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Abstract 

Background: Understanding of the impacts of climatic variability on human health remains poor despite a possibly 
increasing burden of vector-borne diseases under global warming. Numerous socioeconomic variables make such 
studies challenging during the modern period while studies of climate–disease relationships in historical times are 
constrained by a lack of long datasets. Previous studies have identified the occurrence of malaria vectors, and their 
dependence on climate variables, during historical times in northern Europe. Yet, malaria in Sweden in relation to 
climate variables is understudied and relationships have never been rigorously statistically established. This study 
seeks to examine the relationship between malaria and climate fluctuations, and to characterise the spatio-temporal 
variations at parish level during severe malaria years in Sweden 1749–1859.

Methods: Symptom-based annual malaria case/death data were obtained from nationwide parish records and mili-
tary hospital records in Stockholm. Pearson  (rp) and Spearman’s rank  (rs) correlation analyses were conducted to evalu-
ate inter-annual relationship between malaria data and long meteorological series. The climate response to larger 
malaria events was further explored by Superposed Epoch Analysis, and through Geographic Information Systems 
analysis to map spatial variations of malaria deaths.

Results: The number of malaria deaths showed the most significant positive relationship with warm-season tem-
perature of the preceding year. The strongest correlation was found between malaria deaths and the mean tempera-
ture of the preceding June–August  (rs = 0.57, p < 0.01) during the 1756–1820 period. Only non-linear patterns can 
be found in response to precipitation variations. Most malaria hot-spots, during severe malaria years, concentrated in 
areas around big inland lakes and southern-most Sweden.

Conclusions: Unusually warm and/or dry summers appear to have contributed to malaria epidemics due to both 
indoor winter transmission and the evidenced long incubation and relapse time of P. vivax, but the results also high-
light the difficulties in modelling climate–malaria associations. The inter-annual spatial variation of malaria hot-spots 
further shows that malaria outbreaks were more pronounced in the southern-most region of Sweden in the first half 
of the nineteenth century compared to the second half of the eighteenth century.
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Introduction
Changes in climate, as well as in the frequency and dura-
tion of extreme weather events directly affect human 
health, e.g. by increased mortality during heatwaves [1]. 
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Even comparably small changes in temperature and pre-
cipitation can result in measurable impacts on diseases 
[2]. Although many health risks are associated with sec-
ondary climatic influences, such as shifting patterns of 
disease vectors or affects on food production, water sup-
plies, social disruption, and migration [3–5], climate is 
ranked as one of the most important drivers of infectious 
disease [6]. Hence, studies of human health vulnerability 
in relation to changing climate or extreme weather events 
need to include both direct and indirect impacts of cli-
mate change [7].

The distribution and abundance of hosts and vectors, 
and the transmitted pathogens of vector-borne diseases, 
are strongly influenced by changes in temperature and 
precipitation [8, 9]. Evidences of outbreaks driven by 
temperature anomalies in Europe [10], and projected 
spread of vectors with the presence of warming [11], indi-
cated that the expected increase in global mean tempera-
ture, and associated changes in regional climate patterns, 
will very likely have effects on human health and on the 
prevalence and distribution of various vector-borne dis-
eases [12].

One of the major human-infecting vector-borne dis-
eases today, malaria, is described to have had a huge 
impact on the evolutionary selection of the human 
genome [13, 14], and it has historically caused the larg-
est amount of human mortality among all infectious 
diseases [15]. Malaria is caused by the replication of 
parasites of the genus Plasmodium in the human blood 
and transmitted between humans by mosquitoes of the 
genus Anopheles. Today malaria is almost exclusively 
found in tropical regions, with an estimated present-day 
prevalence of more than 200 million cases per year [16]. 
However, up until the early twentieth century, malaria 
also plagued the population in regions with a temperate 
climate. It was even endemic up to sub-Arctic regions in 
e.g. Finland and European Russia.

Malaria was historically established throughout much 
of the European continent at the latest during Roman 
times [17], and spread to new regions with trade and 
shipping [18]. Since at least medieval times, malaria has 
remained endemic in Sweden, with evidence pointing 
to the existence of a former Scandinavian strain of the 
malaria parasite, Plasmodium vivax [19]. This P. vivax 
strain phenotype was described to have a prolonged 
incubation time of 8–10 months until primary infection, 
and long latency phases of up to 9 years until relapse 
were commonly reported [20, 21]. This Scandinavian 
P. vivax strain, which is extinct today, was presumably 
closely related to the P. vivax hibernans strain, isolated in 
Russia in 1949 [20, 22].

In addition, Plasmodium malariae was reported in 
parts of Europe [23] and causes quartan malaria [24], 

which has been reported among other forms of malaria 
in Sweden [25]. This either indicates that the Scandina-
vian Plasmodium strain shared characteristics of dif-
ferent currently described Plasmodium species, or the 
presence of different Plasmodium species in Sweden. In 
1982 the dormant hypnozoite stage of P. vivax, permit-
ting the relapse of malaria, was first identified [26]. This 
unique biology of P. vivax has its epidemiology distinct 
from P. falciparum in Africa which has short incubation 
time and relapse interval [27], and the ability to develop 
in colder temperatures further adds to its predomi-
nance in wider geographic range. However, molecular 
cues inducing relapse of P. vivax from hypnozoites to the 
symptomatic erythrocytic stage remain largely unknown. 
Several hypotheses have been proposed to explain P. 
vivax’s survival during hibernation and the transmission 
of the parasite after winter in regions with highly sea-
sonal climate such as northern Europe.

Importantly, recent findings suggest that Plasmodium 
parasites are able to adjust infection and relapse behav-
ior to the presence of endemic mosquitoes which is 
indirectly dictated by climatic conditions [20, 21, 28]. A 
study about malaria in Finland during the eighteenth and 
nineteenth centuries proposed that P. vivax potentially 
detects the presence of Anopheles vectors and thereby 
adjusts transmission timing. This would allow the para-
site to stay in the dormant hypnozoite state until vector 
season, circumventing transmission limitations by unsta-
ble weather conditions [20]. However, empirical experi-
ments to evaluate the validity of this hypothesis remains 
to be performed. Additionally, the survival and spread 
of the Plasmodium parasite were possibly facilitated by 
co-habitation of infected, hibernating mosquitoes in 
strongly climate-controlled environments together with 
humans during the winter season [29]. Thus, the mos-
quito vector plays a crucial role in the understanding of 
historical seasonality, infection and relapse of P. vivax 
malaria in northern Europe.

In Sweden, the genus Anopheles is represented by 
eight species [30, 31]. The species that historically have 
been involved in malaria transmission belong to the An. 
maculipennis complex, which consists of closely related 
species that are difficult to identify based on morphologi-
cal characters [32]. This includes the species Anopheles 
(Anopheles) messeae Falleroni 1926, which was consid-
ered to have been the main vector of malaria in Sweden 
as well as other countries with similar climatic condi-
tions such as Finland, parts of Russia and other regions of 
the former Soviet Union [20, 30, 32, 33]. It also includes 
Anopheles (Anopheles) atroparvus van Thiel 1927, which 
is the proposed vector of malaria in the coastal regions of 
southern Sweden due to its preference to brackish larval 
habitat [32].
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Both of these Anopheles species spend the winter 
season as inseminated females, e.g. in stables. At emer-
gence in spring (i.e. March–April in southern Sweden) 
they will blood feed and thereafter lay their eggs in stag-
nant water bodies, such as flood-plains, edges of rivers 
and lakes, ditches, and ponds [34]. The first adults of 
the summer generation usually emerge in June and they 
prefer to rest and blood-feed indoors on large domestic 
animals, e.g. livestock, but will occasionally also feed on 
humans. Some females of this generation may, depend-
ing on temperature and humidity, survive long enough 
for the malaria parasite to complete its development 
and thereby function as malaria vectors in late summer 
[34]. Eggs produced by these females will hatch into the 
coming overwintering generation. In winter, Anopheles 
atroparvus is known for taking irregular blood-meals 
while the behaviour of Anopheles messeae has been 
reported to vary; at colder sites it remains inactive while 
it may take irregular blood-meals when overwintering at 
warmer sites [33, 34]. Thus, this blood-feeding behaviour 
may enable transmission of the malaria parasite within 
households during winter times. It has been proposed 
that Plasmodium sporozoites can alter the behaviour of 
infected mosquitoes, leading to increased blood-feeding 
behavior which would optimize transmission during the 
winter months [33].

Change and variability of climate affects human health 
and the spread of diseases, in various ways, on intra-
annual to multi-decadal, and even centennial, time-scales 
[35]. Except for weather-related events at inter-annual 
time-scales, decades with warm summers appear to coin-
cide with peaks of malaria incidence across northern 
Europe [36, 37]. It was concluded that summer tempera-
ture was determinant for mosquito population, conse-
quently reflecting transmission frequency. Yet, from a 
long-term perspective, malaria is capable of transmitting 
indoors throughout the year despite the presence of cold 
weather and strong climatic fluctuations.

Malaria in Sweden has been eliminated. Today malaria 
only occurs as imported cases in Sweden [38], a situa-
tion similar to elsewhere in Europe [39–42]. The decrease 
in malaria transmission has been mainly attributed to 
improved socioeconomic conditions, which included 
better healthcare (the increase in treatment of quinine 
[43]) and better hygiene conditions (draining of wetlands 
[34]). Although it has been speculated that the compa-
rably low summer temperatures during the eighteenth 
and nineteenth centuries perhaps also played a role in 
the long-term decline in malaria transmission [43, 44], 
this explanation appears highly questionable since pal-
aeoclimate records show  even colder conditions during 
the seventeenth century [5, 45, 46]. Notably, long-term 
warming at higher latitudes have not shown decisive 

influences on malaria dynamics in the long run [29, 36] 
as has been predicted by some malaria models [47].

Among the Nordic countries, the disease has been best 
studied in Finland, where a strong relationship between 
malaria outbreaks and preceding summer temperature 
was established for the nineteenth century [29]. However, 
except for Finland, data in the other Nordic countries are 
not fully explored in the distributions of malaria in mod-
ern studies, and the status of the malaria history of Swe-
den is obsolete. Thus, the aim of this study is to examine 
the effects of short-term climate fluctuations on malaria 
based on historical data from Sweden, and with the appli-
cation of GIS tools to trace the spatio-temporal variations 
of malaria hot-spot, which can provide useful informa-
tion to investigations of controlling socioeconomic fac-
tors. In this study, the link between temperature and 
the inter-annual to decadal dynamics of malaria is sta-
tistically established, and reveal the regional variation of 
more severe malaria epidemics at a fine spatial resolution 
during the eighteenth and nineteenth centuries.

State‑of‑the‑art
Malaria was widespread across Europe, including the 
Nordic countries, until the mid to late nineteenth cen-
tury, and was in Sweden especially prevalent in coastal 
areas [18, 48]. Although clustering of malaria was often 
seen among construction workers of railroads [23, 49], 
canals, dams and mining support activities, where they 
stayed in primitive workplaces often renowned for 
poor sanitary and overcrowded households [50], the 
presence of malaria vectors in the Scandinavian coun-
tries was identified to be climate-sensitive [51, 52]. In 
fact, the association between malaria epidemics and 
weather conditions was observed particularly with sum-
mer temperature and hydrological extremes [18, 43, 
53]. Climate change-related components, especially 
the warming trend and certain extreme weather events 
such as heat-waves, are believed to increase the burden 
of vector-borne diseases [54, 55]. Temperature and pre-
cipitation are the two primarily, and most widely studied 
climate indicators in relation to malaria. Ambient tem-
perature is crucial for sporogony development as well as 
a key driver in mosquito population dynamics. A tem-
perature increase of a few degrees Celsius can result in 
an expanded geographical range of P. vivax beyond their 
usual limits in the north, and a larger population size 
of infectious Anopheles mosquitoes [44]. Precipitation 
variations, correspondingly, alter the aquatic habitats 
for mosquitoes and predators, but the evidence associ-
ated with precipitation is quite mixed and context-spe-
cific [56]. Clearly, the relationship between vectors and 
environmental factors is significant but often shaped in 
complicated mechanisms. Multiple climate variables as a 
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better explanatory indicator is needed from a biological 
perspective [57, 58].

The decline of malaria in Europe has been entirely 
attributed to factors other than climate. At the same 
time, tracking the change in climate suitability in areas of 
potential risk for malaria transmission is of global impor-
tance [59]. The uncertainties regarding vector-borne 
diseases affected by climatic drivers highlight the need 
for local datasets covering long time spans, to develop 
better empirical models [60], and allow to quantify the 
assessment of the sensitivity of the disease in relation to 
both climatic and non-climatic factors [61]. Moreover, 
to capture heterogeneity at a regional scale which often 
poses a great location-specific sensitivity to climate has 
been a challenge in modeling climate–disease relation-
ship [62, 63]. In light of a possible geographical shift in 
malaria incidence due to the ongoing anthropogenic cli-
mate change, gaining better knowledge of past climate–
malaria relationship is of great relevance, and may even 
have policy implications for other climate-sensitive infec-
tious disease surveillance at national level.

Methods
Data assembly
Obtaining historical primary source material that 
addresses diseases or mortality in a particular disease is 
challenging, especially records covering more distant time 
periods. To study the long-term variations of a disease, 
data from different sources are commonly combined to 
overcome the limits set by the short data coverage and/or 
an uneven geographical distribution of the source material. 
In this study, cases of malaria-attributed deaths in Sweden 
are mainly derived from data obtained from digitized par-
ish records and from two older publications. Following an 
exploratory data analysis, the following three data sources 
were selected for this study: 

(1) The Tabellverket (1749–1859) dataset: Under the 
name Tabellverket, vital statistics, including the 
cause of death, were collected in Sweden from 1749 
to 1859 and registered at parish level. As govern-
ment officials, the priests of the Lutheran Church 
of Sweden were responsible for filling out the forms 
for their parish [64]. Several different forms were 
given out between 1749 and 1859, and the causes 
of death were specified in a list, containing between 
33 and 41 categories, depending on the form used 
at the time. Regarding malaria, the Swedish term 
frossa, with various spellings, or the more symp-
tomatic descriptive term remittent fevers was used 
to describe malaria. However, for the 1831–1859 
period the causes of death had to be written down 
in the priests own wording for most diseases [65]. 

From 1860 onwards, routines changed and physi-
cians were to write death certificates for all deaths in 
cities, while priests still reported the causes of death 
in the countryside. Reports on deaths from certain 
common diseases were then communicated to the 
newly formed government agency Statistics Sweden 
(Statistiska centralbyrån). Reported deaths by these 
diseases were then summarised at county level in 
official yearly publications, and one of the diseases 
listed in the publications was malaria [66]. Analys-
ing causes of death in historic times in Sweden back 
to 1749 were facilitated by the digitalisation of all 
surviving Tabellverket forms by the Demographic 
Database (DDB) at Umeå University. However, 
comparisons between the DDB digitized data from 
Tabellverket and the statistical summaries from 
the time the original data was collected show that 
the digitized data from Tabellverket under-register 
death rates, most likely because all forms of vital 
statistics have not survived throughout the years 
[67]. It should be noted that several causes of death 
often were listed together on the pre-printed forms. 
This could be a problem in specific cases, but less 
so on an aggregated level. Besides, for the form 
used during 1821–1830, only remittent fever was 
assigned in the category as a collective name for 
diseases with symptoms of fever. During this ten-
year period, there were 33,142 cases with 32,889 
cases of remittent fever and 253 cases of frossa 
respectively, the latter was probably written down 
in a separate row available. Since sources from the 
military hospital in Stockholm (Flensburg’s data-
set) showed more than 800 malaria cases recorded 
during the peak years 1828–1829, it is obvious that 
253 frossa (malaria) cases in the entire country in 
ten years (1821–1830) cannot be correct. Further-
more, both datasets showed very similar peaks. For 
the above-mentioned reasons, “remittent fever” was 
included in this study to reflect the estimation of 
possible malaria cases 1821–1830, although they 
are likely to be overestimated as malaria-attributed 
deaths since they could not be easily distinguished 
from other diseases with symptoms of fever. In 
spite of the shortcomings, the digitized data from 
Tabellverket can still be considered a great asset 
for assessing the cause of death at parish level from 
1749 to 1859 and to track the changes over time 
in the frequency of death in common diseases. In 
total, 90,178 cases of malaria deaths (i.e. symptoms 
typically described in Swedish as “fråssa”, “frossa, 
omväxlande feber”, “frosse” and “remittente febrar” 
were extracted from the Tabellverket database over 
the 1749–1859 period [68].
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(2) The Bergman (1749–1820) dataset: A table of mor-
tality attributed to malaria in Sweden was published 
by the Swedish physician Gustaf Bergman [53]. This 
table combined data from Tabellverket, with some 
periods commonly shared by Sweden and present-
day Finland prior to 1809 (when Finland still was 
still part of Sweden). The Bergman [53] data was 
digitized for the purpose of comparison with the 
Tabellverket data, digitized by the Demographic 
Database (DDB) at Umeå University, and to supple-
ment it.

(3) The Flensburg (1826–1890) dataset: A total num-
ber of 10,443 malaria cases were collected by Dr. 
Carl Flensburg from the military hospital in Stock-
holm [43]. These cases are malaria patients who had 
been treated in the hospital. It did thus not include 
patients not treated in the hospital. The data were 
digitized from Flensburg’s original article [43].

The frossa diagnosis
As mentioned above, for a long time, frossa was the 
common name for malaria in Sweden. For example, the 
Swedish cause of death nomenclature from 1911 states 
that Frossa (Febris intermittens) should be written in offi-
cial statistics, while the associated list for doctors stated 
the Latin equivalent malaria for the same disease [25]. 
The Swedish disease name frossa then existed alongside 
its Latin translation in official nomenclature up until the 
implementation of ICD–9 (International Classification of 
Diseases) in 1987 [69]. Before that, however, it had since 
long been replaced with malaria as an everyday expres-
sion for this disease. Prior to the discovery of the Plas-
modium parasite in 1880, diagnosing was conducted 
through symptom observations. In general, frossa was 
divided into three different types, referring to how often 
the fever chills recurred, denoted as quotidiana (daily), 
tertian (every second day), quartana (every third day). 
The main symptoms associated with the diagnosis was 
chills and hot flushes [70]. However, the provincial physi-
cians linked the frossa diagnosis with a wide spectrum of 
symptoms. Apart from irregular fever flushes, the most 
frequently observed symptoms were headaches, nausea, 
joint pains and diarrhea. Less frequently, it was associ-
ated with respiratory symptoms, and one physician asso-
ciated dropsy and abdominal infarctions with malaria 
[71]. Moreover, the use of quinine to treat malaria 
seemed to have been fairly widespread in the mid-nine-
teenth century [72]. However, already in early-eighteenth 
century writings on malaria, the quinine treatment was 
mentioned in Swedish publications [70]. It was noticed 
that sickness in malaria was higher in areas with marsh-
land and swamps. As modern medical theories did not 

emerge until the late nineteenth century, physicians 
adopted their observations into the theory of miasma, 
taking on that pathogenic vapours emerging from the 
wetlands caused the disease [73].

Historical meteorological data
Monthly temperature data from Stockholm (1756–1890) 
[74] and Uppsala (1722–1890) [75] were used for com-
parison with the three malaria datasets. The Stockholm 
and Uppsala stations are approximately 70 km apart from 
each other, and they show similar summer temperature 
fluctuations  (rp  = 0.93 during 1826–1890 for June–
July). Temperature data from both places were homog-
enised, but an additional adjustment was applied to the 
Stockholm data to eliminate the warm bias of the ther-
mometer’s exposure to solar radiation [76]. Monthly pre-
cipitation data from Stockholm (1756–1890) and Uppsala 
(1722–1890) were obtained from the Swedish Meteoro-
logical and Hydrological Institute (SMHI) [77].

The malaria time-series and the meteorological data 
were all standardized over their respective periods to 
show anomalies. The standardized value was calculated 
using the following formula:

where:

Georeferencing the data
After the data of malaria-attributed deaths were collected 
from the digitized data from Tabellverket, they were 
sorted and summarised by each parish and year using 
Feature Manipulation Engine (FME) version 2020 by Safe 
Software [78]. The conversion of malaria records to spa-
tially resolved data was achieved by matching the existing 
parish name with the historical parish georeferenced data 
from the Swedish National Archives (Riksarkivet). The 
closest matches were first automatically identified using 
the function levenshtein in the open source Geographic 
Information Systems (GIS) software QGIS [79], and a few 
identified mismatches were corrected through additional 
manual inspections by the authors.

Mapping of annual malaria‑attributed deaths
Annual malaria-attributed deaths from each parish in the 
digitized georeferenced data from Tabellverket were used 
to produce heat maps to demonstrate the spatial-tempo-
ral variations in the number of malaria-attributed deaths. 

Standardized value =
X − µ

σ

X = the value of an observation

µ = the mean

σ = the standard deviation
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This was performed using the built-in heat-map func-
tion in QGIS [79]. By defining a circular neighbourhood 
around the center of each data point, the programme will 
find the number of the points within this neighborhood, 
creating a density raster of these data points by interpola-
tion (kernel density estimation) according to the colour 
ramp user customized. For the data used in this study, 
each data point was given the same weight regardless 
of the number of deaths reported from the same parish, 
which allows to emphasise the variations in spatial pat-
tern instead of the strength of respective outbreaks. A 
radius of 25 kilometers was specified for visualizing a 
more generalized density pattern from year to year. The 
higher number of data points found in a particular area 
can be viewed as an area with higher malaria-attributed 
death density.

Correlation analysis
Both Pearson  (rp) and Spearman rank  (rs) correla-
tion analysis were performed to analyze the correlation 
between the number of malaria-attributed deaths and 
monthly and seasonal temperature and precipitation 
data. Pearson correlation is better suited to evaluate lin-
ear relationships between two variables, while Spear-
man rank correlation analysis is performed based on the 
ranked values for each variable, with a better ability to 
measure non-linear responses between variables. Spear-
man rank correlation was considered to be better suited 
especially in cases of extremely high numbers of malaria-
attributed death during severe epidemics.

Superposed Epoch Analysis
Superposed Epoch Analysis (SEA) [80–82] was employed 
to test whether anomalous climate conditions had a sig-
nificant impact in years with particularly high numbers 
of malaria-attributed deaths. Standardized temperature 
anomalies, calculated by dividing the standard deviation 
(SD) for all event years, were compared to the five years 
prior to, and following,  the years with most recorded 
malaria deaths/cases. The SEA was performed using 
a custom developed program written in F77-Fortran, 
and the 0.05 significance level was estimated  through 
1000 randomisations, and also made several tests of the 
malaria key year selection for the outcome. The Gauss-
ian mean values from the SEA are presented, but it was 
found in an exploratory data analysis that the results are 
similar to using the median and the bi-weight robust 
means [83].

Results
The spatial distribution of the 90,178 cases of malaria-
attributed deaths in Sweden between 1749 and 1859, 
retrieved from the digitized Tabellverket dataset 

compiled at parish level is presented in Fig. 1. The map 
shows that malaria-attributed deaths, and thus presum-
ably transmission hot-spots, were located mainly on 
the eastern, but also western coastal areas, around large 
inland lakes, and in the southern-most part of Sweden. 
Combined with the data of Bergman and Flensburg, 
more than one hundred years of variations in malaria 
cases/deaths in Sweden during 1749–1859 are presented 
in Fig.  2. The most severe nationwide epidemic period 
occurred 1827–1830, with malaria-attributed deaths 
reaching almost 20,000 cases. Other notable time peri-
ods with elevated malaria cases/deaths include 1758, 
1776–1777, 1810, 1812 and 1821–1822. Severe malaria 
outbreaks in the capital city of Stockholm can be seen in 
the Flensburg data in 1827–1828, 1831, 1840, 1847–1848 
and 1854–1857.

Climatic drivers
The climatic parameter and season associated with 
increased frequency of malaria were identified by means 
of Pearson and Spearman’s rank correlation analyses 
(Table 1). Positive correlations were found with the May–
August temperature of the preceding year. The highest 
correlation was observed with July temperature of the 

Fig. 1 The spatial distribution of annual malaria-attributed 
deaths at parish level in Sweden. Each circle represents annual 
malaria-attributed deaths reported at a parish level 1749–1859. The 
size of the circle reflects the number of death cases
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preceding year, while the monthly combination with the 
strongest correlation between malaria and temperature 
was June–July. Correlation with August temperature was 
less strong, but still significant in Flensburg’s dataset. 
This relationship is much weaker in the data from Tabell-
verket due to a sharp decrease in available data after 
1831. Nevertheless, the calculation using the common 
period with Bergman’s dataset, which is limited to 1820, 
gives comparable results. Among different malaria data-
sets, the strongest correlation was found between Berg-
man’s series of malaria-attributed deaths and the mean 
temperature of July–August during the preceding year 
 (rs = 0.57, p < 0.01) over the period of 1756–1820. Pre-
cipitation, in contrast to temperature, generally showed 
negative correlations with the number of malaria-attrib-
uted deaths. The most significant correlations were found 
for June–July precipitation during the preceding year  (rp/
rs  = − 0.26/− 0.45, p < 0.05/0.01). The correlations with 
May–July (MJJ) and June–August (JJA) precipitation 
were only found significant in some of the datasets using 
Spearman’s rank correlation, implying a more non-linear 
relationship.

Effect of anomalously warm temperatures
The occurrence of severe malaria events in response to 
climate anomalies over the entire 1749–1859 period 

was further tested by Superposed Epoch Analysis (SEA) 
assessing the years with most recorded malaria-attrib-
uted deaths. The results indicate that the peak years of 
malaria-attributed deaths were significantly (confidence 
interval  =  95%) associated with positive anomalies in 
temperature of May–July and June–August of the pre-
ceding year (Fig. 3).

Spatial variations of severe malaria epidemics
The spatial distribution was evaluated, at parish level, 
of malaria-attributed deaths from Tabellverket during 
1749–1859, the 20 years with the highest recorded deaths 
within the borders of present-day Sweden. The relative 
geographic distribution of malaria-attributed deaths is 
shown in heat maps with focus on the southern part of 
Sweden where most deaths were recorded. During these 
20 years (Fig. 4), hot-spots were recognised around Lake 
Mälaren, Lake Vänern, and in big cities and their sur-
roundings. To a certain extent the density of deaths 
is reflecting population density at the time. However, 
the region just north of Lake Mälaren and the plains of 
Östergötland, in the east, as well as Skåne in southern-
most Sweden, show disproportionately high numbers of 
malaria-attributed deaths relative to these regions’ share 
of the population.

Fig. 2 Time-series of malaria datasets against climate variables. Malaria datasets from three data sources (Tabellverket 1749–1859, Bergman 
1749–1820, Flensburg Stockholm 1826–1890) and the relations to meteorological data. Malaria-attributed deaths of in the datasets from 
Tabellverket and Bergman represents the entire country, while Flensburg’s malaria cases were from the capital city, Stockholm. The meteorological 
data was moved backward with one year (–1). Only positive values of temperature data (orange line) and negative values of precipitation data (blue 
line) are shown to emphasise the correlations against the malaria datasets. Malaria-attributed deaths in the datasets of Tabellverket and Bergman 
have been standardized to their common period 1749–1820; the other series are standardized over their own respective period for the purpose of 
comparison. The drop in the number of malaria-attributed deaths after 1831 in the datasets from Tabellverket is a result of the way death registering 
had changed, the details are described in the Method section
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Table 1 Pearson’s correlations/Spearman’s rank correlations  (rp/rs) between the datasets from Tabellverket (1749–1859), Bergman 
(1749–1820), Flensburg (1826–1890) and monthly meteorological data of the preceding year from Stockholm (1756–1890) and 
Uppsala (1748–1890)

Bold: p < 0.05 significant

*p < 0.01 highly significant

Dataset Tabellverket Bergman Flensburg

Stockholm 1756–
1859 (104 years)

Uppsala 1749–
1859 (111 years)

Stockholm 1756–
1820 (65 years)

Uppsala 1749–
1820 (72 years)

Stockholm 1826–
1890 (65 years)

Uppsala 
1826–1890 (65 
years)

Temperature

 Apr (– 1) − 0.06/0.06 0.00/0.11 − 0.04/− 0.07 − 0.09/− 0.09 − 0.15/− 0.06 − 0.02/0.05

 May (– 1) 0.15/0.12 0.16/0.16 0.20/0.25 0.04/0.14 0.14/0.13 0.18/0.18

 Jun (– 1) 0.27/0.20 0.24/0.21 0.48*/0.47* 0.35*/0.35* 0.30/0.30 0.37*/0.40*
 Jul (– 1) 0.15/0.25 0.16*0.31 0.46*/0.49* 0.42*/0.47* 0.37*/0.30 0.46*/0.40*
 Aug (– 1) − 0.02/0.09 0.01/0.09 0.20/0.28 0.24/0.23 0.27/0.26 0.32*/0.35*
 JJ (– 1) 0.24/*0.25 0.23/0.31* 0.53*/0.52* 0.47*/0.47* 0.40*/0.35* 0.50*/0.50*
 AMJ (– 1) 0.15/0.16 0.17/0.22 0.26/0.26 0.10/0.17 0.14/0.12 0.24/0.25
 MJJ (– 1) 0.24/0.23 0.25/0.30* 0.48*/0.50* 0.34*/0.39* 0.37*/0.32* 0.46*/0.45*
 JJA (– 1) 0.17/0.21 0.18/0.25 0.51*/0.57* 0.47*/0.47* 0.42*/0.40* 0.52*/0.54*

Precipitation

 Mar (– 1) − 0.15/− 0.15 −  0.09/− 0.27* − 0.23/−0.30 − 0.07/−  0.03 − 0.16/− 0.26 − 0.15/− 0.11

 Apr (– 1) 0.10/0.13 0.09/−0.04 0.20/0.09 0.33*/0.23 − 0.11/− 0.11 − 0.02/0.11

 May (– 1) − 0.05/0.05 0.08/0.00 − 0.06/− 0.07 0.29/0.03 − 0.07/− 0.14 − 0.05/− 0.06

 Jun (– 1) − 0.16/− 0.11 − 0.22/− 0.35* − 0.11/−0.20 − 0.25/− 0.44* −  0.20/− 0.24 − 0.16/− 0.14

 Jul (– 1) − 0.07/0.00 − 0.11/− 0.30* − 0.19/−  0.29 −  0.12/− 0.22 − 0.20/− 0.27 − 0.08− 0.03

 Aug (– 1) 0.01/−0.04 − 0.03/−  0.17 0.14/0.15 0.00/−0.12 0.07/0.03 0.10/0.08

 JJ (– 1) − 0.15/− 0.03 − 0.23/− 0.44* − 0.20/−0.26 − 0.26/− 0.45* − 0.28/− 0.37* − 0.15/− 0.14

 MAM (– 1) − 0.04/0.05 0.02/− 0.12 0.077−0.14 0.32*/0.16 − 0.19/− 0.24 − 0.13/− 0.05

 AMJ (– 1) − 0.09/0.01 − 0.05/− 0.21 0.05/− 0.03 0.14/− 0.12 − 0.25/− 0.27 − 0.14/− 0.04

 MJJ (– 1) − 0.13/0.01 − 0.15/− 0.34* − 0.11/− 0.22 − 0.10/− 0.34* − 0.28/− 0.39* − 0.14/− 0.16

 JJA (– 1) − 0.10/−  0.01 − 0.17/− 0.44* − 0.05/− 0.03 − 0.19/− 0.37* − 0.16/− 0.25 −  0.04/− 0.05

Fig. 3 Superposed Epoch Analysis (SEA). Results from the Superposed Epoch Analysis (SEA) for three malaria datasets (Tabellverket, Bergman, and 
Flensburg), assessing the response of years with the 20 most malaria-attributed deaths (Tabellverket, Bergman) and malaria cases (Flensburg) to 
warm-season (May–July, June–August) temperature based on all years in the 1749–1859 period. The grey-shaded area represents 95% confidence 
intervals derived through 1000 randomisation. The results indicate that the peak years of malaria-attributed deaths, or cases, were significantly 
associated with the preceding warm-season temperature. The magnitude of the climate anomalies are shown as standard deviations (SD)
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Each of those 20 years with the most recorded malaria-
attributed deaths, representing the major malaria out-
break years in Sweden 1749–1859, reveal somewhat 
different geographical patterns of malaria mortality. The 
four major years with most malaria-attributed deaths in 
the eighteenth century—1757, 1758, 1776, and 1777—
showed a concentration of malaria mortality around Lake 
Mälaren and in Östergötland, with only a modest mor-
tality in likewise densely populated Skåne in the extreme 
south of the country. A similar pattern is evident for the 
early-nineteenth century years 1811, 1812, and 1820. 
Conversely the major centre of malaria-attributed deaths 
in 1830 and 1832 was in Skåne (Fig. 4).

During some years the malaria mortality was geo-
graphically confined to certain portions of Sweden, with 
little evidence of malaria mortality in other parts of 
the country. This was particularly the case 1757–1758, 
1776–1777, and 1820. During other years, most notably 
1822–1826, malaria-attributed deaths were geographi-
cally widespread across southern and central Sweden. In 
conclusion, the heat-map analysis reveals distinct pat-
terns of malaria-attributed deaths, and thus presumably 
also the relative occurrence of malaria cases, shifting over 
time independent of the relative population density that 
remained comparable stable over the study period.

Discussion
This study of malaria cases and deaths in eighteenth and 
nineteenth century Sweden allowed us to assess their 
associations with climate factors from a long-term per-
spective. The results from this study showed that the 
number of malaria deaths was positively associated with 
preceding summer temperatures (i.e. higher temperature 
= more deaths and vice versa), both when considering 
the inter-annual relationship and single extreme events. 
Malaria death distribution with a relatively high spatial 
resolution also demonstrated the transmission hot-spots 
varied geographically over time. The analysis also pre-
sented a number of challenges described as follows.

Comparison of different datasets
In Bergman’s study, he used data over malaria-attributed 
deaths from Tabellverket, which should have yielded the 
same result as the digitized Tabellverket data employed 
in this study. However, before 1801 malaria-attributed 
deaths reported by Bergman’s death numbers were twice 

the number reported in the data from Tabellverket, while 
peak years with elevated malaria death were slightly lower 
in Bergman’s data. This discrepancy might be explained 
by the loss of records, and that this study have attributed 
slightly different causes as malaria deaths. Nevertheless, 
there is a very high correlation between the digitized data 
from Tabellverket and the data by Bergman  (rp = 0.88 for 
the common period 1749–1820), and the fluctuations are 
rather comparable between these two datasets. However, 
given the differences, it is considered appropriate to pre-
sent both datasets on malaria deaths in this analysis.

Missing data
In the official data from Tabellverket used in this analy-
sis, for every year there is a lack of data from certain par-
ishes. An estimated 20% of death records are missing in 
the digitized data by Tabellverket when compared to the 
contemporary official documentation at a national level 
[84]. For data of malaria-attributed deaths, a substantial 
part of the original data after 1830 is unfortunately miss-
ing. This can be attributed to the fact that only smallpox 
and neonatal death were specified on the form used dur-
ing 1831–1859; other causes of deaths, including malaria, 
was not specified on the pre-printed forms. The priests 
therefore needed to report the cause of death manually. 
Hence, the data during the 1831–1859 period is incom-
plete. However, the decrease in malaria transmission by 
the end of the nineteenth century is evident from the data 
by Flensburg of malaria cases treated at the Stockholm 
military hospital. Since the number of military person-
nel was always 2700 men, his data is considered to show 
a reliable trend over time. Flensburg later complemented 
the data to include all malaria cases, including noted 
cases from the military barracks not treated in the hos-
pital, but the continuity of this data varies between years. 
In this data (not shown), 2632 men were infected with 
malaria in 1828, which was consistent with the 1827–30 
peak of malaria-related mortality in the data from Tabell-
verket. It is worth to again stress that the records on 
causes of death after 1831 were not complete, and Flens-
burg hence had to collect the data from Sundhetskollegii 
årsberättelse and from the publications of the Swedish 
Association of Medicine (Svenska läkaresällskapets han-
dlingar) to compile the malaria cases in the entire coun-
try of Sweden between 1861 and 1909. His table shows 
11,074 malaria cases were recorded in 1861, the most 

(See figure on next page.)
Fig. 4 Spatial variations of the 20 years with most malaria-attributed deaths at parish level between 1749 and 1859. The heat-maps show the 
spatial-temporal distribution of malaria-attributed deaths at parish level during the 20 years with the most deaths attributed to malaria in Sweden 
using the digitized and georeferenced data from Tabellverket. The numbers of cases occur in a specific area are shown on a spectrum of green to 
red. Areas with warmer tones (yellow–orange) indicate higher malaria-attributed death density
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severe malaria year during this period. Other malaria 
years were 1862, 1873–1874, and 1877 during this period.

The temperature and precipitation data from Stock-
holm and Uppsala used in this study are among the long-
est meteorological observations in the world [85], but the 
precipitation data is neither continuous nor as reliable as 
the temperature data. In particular, the precipitation data 
from Stockholm 1859–1862, 1864–1870, 1880–1890, and 
from Uppsala 1863–1868 and 1878–1890 contain some 
questionable values. Monthly data from Uppsala is also 
occasionally missing in 1764–1773. Besides the concern 
about data continuity, the Stockholm temperature data 
displays considerably lower summer temperature values 
than Uppsala in the period prior to 1859, likely due to the 
warm bias adjustment in the process of homogenisation. 
This could be one explanation to why Flensburg’s malaria 
data from Stockholm shows higher correlation with tem-
perature data from Uppsala compared to Stockholm (as 
would be expected).

Malaria dynamics and summer temperatures
The time required for the maturation of the sporozoites 
in the mosquitoes depends on the accumulated time of 
temperature above the minimum threshold of 14.5 °C 
for P. vivax [86]. This limitation results in a very short 
window for parasite development in the mosquito and 
can vary locally. In southern Sweden, offspring from 
the hibernating An. messeae generation usually emerge 
as early as in May/June, depending on temperature and 
take blood meals during the summer months [34]. If the 
summer temperatures are high enough (e.g. in average 16 
°C in June–August during study period 1749–1859), any 
malaria parasites taken up by these females during blood 
feeding may be able to complete their developmental 
cycle and mature parasites can be transmitted by the end 
of summer. In general, unusually warm summers are not 
necessarily connected to severe malaria epidemics, but 
the start of several major epidemic outbreaks coincided 
with anomalously warm summers during the preceding 
one to two years. These epidemic years were 1758, 1776–
1777, 1808–1812, 1809–1812, 1820–1830, 1847–1848, 
and 1854–1856 (Fig. 2). This might suggest that the effect 
of increase in temperature cannot be translated into 
increased transmission potential, and this non-linearity 
of malaria dynamics in response to environmental fac-
tors like temperature is often found in malaria-endemic 
regions [87, 88].

Malaria dynamics and hydrological variability
In addition to temperature being an important determi-
nant of its dynamics, malaria is closely linked with the 
presence of water bodies. To a large extent, the high den-
sity of malaria-attributed deaths around large inland lakes 

and coastal regions of southern Sweden corresponds to 
the distribution of Anopheles maculipennis spp. vectors 
[18]. The association of malaria spreading with indi-
vidual weather events is, however, elusive. A connection 
between malaria years, precipitation and the water level 
in Lake Mälaren was proposed by Bergman, suggesting 
that malaria epidemics usually were preceded by one or 
several years with unusually high rainfall and high lake 
levels, followed by warm summers often accompanied 
with droughts [53]. Since the Swedish Anopheles only lay 
eggs in permanent water, the hypothesis that they ben-
efits from temporary water bodies during drought events 
cannot be supported. Although the correlation analyses 
failed to show a consistent link between malaria and pre-
cipitation, the results from the Spearman’s rank correla-
tion show stronger correlations between precipitation 
and malaria compared to Pearson’s correlation analy-
sis. This indicates that the influence of precipitation on 
malaria may not be linear. Furthermore, the dependent 
relationship of temperature and rainfall (Pearson cor-
relation  =  −  0.4, 1748–1890, n  =  143, from Uppsala 
meteorological station) makes it intractable to clarify 
the interplay of each factor associated with the num-
ber of malaria-attributed deaths. Interestingly, the most 
severe epidemic period 1820–1830, with a total of 34,659 
malaria-attributed deaths in Sweden, coincided with four 
exceptionally dry years, but not always with warm sum-
mers. In short, considering all combined factors, simple 
correlative methods may not suffice when studying the 
response of malaria to some climate variables [89], espe-
cially if the response is non-linear. Approaches which are 
able to analyse the causation in a non-linear dynamic sys-
tem are thus needed in future research to better evalu-
ate the non-linear patterns in climate-associated malaria 
incidence.

Comparison with previous studies
The early malaria studies in Sweden, conducted by Berg-
man [53] and Flensburg [43], provide extremely valuable 
information regarding the association between malaria 
epidemics and climate dynamics. Their pioneering 
attempts have helped to clarify the causation based on 
empirical observations. Bergman used maps to demon-
strate the temporal delay of epidemic spread from coastal 
areas towards inland areas, and towards the north, during 
certain epidemic periods at a district level. This pattern 
of the temporal delay is, nevertheless, not distinct dur-
ing earlier epidemics periods (1749–1831) in the spatial 
analysis (Fig.  4). Areas of intense transmission in Swe-
den and Finland were further mapped in Ekblom (1945) 
[18], in which malaria occurred mainly in the southeast 
of Sweden, but without such a fine spatial resolution as 
here. By analysing malaria-attributed deaths at a higher 
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spatial resolution (i.e. parish level), it is made possible to 
detect that malaria was more prevalent in the southern-
most province of Sweden (Skåne) in the nineteenth cen-
tury compared to the late eighteenth century. During the 
major outbreak of 1827–1830 in southern Sweden, Den-
mark similarly saw outbreaks with over 4,235 malaria-
attributed deaths [90] in eastern Denmark bordering 
southern Sweden (Skåne), known for having harboured 
malaria [91]. Furthermore, records of malaria from the 
military hospital in Stockholm (the Flensburg dataset) 
also present peak years estimates comparable with those 
in southern Finland [29], including the major peak years 
1831, 1846–1847 (1847–1848 in Sweden) and 1854–1855 
(1854–1857 in Sweden). This shows that severe malaria 
epidemics were widespread events. In addition, although 
different malaria datasets have been used, covering dif-
ferent time periods, the results from this study are con-
sistent with earlier studies for Finland [29, 37]. This lends 
support to the conclusion that the summer temperature 
during the preceding year had a strong influence on 
malaria transmission. The use of the Spearman’s rank 
correlation in this study helped to reduce the effect of 
strong peaks in malaria mortality. This method is also 
suited to address non-linear relationships, allowing us to 
carry out an analysis of both the relationships between 
malaria and temperature and precipitation. The latter cli-
mate variable, showing a more non-linear effect, was not 
included in the studies for Finland [29, 37].

Conclusions
Increased transmission of malaria in Sweden, and else-
where in northern Europe, has historically been linked 
to higher average temperature during the summer of the 
preceding year. This study of malaria in Sweden during 
the eighteenth and nineteenth centuries supports such 
a relationship, i.e. that warm and/or dry summers may 
have contributed to more severe malaria outbreaks in 
the following year(s). Likely the warmer than usual tem-
peratures increased the number of malaria vectors, and 
that symptoms of malaria infection appeared and were 
documented the following year, due to both indoor win-
ter transmission and the evidenced long incubation and 
relapse time of the P. vivax malaria parasite. The effect of 
precipitation fluctuations on malaria was, on the other 
hand, found to be less significant, and likely being non-
linear. Malaria hot-spots were concentrated in the areas 
around Lake Mälaren and the plains of Östergötland in 
the middle of the eighteenth century, but subsequently 
became more widespread across southern Sweden, 
especially in 1822–1826. Moreover, the outbreaks were 
generally more pronounced in Sweden’s southern-most 
region (Skåne) in the first half of the nineteenth century. 
These findings improve the knowledge of the history of 

malaria in Sweden, but also highlight the potential need 
for modelling malaria’s response to climate in a nonlinear 
dynamical system. The digitized and georeferenced data 
of malaria-attributed deaths in Sweden, and its distribu-
tion at a parish level, allows for further investigations of 
the dynamics behind malaria outbreaks and the shift of 
transmission hot-spots with emphasis on possible con-
trolling demographic, social, and economic factors.

Abbreviations
GIS: Geographic Information Systems; FME: Feature Manipulation Engine; SEA: 
Superposed Epoch Analysis; SD: standard deviation.

Acknowledgements
We would like to thank Lena Huldén for her knowledge sharing in the begin-
ning of this work, as well as generously spending her time and expertise 
for very inspiring and fruitful discussions about the research. We thank Erik 
Törnlund for personal communications regarding the Tabellverket data. We 
also thank Regional Climate Group for valuable discussions on this study.

Authors’ contributions
TTC conceived the study and conducted data analysis. FCL assisted with 
malaria data compilation, proposed insightful perspectives to the work, car-
ried out SEA analysis and contributed to the writing. HC, FH, MI, JCH, and HWL 
contributed to the writing and discussions. JA, KS, and HWL made important 
revisions of parts of the content. HWL contributed to the preliminary design of 
the work and supervised the project.

Funding
Open access funding provided by University of Gothenburg. The research 
was financially supported by the Swedish Research Council Formas (Grant 
No. 2017-01161). F.C.L. was supported by the Swedish Research Council 
(Vetenskapsrådet, Grant No. 2018-01272), and worked with this article as a 
Pro Futura Scientia XIII Fellow funded by the Swedish Collegium for Advanced 
Study through Riksbankens Jubileumsfond. F.H. was funded by the Sven and 
Lily Lawski Foundation (Grant No. P2020-0009), J.C.H. by the Swedish Society 
for Medical Research, J.A. by the Swedish Research Council (Grant No. 2016-
04301) and the Swedish Society for Medical Research (start-up grant), and K.S. 
by the Swedish Research Council (Grant No. 2019-05228).

Availability of data and materials
The data that support the findings of this study are available from Centre for 
Demographic and Ageing Research (CEDAR), Umeå University, but restrictions 
apply to the availability of these data, which were used under license for the 
current study, and so are not publicly available. Data are however available 
from the authors upon reasonable request and with permission of the Centre 
for Demographic and Ageing Research (CEDAR).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Regional Climate Group, Department of Earth Sciences, University of Goth-
enburg, 405 30 Gothenburg, Sweden. 2 Department of History, Stockholm 
University, 106 91 Stockholm, Sweden. 3 Bolin Centre for Climate Research, 
Stockholm University, 106 91 Stockholm, Sweden. 4 Swedish Collegium 
for Advanced Study, Linneanum, Thunbergsvägen 2, 752 38 Uppsala, 
Sweden. 5 Department of Economic History, Lund University, Lund, Sweden. 



Page 13 of 14Chen et al. Malar J          (2021) 20:212  

6 Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm 
University, Stockholm, Sweden. 7 PandemiX Center, Department of Science 
and Environment, Roskilde University, Roskilde, Denmark. 8 Zoonosis Science 
Center, Department of Medical Biochemistry and Microbiology, Uppsala 
University, Uppsala, Sweden. 9 Dendro Sciences Group, Swiss Federal Research 
Institute WSL, Birmensdorf, Switzerland. 

Received: 17 December 2020   Accepted: 20 April 2021

References
 1. McMichael AJ, Woodruff RE, Hales S. Climate change and human health: 

present and future risks. Lancet. 2006;367:859–69.
 2. Haines A, Kovats RS, Campbell-Lendrum D, Corvalán C. Climate change 

and human health: impacts, vulnerability and public health. Public 
Health. 2006;120:585–96.

 3. Patz JA, Olson SH. Climate change and health: global to local influences 
on disease risk. Ann Trop Med Parasitol. 2006;100:535–49.

 4. McMichael C, Barnett J, McMichael AJ. An ill wind? Climate change, 
migration, and health. Environ Health Perspect. 2012;120:646–54.

 5. Ljungqvist FC, Seim A, Huhtamaa H. Climate and society in European 
history. Wiley Interdiscip Rev Clim Change. 2021;12:e691.

 6. Semenza JC, Rocklöv J, Penttinen P, Lindgren E. Observed and projected 
drivers of emerging infectious diseases in Europe. Ann N Y Acad Sci. 
2016;1382:73–83.

 7. Patz JA, Campbell-Lendrum D, Holloway T, Foley JA. Impact of regional 
climate change on human health. Nature. 2005;438:310–7.

 8. Gubler DJ, Reiter P, Ebi KL, Yap W, Nasci R, Patz JA. Climate variability and 
change in the United States: potential impacts on vector- and rodent-
borne diseases. Environ Health Perspect. 2001;109:223–33.

 9. Mills JN, Gage KL, Khan AS. Potential influence of climate change on 
vector-borne and zoonotic diseases: a review and proposed research 
plan. Environ Health Perspect. 2010;118:1507–14.

 10. Semenza JC, Suk JE. Vector-borne diseases and climate change: a Euro-
pean perspective. FEMS Microbiol Lett. 2018;365:fnx244.

 11. Kraemer MU, Reiner RC, Brady OJ, Messina JP, Gilbert M, Pigott DM, et al. 
Past and future spread of the arbovirus vectors Aedes aegypti and Aedes 
albopictus. Nat Microbiol. 2019;4:854–63.

 12. Costello A, Abbas M, Allen A, Ball S, Bell S, Bellamy R, et al. Managing the 
health effects of climate change: Lancet and University College London 
Institute for Global Health Commission. Lancet. 2009;373:1693–733.

 13. Kwiatkowski DP. How malaria has affected the human genome and 
what human genetics can teach us about malaria. Am J Hum Genet. 
2005;77:171–92.

 14. Wellems TE, Hayton K, Fairhurst RM, et al. The impact of malaria parasit-
ism: from corpuscles to communities. J Clin Invest. 2009;119:2496–505.

 15. Lemon SM, Sparling PF, Hamburg MA, Relman DA, Choffnes ER, Mack A, 
et al. Vector-borne diseases: understanding the environmental, human 
health, and ecological connections. Workshop summary. In: Vector-borne 
diseases: understanding the environmental, human health, and ecologi-
cal connections. Workshop summary. National Academies Press; 2008.

 16. WHO. World malaria report 2020. Geneva. World Health Organization; 
2020.

 17. Piperaki E, Daikos G. Malaria in Europe: emerging threat or minor nui-
sance? Clin Microbiol Infect. 2016;22:487–93.

 18. Ekblom T, et al. Studies on Malaria and Anopheles in Sweden and Finland. 
Acta Pathol Microbiol Scand. 1945;Suppl. 59.

 19. WHO. Report of a WHO Scientific Group: Parasitology of Malaria. World 
Health Organization Technical Report Series no. 433. Geneva. World 
Health Organization; 1969.

 20. Hulden L, Hulden L. Activation of the hypnozoite: a part of Plasmodium 
vivax life cycle and survival. Malar J. 2011;10:1–6.

 21. White NJ. Determinants of relapse periodicity in Plasmodium vivax 
malaria. Malar J. 2011;10:1–36.

 22. Garnham P, Bray R, Bruce-Chwatt L, Draper C, Killick-Kendrick R, Sergiev P, 
et al. A strain of Plasmodium vivax characterized by prolonged incubation: 
morphological and biological characteristics. Bull World Health Org. 
1975;52:21.

 23. Bruce-Chwatt LJ, De Zulueta J, et al. The rise and fall of malaria in 
Europe: a historico-epidemiological study. Walton Street, Oxford OX2 
6DP: Published for the Regional Office for Europe of the World Health 
Organization by Oxford University Press; 1980.

 24. Grassi B, Feletti R. Parasites malariques chez les oiseaux. Arch Ital Biol. 
1890;13:297–300.

 25. Petersson H. Författningar m.m. angående medicinalväsendet i Sverige 
omfattande 1911. Hälsovård Sjukvård Sverige Juridik Periodica. 1913.

 26. Krotoski W, Collins W, Bray R, Garnham P, Cogswell F, Gwadz R, et al. 
Demonstration of hypnozoites in sporozoite-transmitted Plasmodium 
vivax infection. Am J Trop Med Hyg. 1982;31:1291–3.

 27. Howes RE, Battle KE, Mendis KN, Smith DL, Cibulskis RE, Baird JK, 
et al. Global epidemiology of Plasmodium vivax. Am J Trop Med Hyg. 
2016;95(6\_Suppl):15–34.

 28. Paul RE, Diallo M, Brey PT. Mosquitoes and transmission of malaria 
parasites-not just vectors. Malar J. 2004;3:39.

 29. Huldén L, Huldén L, Heliövaara K. Endemic malaria: an “indoor” disease 
in northern Europe. Historical data analysed. Malar J. 2005;4:1–13.

 30. Lundström JO, Schäfer ML, Hesson JC, Blomgren E, Lindström A, 
Wahlqvist P, et al. The geographic distribution of mosquito species in 
Sweden. J Eur Mosq Control Assoc. 2013;31:21–35.

 31. Lilja T, Eklöf D, Jaenson T, Lindström A, Terenius O. Single nucleotide 
polymorphism analysis of the ITS2 region of two sympatric malaria 
mosquito species in Sweden: Anopheles daciae and Anopheles messeae. 
Med Vet Entomol. 2020;34:364–368.

 32. Jaenson TG, Lokki J, Saura A. Anopheles (Diptera: Culicidae) and malaria 
in northern Europe, with special reference to Sweden. J Med Entomol. 
1986;23:68–75.

 33. Huldén L, Huldén L, Heliövaara K. Natural relapses in vivax malaria 
induced by Anopheles mosquitoes. Malar J. 2008;7:1–11.

 34. Jaenson T. Malaria in Sweden-entomological aspects. Läkartidningen. 
1983;80:2418–21.

 35. Diaz HF, Kovats RS, McMichael AJ, Nicholls N. Climate and human 
health linkages on multiple timescales. In: History and Climate: Memo-
ries of the Future? Springer, Berlin/Heidelberg; 2001. p. 267–89.

 36. Knottnerus OS. Malaria around the North Sea: a survey. In: Climate 
development and history of the North Atlantic realm. Springer, Berlin, 
Heidelberg; 2002. p. 339–53.

 37. Huldén L, Huldén L. The decline of malaria in Finland – the impact of 
the vector and social variables. Malar J. 2009;8:1–9.

 38. Sondén K, Rolling T, Wångdahl A, Ydring E, Vygen-Bonnet S, Kobbe R, 
Malaria in Eritrean migrantsnewly arrived in seven European countries, 
2011 to 2016. Euro Surveill. 2019;24.

 39. Herrador Z, Fernández-Martinez B, Quesada-Cubo V, Diaz-Garcia O, 
Cano R, Benito A, et al. Imported cases of malaria in Spain: observa-
tional study using nationally reported statistics and surveillance data, 
2002–2015. Malar J. 2019;18:1–11.

 40. Mironova VA, Shartova NV, Beljaev AE, Varentsov MI, Korennoy FI, Grish-
chenko MY. Re-introduction of vivax malaria in a temperate area (Mos-
cow region, Russia): a geographic investigation. Malar J. 2020;19:1–20.

 41. Schlagenhauf P, Weld L, Goorhuis A, Gautret P, Weber R, von Son-
nenburg F, et al. Travel-associated infection presenting in Europe 
(2008–12): an analysis of EuroTravNet longitudinal, surveillance data, 
and evaluation of the effect of the pre-travel consultation. Lancet 
Infect Dis. 2015;15:55–64.

 42. Hoffmeister B, Valdez ADA. Hypertension is associated with an 
increased risk for severe imported falciparum malaria: a tertiary care 
hospital based observational study from Berlin, Germany Malar J. 
2019;18:410.

 43. Flensburg C. Studier öfver frossan i Sverige och de sannolikaste orsakerna 
till dess successiva aftagande och så godt som fullständiga upphörande i 
Sverige under sistförflutna halfsekel. Hygiea. 1911;p. 1201–52.

 44. Lindgren E, Jaenson T. Fästing- och myggöverförda infektionssjukdomar 
i ett kommande, varmare klimat i Sverige. Entomologisk Tidskrift. 
2006;127:21–30.

 45. Linderholm HW, Björklund J, Seftigen K, Gunnarson BE, Fuentes M. 
Fennoscandia revisited: a spatially improved tree-ring reconstruction of 
summer temperatures for the last 900 years. Clim Dyn. 2015;45:933–47.

 46. Luterbacher J, Werner JP, Smerdon JE, Fernández-Donado L, González-
Rouco F, Barriopedro D, et al. European summer temperatures since 
Roman times. Environ Res Lett. 2016;11:024001.



Page 14 of 14Chen et al. Malar J          (2021) 20:212 

 47. Gething PW, Van Boeckel TP, Smith DL, Guerra CA, Patil AP, Snow RW, 
et al. Modelling the global constraints of temperature on transmission of 
Plasmodium falciparum and P. vivax. Parasit Vectors. 2011;4:1–11.

 48. Reiter P. Global warming and malaria: knowing the horse before hitching 
the cart. Malar J. 2008;7:S3.

 49. Lagerkranz G. Svenska sjukdomsnamn i gångna tider. Bromma: Sveriges 
släktforskarförb.; 1988.

 50. Sundin J, Willner S. Social change and health in Sweden: 250 years of 
politics and practice. Swedish National Institute of Public Health; 2007.

 51. Kuhn KG, Campbell-Lendrum DH, Davies CR. A continental risk map for 
malaria mosquito (Diptera: Culicidae) vectors in Europe. J Med Entomol. 
2002;39(4):621–30.

 52. Hertig E. Distribution of Anopheles vectors and potential malaria 
transmission stability in Europe and the Mediterranean area under future 
climate change. Parasit Vectors. 2019;12:1–9.

 53. Bergman FAG. Om Sveriges folksjukdomar, vol. 3. Stockholm: Uppsala; 
1877.

 54. Martens P, McMichael AJ. Environmental change, climate and health: 
issues and research methods. New York: Cambridge University Press, 
Cambridge; 2009.

 55. Caminade C, Kovats S, Rocklöv J, Tompkins AM, Morse AP, Colón-González 
FJ, et al. Impact of climate change on global malaria distribution. Proc 
Natl Acad Sci USA. 2014;111:3286–91.

 56. Stanke C, Kerac M, Prudhomme C, Medlock J, Murray V. Health effects of 
drought: a systematic review of the evidence. PLoS Curr. 2013;5.

 57. Rogers DJ, Randolph SE. The global spread of malaria in a future, warmer 
world. Science. 2000;289:1763–6.

 58. Beck-Johnson LM, Nelson WA, Paaijmans KP, Read AF, Thomas MB, Bjørn-
stad ON. The importance of temperature fluctuations in understand-
ing mosquito population dynamics and malaria risk. R Soc Open Sci. 
2017;4:160969.

 59. Watts N, Amann M, Arnell N, Ayeb-Karlsson S, Beagley J, Belesova K, 
et al. The 2020 report of The Lancet Countdown on health and climate 
change: responding to converging crises. Lancet. 2020.

 60. Rocklöv J, Dubrow R. Climate change: an enduring challenge for vector-
borne disease prevention and control. Nat Immunol. 2020;21:479–83.

 61. Campbell-Lendrum D, Manga L, Bagayoko M, Sommerfeld J. Climate 
change and vector-borne diseases: what are the implications for 
public health research and policy? Philos Trans R Soc Lond B Biol Sci. 
2015;370:20130552.

 62. Metcalf CJE, Walter KS, Wesolowski A, Buckee CO, Shevliakova E, Tatem 
AJ, et al. Identifying climate drivers of infectious disease dynamics: recent 
advances and challenges ahead. Proc Biol Sci. 2017;284:20170901.

 63. Caminade C, McIntyre KM, Jones AE. Impact of recent and future climate 
change on vector-borne diseases. Ann N Y Acad Sci. 2019;1436:157.

 64. Castenbrandt H. Rödsot i Sverige 1750–1900: En sjukdoms demografiska 
och medicinska historia. Göteborgs universitet; 2012.

 65. Lundh C. Den regionala befolkningsstatistiken i Tabellverket – en data-
beskrivning. Lund Papers in Economic History. 2003;91.

 66. Rogers J. Reporting causes of death in Sweden, 1750–1950. J Hist Med 
Allied Sci. 1999;54:190–209.

 67. BiSOS A. Bidrag till Sveriges officiella statistik. A, Befolkningsstatistik. 
Ny följd Statistiska Central-Byråns underdåniga berättelser Stockholm. 
1851;1:1851–5.

 68. CEDAR, Umeå universitet. Demografisk Databasen; 2019. U19012, https:// 
doi. org/ 10. 17197/ U19012.

 69. Socialstyrelsen. Historiska klassifikationer (ICD). Socialstyrelsen; 2020. 
www. socia lstyr elsen. se/ utvec kla- verks amhet/e- halsa/ klass ifice ring- och- 
koder/ icd- 10/ histo riska- klass ifika tioner.

 70. Lindes J. Tanckar om frossan, och Kin-Kina barken. Stockholm: JG Mat-
thiæ. 1717;.

 71. Medicinhistoriska databasen. Luleå (1823); Sigtuna (1835); Ljungby 
(1835); Eskilstuna (1839); Eksjö (1843); Sollefteå (1845); Hedemora (1847). 
Årsberättelser från provinsialläkare. 1823;Accessed May 2020 from 
https:// ep. liu. se/ datab ases/ medhi st/.

 72. Medicinhistoriska databasen. Luleå (1823); Motala (1845); Håbo o Bro 
Härader (1846); Floda (1847); Kalmar (1847); Enköping (1847); Åtvidaberg 

(1847); Hedemora (1847); Gimo (1848). Årsberättelser från provinsi-
alläkare. 1823;Accessed May 2020 from https:// ep. liu. se/ datab ases/ medhi 
st/.

 73. Medicinhistoriska databasen. Oskarshamn (1828); Floda (1848); Stranda 
(1858). Årsberättelser från provinsiallåkare. 1828;Accessed May 2020 from 
https:// ep. liu. se/ datab ases/ medhi st/.

 74. Moberg A, Bergström H, Krigsman JR, Svanered O. Daily air temperature 
and pressure series for Stockholm (1756–1998). In: Improved understand-
ing of past climatic variability from early daily European instrumental 
sources. Dordrecht: Springer; 2002. p. 171–212.

 75. Bergström H, Moberg A. Daily air temperature and pressure series for 
Uppsala (1722–1998). In: Improved Understanding of Past Climatic 
Variability from Early Daily European Instrumental Sources. Dordrecht: 
Springer; 2002. p. 213–252.

 76. Moberg A. Stockholm Historical Weather Observations — Monthly mean 
air temperatures since 1756. Dataset version 2.0. Bolin Centre Database; 
2020.

 77. SMHI. The Swedish Agency for Marine and Water Management, editor. 
Swedish Meteorological and Hydrological Institute. Swedish Meteorologi-
cal and Hydrological Institute; 2020. Accessed Mar 2020 from www. smhi. 
se/ data.

 78. FME. Safe Software Inc , editor. Feature Manipulation Engine. Safe Soft-
ware; 2020. Accessed May 2020 from www. safe. com.

 79. QGIS org. Open Source Geospatial Foundation Project. QGIS; 2020. 
Accessed May 2020 from www. qgis. org.

 80. Chree C. Some phenomena of sunspots and of terrestrial magnetism at 
Kew Observatory. Philos TR Soc A. 1913;212:75–116.

 81. Chree C. Some phenomena of sunspots and of terrestrial magnetism. 
Part II hilos TR Soc A. 1914;213:245–77.

 82. Haurwitz MW, Brier GW. A critique of the superposed epoch analysis 
method: its application to solar-weather relations. Mon Weather Rev. 
1981;109:2074–9.

 83. Hoaglin D, Mosteller F. JW T. Wiley, New York: Understanding Robust and 
Exploratory Data Analysis; 1983.

 84. Castenbrandt H. A forgotten plague: dysentery in Sweden, 1750–1900. 
Scand J Hist. 2014;39:612–39.

 85. Brönnimann S, Allan R, Ashcroft L, Baer S, Barriendos M, Brázdil R, et al. 
Unlocking pre-1850 instrumental meteorological records: A global inven-
tory. Bull Am Meteorol Soc. 2019;100:ES389–ES413.

 86. Detinova TS, Bertram DS, World Health Organization, et al. Age-grouping 
methods in Diptera of medical importance, with special reference to 
some vectors of malaria. World Health Organization; 1962.

 87. Laneri K, Cabella B, Prado PI, Mendes Coutinho R, Kraenkel RA. Climate 
drivers of malaria at its southern fringe in the Americas. PLOS One. 
2019;14:e0219249.

 88. Okuneye K, Eikenberry SE, Gumel AB. Weather-driven malaria trans-
mission model with gonotrophic and sporogonic cycles. J Biol Dyn. 
2019;13(sup1):288–324.

 89. Bomblies A, Duchemin JB, Eltahir EA. Hydrology of malaria: Model devel-
opment and application to a Sahelianvillage. Water Resour Res. 2008;44.

 90. Andersen O. A malaria epidemic in Denmark. The Great Mortalities: Meth-
odological Studies of Demographic Crises in the Past; 1982. p. 33–49.

 91. Manniche JC. En dansk malariaepidemi? Dansk Medicinhistorisk Årbog. 
1997;p. 171–205.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.17197/U19012
https://doi.org/10.17197/U19012
http://www.socialstyrelsen.se/utveckla-verksamhet/e-halsa/klassificering-och-koder/icd-10/historiska-klassifikationer
http://www.socialstyrelsen.se/utveckla-verksamhet/e-halsa/klassificering-och-koder/icd-10/historiska-klassifikationer
https://ep.liu.se/databases/medhist/
https://ep.liu.se/databases/medhist/
https://ep.liu.se/databases/medhist/
https://ep.liu.se/databases/medhist/
http://www.smhi.se/data
http://www.smhi.se/data
http://www.safe.com
http://www.qgis.org

	The spatiotemporal distribution of historical malaria cases in Sweden: a climatic perspective
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	State-of-the-art
	Methods
	Data assembly
	The frossa diagnosis
	Historical meteorological data
	Georeferencing the data
	Mapping of annual malaria-attributed deaths
	Correlation analysis
	Superposed Epoch Analysis

	Results
	Climatic drivers
	Effect of anomalously warm temperatures
	Spatial variations of severe malaria epidemics

	Discussion
	Comparison of different datasets
	Missing data
	Malaria dynamics and summer temperatures
	Malaria dynamics and hydrological variability
	Comparison with previous studies

	Conclusions
	Acknowledgements
	References




