reached in a narrow time window just after the transmission rate has reached its
seasonal maximum.

The very first epidemic is an exception to this pattern, as it starts much earlier in the seasonal cycle and reaches its
maximum before maximum transmissibility has been reached at the turn of the year (Fig 5b). This can be understood in
terms of the number of secondary infections caused by one infective individual, which in a completely susceptible pop-
ulation (S ~ 1) is determined by the basic reproduction number Ry = (f)/p. This number is directly proportional to the
intrinsic transmissibility 3(f) of the disease, and thus it changes with the time of season. But this is only valid in a fully sus-
ceptible population and more generally the reproduction number not only depends on the transmission rate j3(f), but also
on the current size of the fraction S of the population that is susceptible. This leads to the effective reproduction number
Re = Ro S, where both the basic reproduction number R, and the susceptible fraction S change dynamically in time.

The disease will only spread and cause an epidemic if Rg > 1, which in the model (Eg 1) exactly corresponds to a posi-
tive growth rate of the infective fraction /. In this case, the size of the susceptible fraction S decreases as more individuals
become infected and eventually recover, until R, falls below 1 again. At this point the epidemic has reached its seasonal
peak and the infective fraction starts to decrease. After some time, the susceptible fraction will start to increase again due
to waning immunity until the cycle begins again.

Since outside of NPI-periods the transmission rate g has fixed temporal dynamics, it is the dynamic size of the suscep-
tible fraction S that determines the exact timing of when the effective reproduction number will be above or below 1. Gen-
erally, the larger the fraction S is earlier in the seasonal cycle, the earlier the effective reproduction number will cross this
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Fig 5. (a) Timeseries obtained from model (Eq 1). During the NPI season marked in red the maximum transmission rate max is reduced by 30%. This
results in the suppression of the seasonal epidemic and an earlier epidemic in the following season. (b) Same data as in (a) in a polar plot, highlighting
the shift in peak timing. The seasonal epidemics after the initial introduction of the disease and right after the NPI season happen earlier than during
other seasons. (c) The effective reproduction number R, (red lines) is higher earlier in the season after a prolonged buildup of susceptibles S (green
lines) due to NPls, which is similar to the scenario of a newly arising disease with limited pre-existing population-level immunity. The faded lines show
the situation during a usual season without disruptions. The dashed red vertical lines mark the peak of the seasonal epidemic in the respective seasons,
showing the shift forward after an NPI season. (d) Effect of different levels of NPI stringency on the shift of subsequent seasonal epidemics. The NPIs
generally lead to earlier epidemics in the following season, unless NPIs are so effective that they almost eradicate the disease. In this case the following
season can be slightly later and weaker than usual, or even be entirely skipped (here for p>> ca. 75%). The disease resurgence two seasons later is
then again earlier than usual.

https://doi.org/10.1371/journal.pgph.0006376.9005
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threshold and the earlier the epidemic will start relative to its underlying seasonal forcing. After introduction of a disease
into a fully susceptible population (S =~ 1) the effective reproduction number R, is close to the basic reproduction number
Ry = B(f)/p, and consequently the epidemic starts at the earliest possible time, i.e., as soon as 3(f)/p > 1 (Fig 5¢).

In the subsequent seasons, when there is some amount of pre-existing immunity on the population level (S<1), the
effective reproduction number R, < Ry governs the infection dynamics and thus the epidemic will start and peak later in
the seasonal cycle (Fig 5c). Due to the constant rate of immune waning w and in the absence of other disruptions, the
increase of susceptibles between two consecutive epidemic peaks follows a very regular pattern. This results in subse-
quent epidemics having a very consistent timing later in the seasonal cycle compared to the initial season (Fig 5b).

If an epidemic season is reduced or entirely skipped due to NPIs, this consistent temporal pattern is disrupted. After
an NPI period and a skipped seasonal epidemic, the buildup of susceptibles in the population due to prolonged immune
waning leads to a higher R, earlier in the season (Fig 5¢). This in turn results in an earlier onset of the corresponding sea-
sonal epidemic, which will generally fall somewhere between the timing of the very first epidemic season and the usual,
later timing of unperturbed seasons (Fig 5b).

The extent of the shift away from the usual seasonal timing depends on the size of the susceptible fraction reached
during and after the NPI period. This buildup of susceptibles ultimately depends on the ability of the NPIs to suppress the
disease, in the model described by the efficacy p of NPIs. Varying the efficacy p of the NPIs shows that the seasonal epi-
demic is effectively contained if the transmission rate is reduced by 20% or more (Fig 5d). At the same time the following
season is shifted forward towards an earlier timing. For the chosen parametrization this shift is most pronounced for an
NPI efficacy of ca. 25%, but the forward-shift is observed for the larger part of the efficacy range up to p ~ 70% (Fig 5d).
Above p ~ 70%, the seasonal epidemic is slightly delayed, despite the effective reproduction number R, becoming larger
than one earlier in the season.

This delay arises because with very effective NPIs the prevalence / drops so low that the exponential growth rate of the
disease is initially so low that a noticeable epidemic develops only later in the season. If the NPIs are so effective that the
disease is almost driven to extinction (p>90%), the exponential growth rate is in fact so low that there is not enough time
for the infection to grow into an epidemic within the seasonal window. In this case the epidemic in the first season after
the NPIs is skipped entirely and the disease re-emerges in the second season after the NPIs. This resurgence then again
happens much earlier compared to the usual epidemic timing (Fig 5d). This delay or skipping of an additional season after
very effective NPIs can be reduced or even reversed if there is a small, constant influx of infecteds, which prevents the
prevalence / from dropping to extremely low values.

The exact size and timing of seasonal disease outbreaks also depends on the dynamics of the underlying seasonal
forcing. But the general pattern of diseases spreading earlier in their seasonal cycles either directly after introduction or
after reduced transmission in a previous season is generally robust to variations in the minimum and maximum trans-
mission rates (S6 Fig). If, however, maximum transmission rates are very high the usual seasonal peaks already happen
relatively early, and disruptions by NPIs have no potential to move them much further forward (S6 Fig).

Another result from this simple model is that if waning of immunity happens on a much faster time scale compared to
the seasonal cycle (w™' < 52 weeks), a similar shift of the epidemic timing following a perturbation of the seasonal forcing
would not be observed (S7 Fig). In this case, following an epidemic the population would quickly be made up mostly of
susceptibles again, and the next season would thus again start at the earliest possible time, solely determined by the
intrinsic transmission rate 5(f).

Discussion

In general, two factors determine if and when seasonal epidemics occur: (i) seasonal variation of pathogen transmission
driven mainly by environmental factors and (ii) the fraction of the population that is susceptible [1]. But the relative impor-
tance of these factors and how they work together to determine the exact timing is not clear. The NPIs associated with
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the COVID-19 pandemic and the resulting disruption of the pre-pandemic seasonal pattern has allowed us to disentangle
these factors in more detail.

We observed a significant shift in the timing of seasonal respiratory disease epidemics in Germany during the fall
and winter of 2021/22 and 2022/23. A corresponding shift is also observed in the seasonal pattern of all-cause mortality.
Together with the complete absence of the most important respiratory diseases during the 2020/21 and 2012/22 seasons,
this shift is one of the clearest signals of the SARS-CoV-2 pandemic and associated mitigation measures.

This shift is even more profound considering that the timing of seasonal epidemics in Germany has been remarkably
consistent, with highest incidences typically occurring within a relatively narrow time window in February and March. In
fact, in the last 20 years there is only one precedent of a similar seasonal shift in Germany, caused by the novel 2009
H1N1 influenza which lead to a global pandemic [60]. This early-onset influenza epidemic also led to a transient change in
the timing of seasonal epidemics of RSV and other respiratory diseases. In this case the change in timing was not as pro-
nounced and not necessarily all in the same direction [60], which may be more a result of direct viral interference rather
than the more limited and heterogenous implementation of NPIs during this pandemic [61].

We supplemented our analysis of respiratory disease epidemics in Germany with results from a seasonally-forced SIR
model. This shows that seasonal variation of transmission creates the necessary window of opportunity for epidemics,
but it is the availability of susceptibles at the onset of the season that determines the exact timing of the epidemic within
this window. The susceptible fraction of the population increases between consecutive epidemics as a result of a gradual
reduction of antibody levels and antigenic shift of the pathogen [47]. For an annually occurring epidemic, skipping of one
season then leads to a larger fraction of susceptibles at the start of the next epidemic window. An analysis of the effective
reproduction number within the context of an SIR model (Eq 1) then predicts an earlier onset and peak of the epidemic
(Fig 5a), matching the epidemiological data (Fig 1). This view on the temporal dynamics of the susceptible pool and
the effective reproduction number is analogous to the notions of overcompensation and return time recently introduced
to analyze the conditions for mutual invasibility and co-circulation of pathogens [62]. Our results are also related to the
analysis of a similar SIR model which linked the availability of susceptibles after a seasonal epidemic to whether another
epidemic would be observed in the following season [63].

It is important to note that this shift in timing is not the result of an individual immunity debt or otherwise weaker immune
system, since individual differences due to previous exposures to the pathogen is not part of the model. Instead, any
changes to the usual seasonal dynamics are the result of a loss of population-level immunity and a greater pool of sus-
ceptible hosts, not because of individually more severe infections.

The SIR model also predicts that this increased pool of available hosts is depleted quickly during just one season,
bringing the size of the susceptible fraction back to its usual pre-NPI level two seasons after the skipped season (Fig 5a).
The model thus predicts a relatively quick shift back to the normal timing and severity for seasonal respiratory epidemics,
which is indeed the case for influenza and RSV in Germany (Fig 3).

Since a greater fraction of susceptibles leads to a higher effective reproduction number earlier in the season, the patho-
gen starts to spread earlier in its seasonal window and the predicted shift in epidemic timing is generally towards earlier in
the season. But if the pathogen has been driven almost to extinction during the NPI season, even early-onset growth may
not be enough to lead to a noticeable increase in disease incidence during the next season. In this case, repeated cryptic
spread over one or more seasons is necessary before a noticeable epidemic occurs again. This form of delayed resur-
gence has for example been described for bacterial respiratory infections with Mycoplasma pneumoniae [64].

A shift of 2-3 months in the seasonal timing of major respiratory diseases has profound practical implications. Doctors
and hospitals may see a surge of cases when they do not usually expect them, leading to staffing and resource short-
ages. This is exacerbated by the shifted peaking of acute and severe respiratory cases during December in Germany,
overlapping with the seasonal holidays. It also highlights the need to anticipate an earlier start to seasonal vaccination
campaigns, such as against influenza, if the preceding season was unusually mild or entirely skipped. Epidemiologists
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and public health practitioners need to be aware that comparing epidemiological data from the current season to the same
time point in previous seasons is not meaningful if a major disruption of the usual seasonal pattern has occurred.

Beyond the direct impact of the COVID-19 pandemic on seasonal respiratory infections one of the most striking
observations is the corresponding change in the seasonal dynamics of mortality (Fig 2d). The shift mirrors the change in
respiratory disease seasonality, and is mainly driven by a substantial shift in the seasonality of mortality due to cardiovas-
cular disease (Fig 4). This supports the hypothesis that viral respiratory infections are a major risk factor for cardiovascular
disease, mediated by the effects of viral infections and associated inflammatory responses [65]. Future research combin-
ing individual infection histories and cardiovascular event records would help to further confirm this association, and to
rule out the influence of other pandemic-related factors, such as changes in medical service accessibility and individual
behaviour. Our results also further highlight the importance of timely vaccinations against seasonal respiratory infections
as a public health measure beyond preventing acute viral infections [66,67].

More than two full epidemic seasons have passed since the WHO declared the global COVID-19 pandemic over in May
2023. As we have seen from the data on the incidences of respiratory infections, the overall seasonal dynamics of respi-
ratory infections is returning back to its pre-pandemic pattern. Seasonal influenza and RSV in particular have returned to
surging in from late January to March during the 2023/24 and 2024/25 seasons (Fig 3).

Seasonal forcing of transmission also plays a role for SARS-CoV-2 [68], but here the situation remains more complicated
due to newly arising variants, rapidly waning immunity and very high effective reproduction number. Despite almost the
entire population of Germany having been in contact with either SARS-CoV-2 or a vaccine by mid-2022 [69], the inherently
much larger transmissibility of SARS-CoV-2 makes it prone to spread earlier in the season than other respiratory diseases.
In the 2023/24 and 2024/25 the seasonal SARS-CoV-2 epidemic was starting from as early as late August and was run-
ning out by the end of December (Fig 3). For the time being we should thus expect a succession of early seasonal onset of
COVID-19 in late summer and fall, followed by seasonal influenza and RSV closer to their usual time windows of late winter
and early spring. This suggests that a combined vaccination campaign against influenza and COVID-19 in late fall may
actually be too late for COVID-19, and vaccination against COVID-19 should ideally be rolled out already in late summer.

While we have focused on the epidemiology in Germany, repeatable and consistent timing is a hallmark of seasonal
respiratory disease epidemics in many temperate regions [70]. At the same time there is evidence for shifts in epidemic
timing worldwide, suggesting that our observations hold more generally. In the United States, for example, the flu season
2022 started earlier than usual [71,72], before returning to its usual timing a season later [73].

The minimal SIR model neglects evolutionary aspects of seasonal epidemics arising from the intertwined processes of
waning immunity on the host side and antigenic variation on the pathogen side [74,75]. But the very repeatable timing of
seasonal epidemics suggests that such processes do not generally lead to large-scale shifts in the timing and peak of epi-
demics. This either requires the emergence of a novel pathogen into largely immune-naive population or a major disrup-
tion of the usual seasonal dynamics, for example through widespread implementation of sufficiently strict NPIs.

Our analysis of epidemiological data and an SIR model highlights that disruptions to the usual seasonal dynamics
of respiratory infections not only affect the severity, but even more so the otherwise very consistent timing of seasonal
epidemics. A basic SIR model reproduces this shift across a wide range of scenarios, showing that such large scale pat-
terns can be explained by the population level epidemiology of shifting susceptible and infective sub-populations. Beyond
explaining the seasonal shift following the SARS-CoV-2 pandemic our analysis shows more generally that, within the
exogenously determined window of epidemic potential, endogenous variables such as the availability of susceptibles are
key for the exact timing of epidemics.

Supporting information

S1 Fig. Weekly incidences of respiratory infections in Germany, age group 0—4.
(PDF)
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S2 Fig. Weekly incidences of respiratory infections in Germany, age group 35-59.
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S4 Fig. Timeseries of monthly incidences of major causes of death in Germany.
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S5 Fig. Timeline of major SARS-CoV-2 variants in Germany.
(PDF)

S6 Fig. Additional modelling results for varying transmission rates.
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