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a b s t r a c t

Background: The emergence of highly transmissible SARS-CoV-2 variants has posed significant challenges 
to public health efforts worldwide. During the summer of 2021, the Delta variant (B.1.617.2) rapidly dis
placed the Alpha variant (B.1.1.7) in Catalonia, Spain, leading to a resurgence in infections despite ongoing 
vaccination campaigns. Understanding the epidemiological drivers of this outbreak is critical for refining 
future mitigation strategies.
Methods: We employed a Bayesian age-stratified epidemiological model, incorporating vaccination status 
and variant-specific transmission dynamics, to analyze the outbreak in Catalonia. The model was calibrated 
using daily reported cases, hospitalizations, sequencing data, and vaccination coverage across age groups. 
We inferred contact patterns dynamically to assess their role in the epidemic resurgence and estimated the 
transmission advantage of the Delta variant over Alpha.
Results: Our analysis revealed that increased social interactions among younger, less vaccinated populations 
significantly contributed to the surge in infections. The long weekend of Sant Joan (June 23–24) coincided 
with a peak in contact rates, driving a rise in the reproduction number, particularly among individuals aged 
20–29. We estimated that the Delta variant had a 40–60.
Conclusions: Our findings underscore the critical role of vaccination coverage in mitigating the impact of 
emerging variants. The combination of increased social interactions and uneven vaccine distribution ex
acerbated the Delta-driven resurgence. NPIs alone proved insufficient in controlling transmission, high
lighting the necessity of targeted vaccination strategies to achieve robust epidemic control. This study 
provides a framework for assessing future variant-specific threats and informing tailored public health 
interventions.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health 

Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li
censes/by-nc-nd/4.0/).

Introduction

Following the emergence of SARS-CoV-2 in late 2019 [2], sig
nificant outbreaks occurred throughout the world during the spring 
of 2020 [3–5]. The large number of infections contributed to the 
development of new, more transmissible variants of concern (VOC) 
[6]. An example is the Alpha variant (B.1.1.7.) [7–9], which led to a 
considerable death toll in the United Kingdom during the winter of 
2020–2021 [10]. Exactly as had already happened with the wild-type 
virus [11,12], the Alpha variant and other VOCs quickly spread to 
numerous countries and eventually replaced the original one [13]. 
Likewise, the Delta variant (B.1.617.2) started to replace the Alpha 

variant across European countries by early summer 2021 [14], due to 
its higher transmissibility [15–19].

In the initial stages of the pandemic, when vaccines were not yet 
available, aggressive non-pharmaceutical interventions (NPIs) were 
the only tool against the spread of the virus and its variants 
[15,20–22]. Only in late 2020, with the introduction of effective 
vaccines [23], could the majority of western countries start to relax 
some of their harshest policies and go back to a pre-pandemic level 
of social interactions. However, the question of when and how to 
execute the various steps towards total normalcy was plagued by 
several unknown factors, such as the large heterogeneity of vacci
nation levels across age groups, the poor estimates of vaccine effi
cacy against the VOC and the uncertain behavioral response of the 
population [18,24,25].

Catalonia, one of the most populated regions of Spain, gives us a 
good example of how an early NPI lift combined with the emergence 
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of the Delta variant and a relatively low vaccination levels (Fig. 1C), 
led to a rapid increase in the number of infections and put a massive 
stress on the health care system between July and August 2021 
(Fig. 1A-B). As case numbers had begun to decline following the 
conclusion of the national state of alarm on May 9, a decision was 
made to reopen all local nightclubs starting on June 21 [26]. Fur
thermore on June 23 the regional festivities of “Sant Joan” were 
celebrated. This event, which includes musical performances, fire
works and large gatherings of people in the public spaces, is a tra
dition celebrated in many Catalan speaking regions like Catalonia 
and Valencia [27]. The celebrations primarily take place on the 
evening of June 23 and June 24 is a public holiday, and since it fell on 
a Thursday it is likely that many individuals used the opportunity to 
enjoy a long weekend. Eventually, the worrying rise in reported 
cases and hospitalizations led the regional health authorities to re
introduce some restrictions, like the closure of night clubs on the 9th 
of July and a curfew on the 15th of the same month. The curfew was 
subsequently overturned by the court on August 19, and nightclubs 
reopened on October 8 with a requirement for a vaccination certi
ficate to enter. 

The aim of this work is to understand and explain the causes that led 
to the aforementioned resurgence in cases. We achieve that by using an 
age-stratified model calibrated on the available epidemiological data, 
which allows us to identify the drivers behind the crisis. The model 
includes the time-varying vaccination coverage in the different age 
strata, as well as the presence of both the Alpha and the Delta variants. 
We then use a Bayesian framework to infer the number of contacts 
among different age groups throughout time. The results all point to a 
sharp increase in both the contact rates and the reproduction number in 
correspondence of the weekend of Sant Joan. The increase in infections 
was further exacerbated by the low vaccination coverage in the younger 
age groups during this period. This conclusion comes from the fact that, 
when the social interactions started to increase again after the lift of the 
curfew, that did not lead to another rise in the reproduction number, 
most likely due to the increased vaccination levels. Finally, making use of 
sequencing data, we are able to estimate the transmission advantage of 
the Delta variant, confirming previous estimates. 

Materials and methods 

Epidemiological model 

We use an age-stratified compartmental model, with age groups 
from 0 to 80 years by steps of 10 years. We decided to exclude the 
80+ age class because a detailed description in that case would re
quired the inclusion of care homes in the dynamics, for which the 
necessary data is hard to find [22,28]. However, since this work is 
about the drivers of the epidemic rather than the negative outcomes, 
we think that such an exclusion will not undermine our findings. 
Furthermore, there are two copies of each infectious compartment 
in the model in order to deal with both the Alpha and Delta variant. 
Finally, the model classifies individuals according to their vaccina
tion status, which can either be non vaccinated or vaccinated with 
one or two doses. We do not keep track of different types of vaccines 
due to lack of data. 

Parametrization of the model 

The number of people per age group is taken directly from 
publicly available census data, while the values of the mixing rates 
among them (i.e. the contact matrix) comes from Prem et al. [28] 
and are assumed to be constant. The hospitalization risk after an 
infection is informed from Knock et al. [22]. The increase hospitali
zation risks of the Alpha and Delta variants with respect to the wild- 
type are set to 1.42 [29] and 1.85 [30], respectively. Relative age 
differences in the risk of ICU events (admissions or deaths) are fixed  
[22], while the absolute values are left as a free parameters. The 
model also takes as input the daily number of newly vaccinated 
individuals in each age strata. Reduction in transmissibility and 
susceptibility against the Alpha and Delta variants after one or two 
doses are fixed. The transmission advantage of the Delta variant is 
left as a free parameter. Furthermore, through the comparison with 
the epidemiological data, we infer the day by day evolution of the 
contact rate of each age group. 

Fig. 1. Case numbers and vaccination in Catalonia. A. Daily incidence from May 1 onward is shown, with solid lines representing a 7-day centered rolling average. The daily 
incidence is further divided into cases attributed to the Alpha and Delta variants. Dashed lines mark the end of the state of alarm and the introduction of a curfew from 1 a.m. to 
6 a.m. The grey shaded area corresponds to the period between June 21 and July 9, during which nightclubs were open. The dark grey shaded area highlights the long weekend of 
Sant Joan. B. Daily hospitalizations from May 1 onward. C. Evolution of the proportion of vaccinated individuals across different age groups. The data reveals that when nightclubs 
reopened (grey shaded area), only individuals over 50 years old had significant protection from vaccination. Vaccination for the 30–39 age group began almost simultaneously 
with the reopening of nightclubs. The 0–9 age group was excluded since no vaccines were administered to this group. 
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Sequencing data 

The sequencing data comes from Sistema de Notificació 
Microbiològica de Catalunya (SNMC) and it contains the number of 
daily complete sequence analyses and the detected variants for 
every single day. On average, 50 sequences were analyzed per day. 
While variants other than the Alpha and Delta were present, they 
only accounted for the 6 % of cases and therefore we decided to 
exclude them from the analysis. 

Inference framework 

We calibrate the model using daily numbers of infections, hos
pitalizations, ICU admissions and deaths. The data is age-stratified in 
all cases except that for ICU admissions, due to its small number. In 
the case of infections, we assume the detection rate to be lower than 
100 % and to vary across age groups, while staying constant in time 
throughout the simulation. Finally, we adjust the model to match the 
percentage of the Delta variant detected over time, based on the 
sequencing data. We begin to fit model from May 1st, but in order to 
properly initialize it and fill all the compartments the simulation 
runs from April 1st. We assume a gaussian prior for the interaction 
rates in order to prevent overfitting. The model is calibrated within a 
bayesian framework. We implemented the inference in Stan [31] and 
run the simulation through rstan [32]. We ran four chains with 2000 
steps each, 1000 of which were used for warm-up. Gelman-Rubin 
convergence statistics [33], i.e. potential scale reduction factors, 
were all smaller than 1.01. A link to the full code used for the cali
bration of the model can be found in the code availability statement 
(Table 1). 

Calculation of the reproduction number 

We calculate the daily reproduction number of the i-th age group 
through the number of secondary infections caused by an average, 
infected individual in age-strata i at time t. The final value will then 
be a weighted average of the contribution of both variants, using 
their relative incidence as weight. To then calculate the reproduction 
number for the whole population we weight the contribution of each 
age group with respect to its overall incidence [34]. We also estimate 
the reproduction number from the reported cases using EpiEstim  
[35,36], assuming the same generation time as used in the model. 
The generation time in the model is derived following Svensson’s 
approach [37]. To infer infection times [38], we deconvolute the time 
series of reported cases by considering the time between infection 
and detection in the model, using a maximum likelihood 
method [39,40]. 

Sensitivity analysis 

Our sensitivity analysis focuses on three major points. First, we 
take into consideration different generation times to study how they 

affect the estimation of the transmissibility advantage of the Delta 
variant. We find that it varies between 40 % and 60 %. Second, we 
change the relative severity of Delta variant with respect to the 
Alpha variant. This significantly reduces the attack rate of the age 
strata 20–29. Third, we show that incorporating previous infection 
induced immunity does not lead to major changes in the conclu
sions. 

Results 

Fig. 2 illustrates how the model aligns with the data for reported 
cases (A), hospitalizations (B), ICU admissions (D), and fatalities (E). 
Age-specific comparisons for reported cases and hospitalizations are 
provided in Figs. S2-S3 in the SI. Overall, the model shows strong 
agreement with the observed data. We estimate the Delta variant’s 
transmission advantage to be 1.52 (CrI: 1.50–1.54). The relationship 
between the transmission advantage and the assumed generation 
time is detailed in Fig. S6 in the SI. On April 1st, the start of the 
simulation, the estimated number of active Delta variant cases was 
53 (CrI: 37–75). The fit of the model to sequencing data is shown in  
Fig. 2A. The Delta variant had already become dominant by the time 
night clubs reopened in Catalonia (indicated by the grey shaded 
area). This coincided with the relatively low protection provided by 
vaccination, as inferred from the model. In the night clubs reopening 
period, we estimate that approximately 90 % of infections affected 
unvaccinated individuals (Fig. 2F). 

Alongside the growing prevalence of the Delta variant and low 
vaccination coverage, we identify a sharp rise in interaction rates 
among younger individuals in the age groups 10–19, 20–29 and 
30–39 (Fig. 3A). In these groups, the number of contacts shows a 
steady increase starting in early June, peaking during the long 
weekend of Sant Joan (indicated by the dark-grey shaded area). 
Notably, the 20–29 age group exhibits the most significant rise in 
social interactions. Following Sant Joan, interaction rates rapidly 
decline, even before night clubs were closed and a curfew was im
posed. By contrast, age groups 40–49 and 50–59, as well as 0–9, 
60–69, and 70–79 (Fig. S4 in the SI), do not exhibit any major in
crease in contacts around the same period. However, from mid-July 
onward, a rise in contact rates becomes apparent across nearly all 
age groups. 

This subsequent generalized increase in interaction rates did not 
lead to a significant rise in age-specific reproduction numbers 
(Fig. 3B). The rollout of vaccines, particularly among younger age 
groups, effectively mitigated the impact of rising contact rates on the 
epidemic’s progression. In contrast, during the earlier peak in in
teraction rates among the 10–19, 20–29, and 30–39 age groups, a 
marked spike in reproduction numbers was observed as well. In 
particular, the 20–29 age group reached a reproduction number of 
5.0 (CrI: 4.2–5.9). The reason behind this is to be found, once again, 
in the limited number of vaccine doses that had been administered 
in these age groups (Fig. 1B), which provided the population with an 
insufficient level of protection during this period. 

The trend of the overall reproduction number highlights the 
extent to which the epidemic dynamics were driven by younger age 
groups (Fig. 4A). Similar to the contact rates, the reproduction 
number reaches its peak during the long weekend of Sant Joan, with 
a maximum value of 3.4 (CrI: 3.0–3.9). The reproduction number 
inferred from the model shows good qualitative agreement with the 
one estimated directly from reported cases using EpiEstim (Fig. 4A). 
The earlier increase and subsequent decline in the reproduction 
number seen in the model likely result from the Gaussian smoothing 
prior assumed for the interaction rates (see Materials and methods). 
Additionally, only a small further decrease is observed following the 
closure of night clubs, and no significant effect is attributed to the 
introduction of the curfew. 

Table 1 
Number of people per age group.    

Age group Number of people  

0–9  733,902 
10–19  817,128 
20–29  817,128 
30–39  991,146 
40–49  1,271,088 
50–59  1,059,240 
60–69  817,128 
70–79  620,412 

This table summarizes the absolute number of people for each 
decade between 0–9 and 70–79. The 80+ class is excluded from 
the analysis and therefore not shown.  
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The detection rate varies significantly across different age groups 
(Fig. 4C). For the 0–9 age group, it is nearly 100 %. The age-specific 
IHR we use is based on data from the first and second waves in 
England in 2020. It is possible that increased experience in managing 
COVID-19 infections in young children reduced the number of pre
cautionary hospitalizations. Another option may be that the heigh
tened virulence of the Alpha and Delta variants compared to the wild 
type might not affect young children as strongly. A similar 

observation applies to the 70–79 age group. We estimate the lowest 
detection rate for the 20–29 age group at 21 % (CrI: 19–24 %). For the 
10–19 age group, a slightly higher detection rate of 30 % (CrI: 
25–36 %) is likely due to school protocols implemented in case of 
infections among the students. The age-specific heterogeneity of the 
detection rates, combined with changes in interaction rates, causes 
the overall detection rate to fluctuate over time (Fig. 4B). On May 1st, 
we find a detection rate of 38 % (CrI: 36–41 %), which declines to 29 % 

Fig. 2. Adjustment to the data. Adjustments made to the data for daily incidence (A), hospitalizations (B), ICU admissions (D), and fatalities (E) are shown. Panel C compares 
sequencing data with the model, depicting the fraction of infections attributed to the Delta variant. Vertical bars represent the 95 % credible interval under the assumption of a 
uniform prior. (F) Fraction of infected individuals who were unvaccinated. The low vaccination coverage at the time of nightlife reopening (grey shaded area) resulted in a high 
proportion of infections occurring among unvaccinated individuals during that period. 

Fig. 3. Age-specific interaction rate and reproduction number. Inferred interaction rate (A) and reproduction number (B) for the age groups 10–19, 20–29, 30–39, 40–49, and 
50–59 are shown. The remaining age groups are omitted here for clarity but are provided in Figs. S4-S5 of the Supplementary Information. The peaks in both the interaction rate 
and the reproduction number align with the Sant Joan festivities (dark grey shaded area). 
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(CrI: 27–31 %) by early July, before rising again to 41 % (CrI: 39–44 %). 
Notably, the rapid increase in reported cases in early July coincides 
with the period of the lowest detection rate. 

Similar to the detection rate, the attack rate also varies sig
nificantly across age groups. The reported cases correspond to an 
attack rate ranging from 1.4 % for the 70–79 age group to 8.6 % for the 
20–29 age group (Fig. 4D). These differences become even more 
pronounced when accounting for the heterogeneity in detection 
rates (Fig. 4E). Based on the model, the attack rate is estimated at 
1.6 % (CrI: 1.5–1.7 %) for the 70–79 age group and 37 % (CrI: 34–41 %) 
for the 20–29 age group. These findings indicate that, between May 
1st and October 15, a substantial portion of the population aged 
10–40 years was infected. The precise amount depends heavily on 
the age-specific IHR. In the sensitivity analysis, we consider a sce
nario with a stronger increase in the virulence of the Delta variant, 
which lowers the estimated attack rate for the 20–29 age group to 
27.4 % (CrI: 24.9–30.3 %). 

Discussion 

Our assessment of the Delta variant’s transmission advantage 
relative to the Alpha variant is in line with previous estimations  
[15–18]. Nonetheless, this transmission advantage heavily depends 
on the generation time. As shown in the sensitivity analysis, the 
transmission advantage diminishes when shorter generation times 
are assumed for both variants. The same holds when the Delta var
iant is considered to have a shorter generation time than the Alpha 
variant, as some evidence suggests [41]. Previous studies have 
shown that generation time is also influenced by the NPIs in place  
[42]. According to the model’s initialization, there were already 
around 30–40 active Delta variant cases by April 1st. However, the 
first Delta variant case was not detected until April 2022. This 
highlights how limited sequencing capacity—an average of 50 and a 

maximum of 200 samples per day—makes the early detection and 
prevention of a new VOC nearly impossible. 

From a public health perspective, our findings indicate that a 
combination of three critical factors contributed to the rapid surge in 
case numbers: the relaxation of restrictions, the emergence of the 
Delta variant, and the very low vaccination coverage among younger 
age groups. A global reproduction number of approximately 3, and 
between 4 and 5 in the 20–29 age group, had only previously been 
observed in Spain during the first wave in spring 2020 [43]. While 
the Delta variant and vaccination levels can be quantified relatively 
easily, linking the relaxation of restrictions to increasing contact 
rates is more challenging. Both the data and the model reveal that 
the reproduction number and contact rates began to rise even before 
nightclubs reopened. Given the low vaccine coverage in these age 
groups, the increased interaction rates directly translated into a 
higher reproduction number. It is plausible that the combination of 
the end of the state of alarm, vaccine rollout, and low fatality rates in 
late May contributed to a general relaxation in attitudes toward 
SARS-CoV-2. The reopening of nightclubs may have then enabled the 
reproduction number to spike during the Sant Joan long weekend. 

Similarly to the initial increase, the steady decline in the re
production number following the Sant Joan long weekend does not 
coincide with the introduction of any specific NPIs. In fact, our 
findings suggest that the closure of nightclubs and the enforcement 
of a curfew played only a minor role in reducing the reproduction 
number. The initial drop can likely be attributed to the conclusion of 
the Sant Joan celebrations. The subsequent decline to values near 1 
might be explained by heightened awareness in response to the 
exponentially rise in cases [44]. This hypothesis could have been 
validated if the evolution of contact rates were tracked in Catalonia, 
as it is done in Germany, for instance [45]. Real-time implementa
tion of such monitoring programs would not only enhance our un
derstanding of the relationship between epidemics and human 

Fig. 4. Overall reproduction number, attack- and detection rates.A. The overall reproduction number as estimated by the model (red) and calculated directly from the data using 
EpiEstim (black). The dark grey shaded area represents the Sant Joan weekend, while the light grey shaded area marks the period when nightclubs were permitted to reopen. B. 
Time evolution of the overall detection rate, driven by shifts in infection patterns across different age groups. C. Age-specific attack rates derived from the model, with markers 
indicating median values and horizontal bars showing the 95 % credible interval (CrI). D. Same as C, but based on reported cases. E. Age-specific detection rates inferred through 
model calibration (see Code Availability statement). 
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behavior [46,47], but also serve as a valuable tool for tracking the 
progression of the epidemic. 

The trend in contact rates indicates that all age groups increased 
their interactions starting in mid-July, despite the curfew being in 
place. Unlike the surge in contact rates observed in June, the growing 
vaccination coverage across all age groups helped prevent a sig
nificant rise in the reproduction number. This underscores how the 
availability of vaccines allowed the population to resume social in
teractions more safely. However, one source of uncertainty is the 
impact of waning immunity, which the model does not account for  
[48,49]. For older age groups, who received their second dose be
tween April and May, the estimated rise in contact rates in the model 
could potentially reflect the effects of waning immunity rather than 
actual changes in behavior. 

The evolution of the overall detection rate illustrates how the 
rapidly unfolding epidemic among younger individuals posed sig
nificant challenges for health authorities in tracking its spread. 
Nevertheless, the detection rate remained considerably high
er—approximately twice as high—compared to the first wave in 
spring 2020 in Spain [43,50]. With the exception of the 0–9 and 
10–19 age groups, detection rates declined in accordance with the 
probability of developing symptoms across age groups [51]. For in
stance, individuals aged 70–79 were three times more likely to be 
detected than those aged 20–29. This highlights that monitoring an 
epidemic becomes increasingly challenging when it primarily affects 
younger individuals who are more likely to exhibit mild or no 
symptoms. 

The significant rise in interaction rates among younger in
dividuals is also reflected in the attack rates. According to the model, 
the attack rate is approximately 40 % for those aged 20–29, around 
20 % for the 10–19 and 30–39 age groups, and nearly an order of 
magnitude lower for rest of the groups. However, estimating these 
attack rates involves considerable uncertainty. To account for this, in 
the sensitivity analysis we explored the impact of different as
sumptions about the increase in virulence. For scenarios with the 
highest assumed virulence for the Delta variant, the attack rate 
among the 20–29 age group drops to approximately 27 %. 
Nevertheless, these attack rates remain significantly higher than 
those observed in these age groups during the first wave in 
2020 [50]. 

Another limitation of this study pertains to the contact patterns. 
In the absence of more specific data, we were required to para
metrize the model using a pre-pandemic contact matrix [28]. 
However, the considerable fluctuations in contact rates during the 
studied period suggest that contact patterns likely shifted over time. 
Future research should seek to address this problem by integrating 
real-time behavioral data in the model. Furthermore, the exclusion 
of the 80+ age group due to the unavailability of care homes data 
may also have introduced a bias in the results, although, given the 
marginal role that the elderly population had in driving the epi
demic, we find that unlikely to be significant. Other two possible 
shortcomings of this work are the omission of waning immunity and 
the absence of different types of vaccines, which should be in
corporated in future works. Finally, it might be beneficial to analyze 
different geographical regions separately [52] or use a meta-popu
lation model incorporating individual mobility patterns [53]. Un
fortunately, such data are unavailable because the Spanish 
government’s project to track mobility using large-scale mobile 
phone data was discontinued on May 10. Despite this, the epidemic’s 
evolution was remarkably consistent across all regions, suggesting 
that geographical aggregation provides a reasonable approximation. 

Conclusion 

We have demonstrated that the premature relaxation of NPIs 
during the spread of a new, more transmissible variant, combined 

with low vaccination coverage among younger individuals, resulted 
in a sharp surge in infections and hospitalizations. The large pool of 
unvaccinated individuals in the younger population drove an in
crease in contacts, which eventually caused a significant rise in cases 
and hospitalizations among older age groups as well. In contrast, 
when contacts rose again after vaccines became available to younger 
individuals, the reproduction number showed only minimal change. 

While we can confidently assert that a substantial fraction of the 
young population was infected during the studied period, providing 
precise estimates remains challenging due to many sources of un
certainty, such as the age specific contact rates throughout the 
months under consideration. More accurate estimates of these va
lues are crucial to estimate the real-time evolution of the epidemic 
as well as to perform detailed retrospective analysis. 
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