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Abstract

Background Malaria occurred endemically in Germany until the twentieth century. Climate change and globaliza-
tion are known to promote the spreading of malaria. Erlangen is a city with just under 120,000 inhabitants located

in the Nirnberg metropolitan region, Federal State of Bavaria, Southern Germany. Historical findings, current climate
data, microbiological data (local and state level) and vector surveillance data are used to estimate the risk of re-emer-
gence and autochthonous transmission of malaria in the area of Erlangen.

Methods Historical data was obtained by searching literature. Climatic data were retrieved from the German Climate
Data Centre. Data on reported (supra-)regional infections were obtained from the Robert-Koch Institute. Cases

of malaria diagnosed at the Institute of Clinical Microbiology, Immunology and Hygiene (University Hospital Erlangen)
complement this data. The citizen science project “Miickenatlas” (Mosquito Atlas), the German mosquito database
(CULBASE) and the company Biogents AG provided mosquito surveillance data.

Results Malaria was highly endemic in Erlangen in the nineteenth century, with 18% of hospitalized patients suffering
from this disease in 1860, but disappeared during the first half of the twentieth century. After the end of World War |,
autochthonous ‘malaria tertiana’ (tertian malaria) occurred in neighbouring Nirnberg, demonstrating the regional malaria
potential. In recent decades, the average monthly temperature increased by 1.6 °C. In Erlangen and the surrounding

area, three potential vectors of tertian malaria parasites are prevalent (Anopheles messeae, Anopheles maculipennis sensu
stricto, and Anopheles plumbeus). In addition, Anopheles daciae, which has unknown potential of Plasmodium transmis-
sion, and Anopheles claviger sensu lato have been detected. In recent years, malaria diagnosed in Erlangen mainly resulted
from travelling to Africa. Plasmodium vivax accounted for only a small proportion of these cases (2010-2023: n=5, 17%).

Conclusion Future autochthonous transmission of malaria parasites in Erlangen is possible, although re-establish-
ment of a natural transmission cycle is currently unlikely. In order to avoid unexpected autochthonous malaria, surveil-
lance and prevention measures should be considered. Patients with fever after visiting endemic areas need to be
analysed for Plasmodium infection.
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Background

Malaria is one of the worldwide most important infec-
tious diseases. In 2022, it was endemic in 85 countries
and caused around 249 million infections and 608,000
deaths. The majority of infections (94%) originates from
Africa [1]. Malaria is caused by protozoa of the genus
Plasmodium, which are transmitted by mosquitoes of the
genus Anopheles. Transmission is also possible by medi-
cal procedures [2—4] and by intravenous drug abuse [5].
Human pathogenic parasite species are Plasmodium
falciparum, Plasmodium vivax, Plasmodium ovale, and
Plasmodium malariae, but humans can also be infected
by some primate malaria parasites, including Plasmo-
dium knowlesi [6]. Remarkably, the share of P vivax, the
prevailing cause of ‘malaria tertiana’ (tertian malaria),
amongst all malaria infections has diminished signifi-
cantly since 2000 (2000: 20.5 million, 8%; 2022: 6.9 mil-
lion, 3%) [1]. Tertian malaria is characterized by a fever
cycle of 48 h and is usually benign. However, both P
vivax and P. ovale infections, although self-limiting, may
cause later relapses due to the persistence of hypnozoites
in hepatocytes, if not treated properly [6].

Malaria in Germany and other non-endemic countries

For a long time, malaria, especially tertian malaria, was
highly endemic in Europe [7-9] and in Germany [10-12].
Around 1850, malaria incidence rose in many places in
Germany, but afterwards steadily decreased until the
end of the nineteenth century [13]. Causative factors for
the decline and disappearance of autochthonous malaria
include the consistent treatment of parasite carriers
with quinine [11], the drainage of wetlands [12] as well
as changing living conditions, in particular the separa-
tion of living rooms and stables [13—15]. Increasing host
immunocompetence due to improved nutrition of the
population [15] or genetic alterations leading to reduced
virulence of the parasite [10] could also have contributed
to the decline of malaria in Germany. Although local and
temporary outbreaks of malaria were reported in Ger-
many after World War I and II [15, 16], a long-term re-
establishment of malaria was not observed. Since tertian
malaria did not only occur in Germany, but also in Scan-
dinavia and Russian Karelia during the nineteenth and
twentieth century [17, 18], it is historically not a tropical
disease. It can also be assumed that the typical clinical
presentation of tertian fever was well known to medical
doctors in Germany.

Although malaria is currently no longer endemic in
Germany [19], Plasmodium parasites can be imported
in various ways. Non-autochthonous cases of malaria in
non-endemic countries are mostly due to infected travel-
ers or immigrants [20]; rarely, they result from the pas-
sive transfer of Anopheles infected with Plasmodium
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species (spp.) via aircrafts (airport malaria) or baggage
[21, 22]. If an index case becomes the starting point for
transmission of Plasmodium spp. by a local vector to a
second person, criteria of autochthonous malaria are
met. Since eradication, several clusters of autochthonous
tertian malaria have occurred both in Europe [23-26]
and in the USA [27] without any long-term epidemic fol-
lowing to date. However, infected Anopheles populations
have been found in close proximity to malaria cases in

the USA [28].

Climate change

As Anopheles spp. are ectothermic organisms, their
evolution and prevalence as well as the development of
ingested Plasmodium spp. are driven by the ambient tem-
perature [29]. The average monthly temperature needed
for the extrinsic development of P. vivax is around 16 °C
(range 14.5-17.5 °C) [29-31]. The optimum temperature
for both sporozoite maturation and Anopheles develop-
ment, which initially accelerates with rising temperature,
is between 24 and 30 °C, whereas above 30 °C the sur-
vival and development of Anopheles is restricted [31].
Thus, increased rates of resurgence and spread of tertian
malaria can be expected in the context of global warming
[32].

Methods

Setting

Erlangen is a city in the German Federal State of Bavaria
(population size as of December 31, 2023 was 117,806)
[33], which belongs to the Niirnberg metropolitan region
within the administrative district of Middle Franconia
(49°35" 32" N, 11° 0’ 34" E) [34].

Literature search

For this work, mainly primary source and research lit-
erature was consulted. Some documents were examined
from the holdings of the Erlangen City Archives, but no
material relating to malaria was found (archive records
examined: 6.A.121, 6.A.122, F1247/10, F147/11, F147/12,
F147/13, 9.A.192 and 9.A.1214). In addition, all issues of
the daily newspaper “Erlanger Tagblatt” from the year
1899 were assessed [35]. The “Erlanger Tagblatt” con-
tained monthly overviews of infectious diseases reported
by the Erlangen district office and the city of Erlangen at
irregular intervals. These overviews also listed the term
“Wechselfieber” (intermittent fever), which was used
synonymously for malaria.

Erlangen malaria districts

Mayr divided the city of Erlangen 1889 into several dis-
tricts with regard to the historical occurrence of malaria
based on the elevation and the location within the city: L.
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District: one metre and more above the level of the train
station; I1. District: even to or up to one metre above the
level of the train station; III. District: even to or up to one
metre below the level of the train station; IV. District:
one to five metres below the level of the train station;
V. District: variable elevation, city district “Essenbach”;
VI. District: up to 20 m below the level of the train sta-
tion, city district “Werke” [36]. The given elevations were
compared to current data (Google Earth V 10.43.0.2,
2023. Erlangen, Germany. https://earth.google.com/
web/, accessed 2023.12.15) and transferred to a historical
map of the year 1890 [37]. The map was digitized by the
Bavarian State Library (https://mdz-nbn-resolving.de/
urn:nbn:de:bvb:12-bsb00105102-0, accessed 2023.12.15)
and edited within the scope of the terms of use (CC BY-
NC-SA 4.0 DEED, https://creativecommons.org/licenses/
by-nc-sa/4.0/, accessed 2023.12.15).

Climate data

Climate data used correspond to the monthly aver-
age air temperature (°C) at an altitude of 2 m (station
1279—Mohrendorf-Kleinseebach, data set ID: urn:x-
wmo:md:de.dwd.cdc:: OBS_DEU_P1M_T2M). The data
was retrieved from the online portal of the German Cli-
mate Data Centre (Deutscher Wetterdienst, Offenbach,
Deutschland, CDC-v2.1.b22.09) [38].

Mosquito surveillance

In order to obtain an overview of the non-native mos-
quito species occurring in Bavaria, in particular the
“Asian tiger mosquito” (Aedes albopictus), the Bavarian
Mosquito Monitoring Scheme was initiated in 2022 by
the Bavarian State Ministry of Health and the Bavarian
State Ministry of the Environment and Consumer Pro-
tection (carried out by the Bavarian Health and Food
Safety Authority [LGL]). The LGL is not aware of Anoph-
eles findings in the city of Erlangen, as Erlangen was not
specifically monitored and no submissions were received
from the population of Erlangen up to now (March 18,
2024, personal communication, S. Bohm, LGL). In addi-
tion to the Bavarian investigations, a nationwide citizen
science project, the so-called “Miickenatlas” (Mosquito
Atlas), was initiated in the year 2012 (https://mueck
enatlas.com/, accessed 2024.10.02) [39]. Citizen submis-
sions, trap collections and targeted sampling studies feed
the German mosquito database (CULBASE) at Leib-
niz Centre for Agricultural Landscape Research (ZALF,
Muencheberg, Germany). The mosquitoes listed in the
CULBASE database were identified morphologically at
ZALF and molecularly at the Friedrich-Loeffler-Institute
(Greifswald—Insel Riems, Germany). A database query
for the years 2011 to 2023 was carried out targeting vec-
tor-competent Anopheles spp. For this purpose, a radius
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of 2 km around the area of the Erlangen city district was
defined. The municipalities concerned were included in
the evaluation (the furthest extent of the included munic-
ipal areas results in a minimum distance of the outer
boundary to the border of the Erlangen city district of
around 4 km). The selected study area was determined by
the assumed flight range of the vectors expected in this
region (e.g., Anopheles maculipennis complex) [40, 41]. In
addition, data from the mosquito surveillance commis-
sioned by the neighbouring city of Fiirth, carried out by
Biogents AG (Regensburg, Germany), was analysed for
the years 2021 to 2023. These data were obtained as part
of a standardized investigation in the “Stidstadt” district
(zip code 90763; distance of the nearest traps to the bor-
der of Erlangen city district approx. 8.2 km). For this pur-
pose, attractant traps (BG-Pro, Biogents AG) equipped
with a CO, source were set up from April to November,
approximately every 2 weeks for 24 h each. The captured
mosquitoes were morphologically differentiated on spe-
cies level.

The zip code areas (Fig. 1; KML files retrieved on Feb
16, 2024, from https://www.suche-postleitzahl.org/, data
as of July 15, 2023) are based on freely available datasets
(©OpenStreetMap contributors, https://www.openstreet
map.org/copyright/en, retrieved Feb. 20, 2024). The files
were imported into Google My Maps and then displayed
in Google Earth Pro (version 7.3.6.9750; map data ©2024:
Google, GeoBasis-DE/BKG [©2009], Airbus).

Government surveillance data

Until July 2023, the diagnosis of malaria in Germany was
reported without mentioning the patients’ names to the
Robert-Koch Institute (RKI), the central federal insti-
tution for disease prevention and control in Germany,
in accordance with §7.3 of the Infection Protection Act
(Infektionsschutzgesetz, IfSG). Since then, the respon-
sible health authority had to be notified about cases of
malaria along with the patients’ names in accordance
with §7.1 IfSG. The nameless notifications (from 2001 to
7/2023) and the named reports (since 8/2023) on malaria
patients with main residence in Bavaria were retrieved
using the RKI online tool SurvStat@RKI 2.0 (SurvStat@
RKI 2.0, https://survstat.rki.de, query date: 2024.03.18).
An RKI overview of the malaria cases reported nation-
wide in 2022 allowed a comparison with microbiological
and anamnestic data of Plasmodium infections diagnosed
in Erlangen [42].

Microbiological data

The results of all parasitological tests for malaria carried
out at the Institute for Clinical Microbiology, Immunol-
ogy and Hygiene of the University Hospital Erlangen,
a maximum-care hospital with over 1,400 beds, were
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Fig. 1 Zip code areas assessed regarding the occurrence of Anopheles species. Blue, city districts of Erlangen; red, zip code areas less than 2 km
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obtained for the years 2010 to 2023 using the Microsoft®
Excel®-based statistics module of the laboratory informa-
tion software SWISSLAB (NEXUS SWISSLAB GmbH,
Berlin, Germany, Version 2.22.7.000016). Each patient
was counted only once. The parasitological diagnosis
of malaria was based on Giemsa-stained thin and thick
peripheral blood films and on immunochromatographic
tests.

Statistical analysis

Statistical analyses were performed as a two-tailed Fisher
exact test using SPSS, V29.0.1.0 (IBM, Armonk, USA).
Average values were calculated using Microsoft® Excel®
2016 MSO (16.0.5422.1000, Microsoft Corporation, Red-
mond, USA).

Results

Malaria in Erlangen—historical perspective

The majority of the malaria cases for the city of Erlangen
were reported 1889 by Mayr in his dissertation “Malaria
in Erlangen over the past 30 years” [36]. Data are partly
based on earlier studies by Penzoldt from 1883 [43].
From 1858 to 1860, the incidence of malaria increased
with an annual maximum registered in 1860 (n=243,
18.7% of hospitalized patients). Although malaria cases

were observed every year thereafter, they accounted for
a significantly lower proportion of hospitalized patients
(Table 1, Fig. 2).

Of the six malaria districts of Erlangen, two were par-
ticularly affected (Table 2). These were the northern dis-
tricts “Essenbach” (district V) and the so-called “Werke”
(district VI), which were significantly below the altitude
of the rest of the city (see Fig. 3 for an illustration of the
districts). After 1887, only sporadic cases of malaria were
reported in individual, disconnected years [44]. In 1899,
the “Erlanger Tagblatt” reported malaria cases for the dis-
trict of Erlangen comparable to the numbers in the 1880s
reported by Mayr (Table 1). In neighbouring Niirnberg,
the dynamic of malaria cases in the 19th and early twen-
tieth century was comparable to the situation in Erlan-
gen (Table 3). After the Second World War, however,
especially in 1946 and 1947, a number of autochthonous
tertian malaria cases occurred in Niirnberg, which were
analysed aetiologically in a dissertation from 1949. An
autochthonous nature of the infections were very likely,
as the patients had not stayed in classical risk areas [45].

Malaria in Erlangen—present situation
At the Institute for Clinical Microbiology, Immunol-
ogy and Hygiene of the University Hospital Erlangen, a


https://www.openstreetmap.org/copyright/en

Esse et al. Malaria Journal (2025) 24:60

Table 1 Malaria case numbers in Erlangen, 1858-1903*

Year Patients diagnosed with malaria Share of
diagnoses
(%)
1858 88 10.8
1859 183 104
1860 243 18.7
1861 53 4.2
1862 38 29
1863 38 55
1864 33 2.5
1865 47 34
1866 21 24
1867 13 1.0
1868 Il 0.7
1869 26 2.8
1870 22 22
1871 17 25
1872 8 0.8
1873 17 15
1874 10 1.3
1875 2 03
1876 7 0.6
1877 13 12
1878 53 4.1
1879 35 26
1880 10 08
1881 38 24
1882 41 26
1883 28 1.7
1884 27 1.7
1885 35 1.8
1886 44 2.2
1887 52 24
n/d n/d n/d
1898 7 n/a
1899 18 1.
1900 2 n/a
n/d n/d n/d
1903 6 n/a

" 1858 to 1887: malaria cases treated as in-patients according to Mayr 1889 [36];
1898, 1900 and 1903: without further specification according to Schuberg 1927
[44]; 1899: cases treated as out-patients according to information in the Erlanger
Tagblatt [35]; n/d, no data available; n/a, not applicable as reference values are
missing

total of 223 peripheral blood tests for suspected malaria
were carried out from 2010 to 2023 with an increasing
trend (2010 n=3, 2023 n=42; Fig. 4). 29 of the tested
samples were positive (13%). Plasmodium falciparum
was detected most frequently (n=21, 72.4%), followed
by P. vivax (n=5, 17.2%) and P. malariae (n=3, 10.3%)
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(Fig. 5). All malaria cases, for which information about
the presumed country of infection was available (infor-
mation available n=17, 58.6%; no information avail-
able n=12, 41.4%), had been acquired in Africa. Nigeria
(n=8, 47.1%) and Cameroon (n=4, 23.5%) were most
frequently reported as the country of infection. In eleven
cases, information was provided on malaria chemopro-
phylaxis, which was not taken at all in ten cases and inap-
propriately in one case.

Anopheles vectors in Erlangen—historical perspective

In 1922, Eckstein reported findings of An. maculipennis
complex mosquitoes and Anopheles bifurcatus (currently
known as Anopheles claviger) in moderate numbers in
Erlangen [46].

Anopheles vectors in Erlangen—present situation

In the course of two recent investigations, carried out
by the Niirnberg Association of Entomologists (Niirn-
berger Entomologen), no Anopheles spp. were detected
in biotopes within the city of Erlangen (2012 and 2013:
“Brucker Lache” in the south, 2015: “Eisgrube” in the
north) [47, 48]. By contrast, in the nearby metropolis of
Nirnberg, Anopheles plumbeus was detected on the terri-
tory of the zoo in 1989 [49] and an Anopheles sample not
further specified nearby the Imperial Castle in 2010/11
[50]. Anopheles claviger sensu lato (s.l.) and An. plumbeus
were detected in the framework of mosquito surveillance
in the district “Studstadt” of the nearby city of Fiirth (zip
code 90763) over the years 2021-2023 (Table 4). The
query of the CULBASE database for the years 2011-2023
revealed the occurrence of An. plumbeus, An. maculipen-
nis sensu stricto (s.s.), Anopheles messeae, An. claviger
s.l. and Anopheles daciae within the city and in the sur-
roundings of Erlangen (Table 4). The distribution of the
species within the assessed zip code areas is shown in
Fig. 6.

Climate change—temperature in Erlangen

Complete temperature data for the Erlangen area is avail-
able for the years 1920-1930, 1947-1949 and 1951-2023
[38]. Accordingly, the following 20-year comparison peri-
ods can be defined: 1960-1979, 1980-1999 and 2000-—
2019. Between 1960-1979 and 2000-2019, the average
monthly temperature rose by 1.6 °C (min.+0.7 °C Feb-
ruary, max.+ 2.4 °C August; Table 5). An increase in the
average annual number of months with an average tem-
perature above 16 °C was also observed (1960-1979: 2.3,
2000-2019: 3.1). The number of years with three or more
months with an average temperature above 16 °C per
20-year comparison period increased significantly (1960—
1979: n=9, 2000-2019: n=19; p <0.001; 1960-1979 min.
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Fig. 2 Malaria case numbers in Erlangen, 1858 to 1887. Data according to Mayr [36]

Table 2 Malaria case numbers in various districts of the city of
Erlangen, 1866-1883*

District Overall Inpatient cases Share of
disease diagnosed with inpatient
cases malaria diagnoses (%)

I 5,658 61 1.0

Il 7,500 108 14

Il 3,576 58 16

\Y 3,600 63 1.8

V 966 41 4.2

\ 318 41 129

Total 21,618 372 1.7

" Adapted from Penzoldt 1883, who described the cases of malaria as
“intermittent illnesses” (“Intermittenserkrankungen”) [43]. The total number of
cases was recorded for three years and then extrapolated to the 18-year period
from 1866 to 1883. For a detailed description of the given districts, see Methods
section and Mayr (1889) [36]. The geographical distribution of the districts is
shown in Fig. 3

1 month/year to max. 3 months/year, 2000-2019 min.
2 months/year to max. 4 months/year).

Discussion

As in many parts of Germany, malaria used to occur
endemically in Erlangen, a Bavarian city in the Niirn-
berg metropolitan area, until the end of the nineteenth
century and afterwards disappeared. Recently, cases of
autochthonous P. vivax infections were reported from

southern European countries [23-26]. Therefore, the
possibility of a re-emergence of autochthonous Plasmo-
dium transmission is discussed for the city of Erlangen in
Southern Germany, considering the local Anopheles pop-
ulations, climate change and globalization.

Perspectives on the change of malaria incidence
in Erlangen
In 1874, Dorsch, who worked as a public health officer
in Erlangen, postulated that malaria had become estab-
lished in Erlangen at the end of the 1820s. The increase
of malaria cases in the Western parts of the city until
the 1850s was considered partly due to the construction
of the Ludwig-Danube-Main-Canal (connecting the riv-
ers Main and Danube in the North and South of Bavaria,
respectively) between 1836 and 1846 and the subsequent
construction of the railroad line running between the
canal and the city border. These construction measures
hindered the out-flow of urban wastewater, and the sur-
rounding meadows became marshy [51]. Compared to
today’s cityscape, it is noticeable that the Ludwig-Dan-
ube-Main-Canal at that time was located very close to
the southwestern part of the city (Fig. 7), whereas nowa-
days a section of the highway A73 covers the area of the
no longer existing canal. Between the railroad line and
the canal, there was mainly farmland (Fig. 8).

Extensive construction projects, especially close to
waterways suitable for Anopheles development, have
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Fig. 3 Erlangen districts categorized according to malaria case numbers. Green, “District I"; yellow, “District II"; blue, “District IlII"; red, “District IV”;
orange, "District V"; violet, “District VI". Classification of the districts according to Mayr 1889 (see Methods) [36]. The number of cases per district
calculated by Penzoldt 1883 shows an accumulation of malaria cases in districts V and VI (see Table 2) [43]. *Approximate line of sight of Fig. 7;
Papproximate line of sight of Fig. 8; “approximate line of sight of Fig. 9. Based on Stocklein H. [Map of Erlangen], Erlangen; Niirnberg: Blaesing;

Schmidtner; 1890
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Table 3 Malaria case numbers in Nurnberg, 1849-1953%

Year Patients diagnosed Year Patients

with malaria diagnosed with
malaria

1849 10° 1890 195

1850 359 1891 165

1851 307 1892 109

1852 19% 1893 124

1853 48° 1894 82

1854 61° 1895 69

n/d n/d 1896 60

1859 60° 1897 38

n/d n/d 1898 40

1862 39° 1899 29

1863 240 n/d n/d

1864 24 1909 8

1865 11° n/d n/d

1866 20° 1912 4

1867 390 n/d n/d

1868 29P 1920 2

1869 62° 1921 5

1870 520 n/d n/d

1871 62° 1945 12¢

1872 28° 1946 31¢0r 23¢

1873 38P 1947 16 or 15¢

1874 18° 1948 23

n/d n/d 1949 6

1881 164° 1950 2

1882 229° 1951 1

1883 218 1952 1

1884 216 1953 1

1885 169

1886 127

1887 135

1888 129

1889 156

“3patients treated at the local clinic; ® patients treated at the municipal hospital;
the remaining data refer to the city of Nirnberg in general, without mentioning
a specific place of treatment; n/d, no data available; 1849 to 1921 according to
Schuberg 1927 [44]; © 1946 to 1947 according to Steib 1949 [45]; ¢ 1945 to 1947
according to Hormann 1949 [78]; 1948 to 1953 according to Heber 1990[79]

often been associated with short-term clusters of
malaria [11]. A construction-related increase in person-
nel exchange with the regions of Upper Franconia in
the North of Bavaria, which were considered malaria-
rich due to intensive carp farming [11, 36, 44, 51], and
increasing ground humidity of the surrounding area due
to the clearing of forests [36] could have enhanced this
development. It is not surprising that the low-lying dis-
tricts of Erlangen, some of which are close to floodplains
outside the city, had the highest relative numbers of cases
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(districts V and VI, Fig. 3) [36]. The canal, an artificial
waterway with riparian vegetation and wide areas of stag-
nant water along its banks (Fig. 9), represented a suitable
breeding site for the An. maculipennis complex, whose
historical occurrence in Erlangen has been documented
[46]. In addition to anti-malarials and insecticides, which
caused a decrease in tertian malaria in Germany in gen-
eral, some specific measures may have contributed to the
disappearance of malaria in Erlangen at the end of the
nineteenth century (Table 1). These are the reduction
of breeding sites close to residential areas through, e.g.,
the regulation of inner-city plant nurseries in Erlangen
in 1903 or the draining and restoration of groundwater
wells and moats, as in the nearby town of Forchheim [44].
In neighbouring Niirnberg, a sudden rise of autochtho-
nous tertian malaria cases occurred after World War II
due to several exceptional circumstances, namely the
return of numerous Plasmodium-infected soldiers [52],
the destruction of sanitary and housing infrastructure,
the creation of new mosquito breeding grounds [45]
and the malnutrition and deterioration in medical care
caused by the war [53]. A similar autochthonous trans-
mission cycle has not been reported for post-war Erlan-
gen, presumably, because the urban infrastructure was
not significantly destroyed during World War II [54].

Anopheles species in Germany and in the vicinity of the city
of Erlangen

Mosquitoes of the An. maculipennis complex, especially
An. maculipennis s.s., Anopheles atroparvus and An. mes-
seae, account for the majority of historical Plasmodium
transmissions and autochthonous malaria cases after
World War II in Germany [29, 55]. Anopheles daciae,
which was only recently separated from An. messeae, may
have been responsible for (part of) Plasmodium trans-
missions attributed to An. messeae, although vector com-
petence of An. daciae for Plasmodium transmission has
not yet been demonstrated [56]. Species of the An. macu-
lipennis complex native to Central Europe prefer to bite
(farm) animals, but can also feed on humans [57], espe-
cially in cases of high mosquito population densities and
when living areas and stables are in close proximity [46].
Since these Anopheles spp. still occur in Germany [29,
57-59] and are susceptible to African and Asian P. vivax
strains [29], future autochthonous parasite transmission
is possible, although the Plasmodium strains adapted to
the local Anopheles populations by co-evolution have dis-
appeared during the European malaria eradication cam-
paigns of the first half of the twentieth century [12]. After
a publication from 2016 suggested the occurrence of An.
messeae and An. daciae within the greater Erlangen-
Nirnberg area [56], the distribution of local Anopheles
spp. was evaluated for the first time in the present study.
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Table 4 Anopheles species detected in Erlangen and its surroundings, 2011-2023%

Postal code Location Anopheles species Latitude Longitude Year
91088 Bubenreuth An. claviger s.I? 49.617790 11.005440 2016
91088 Bubenreuth An. daciae® 49.624793 11.016777 2016
91088 Bubenreuth An. maculipennis s.s.? 49.624793 11.016777 2016
91058 Erlangen An. maculipennis s.s.? 49.571375 10.989186 2011
91058 Erlangen An. maculipennis s.s.2 49.571375 10.989186 2017
91056 Erlangen An. maculipennis s.s.? 49.554604 10.956356 2011
91056 Erlangen An. maculipennis s.s.2 49.554604 10.956356 2013
91056 Erlangen An. maculipennis s.s.? 49570373 10.962922 2013
91056 Erlangen An. maculipennis s.s.? 49.594525 10.966355 2012
91056 Erlangen An. plumbeus® 49.600744 10.931640 2018
91052 Erlangen An. daciae® 49.588160 10.997340 2012
91052 Erlangen An. maculipennis s.s.2 49.588160 10.997340 2011
91052 Erlangen An. maculipennis s.s.2 49.588160 10.997340 2011
91052 Erlangen An. maculipennis s.s.2 49.588160 10.997340 20M
91052 Erlangen An. maculipennis s.s.? 49.588160 10.997340 20M
91052 Erlangen An. maculipennis s.s.? 49.588160 10.997340 2012
91052 Erlangen An. maculipennis s.s.? 49.588160 10.997340 2013
91052 Erlangen An. maculipennis s.s.? 49.588160 10.997340 2013
91052 Erlangen An. maculipennis s.s.2 49.588160 10.997340 2014
91052 Erlangen An. maculipennis s.s.2 49.588160 10.997340 2014
91052 Erlangen An. maculipennis s.I? 49.588160 10.997340 2015
91052 Erlangen An. messeae® 49.588160 10.997340 20M
91052 Erlangen An. messeae® 49.588160 10.997340 2012
91052 Erlangen An. messeae® 49.588160 10.997340 2012
91052 Erlangen An. messeae® 49.588160 10.997340 2013
91052 Erlangen An. messeae® 49.588160 10.997340 2017
90765 Farth An. claviger s.1? 49495502 10.983886 2019
90765 Farth An. claviger 5. 49495502 10.983886 2019
90765 Furth An. maculipennis s.s.? 49486491 10.991604 2011
90765 Furth An. maculipennis s.s.? 49486491 10.991604 2012
90765 Furth An. maculipennis s.s.? 49.486491 10.991604 2013
90765 Furth An. maculipennis s.s.? 49.486491 10.991604 2013
90765 Furth An. maculipennis s.s.? 49.486491 10.991604 2014
90765 Farth An. maculipennis s.s.? 49.486491 10.991604 2015
90765 Farth An. messeae® 49.486491 10.991604 20M
90765 Farth An. messeae® 49.486491 10.991604 2012
90765 Frth An. messeae® 49486491 10.991604 2013
90765 Frth An. messeae® 49486491 10.991604 2017
90763 Furth An. claviger s.I° 49452334 10.998046 2021
90763 Farth An. claviger s.I° 49452334 10.998046 2021
90763 Farth An. claviger s.° 49458238 11.005101 2021
90763 Farth An. plumbeus® 4945188 10.994084 2023
90763 Furth An. plumbeus® 49452334 10.998046 2023
90763 Furth An. plumbeus® 49452334 10.998046 2023
90763 Farth An. plumbeus® 49457038 11.000358 2023
90763 Furth An. plumbeus® 49455297 10.999826 2021
90763 Farth An. plumbeus® 49458238 11.005101 2021
90480 Nurnberg An. plumbeus® n/d n/d 1989 [49]
90427 Nurnberg An. maculipennis s.s.? 49.531227 11.010851 2012
90427 Nurnberg An. maculipennis s.s.? 49531227 11.010851 2015
90427 Nurnberg An. messeae® 49.531227 11.010851 2013

90403 Nurnberg An. species® n/d n/d 2011 [50]
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* Data sorted by postal code. 2German mosquito database at ZALF (CULBASE); ®Biogents AG; “Kreis Niirnberger Entomologen e.V.; An., Anopheles; s.s., sensu strico; s.1.,

sensu lato; n/d, no data
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Fig. 6 Schematic overview of areas with evidence for the presence of Anopheles species in/around Erlangen. Overview of the study area see Fig. 1.
For a detailed list of the Anopheles species detected, see Table 4. Yellow, zip code area with detection of Anopheles species; black, zip code area
without detection of Anopheles species; An., Anopheles; s.s., sensu stricto; s.., sensu lato

Table 5 Monthly average temperature in the Erlangen area per
20-year comparison period*

Monthly average 1960-1979 1980-1999 2000-2019
temperature (°C)

January -0.7 0.2 09
February 0.9 0.8 16
March 39 48 5.2
April 82 84 10.1
May 12.7 134 14.5
June 16.2 16.0 18.1
July 174 184 19.6
August 16.6 18.0 19.0
September 13.5 14.0 14.4
October 8.8 9.2 9.9
November 4.2 39 53
December 0.3 1.5 19

“The climatic data correspond to the monthly average air temperature (°C) at
a height of 2 m (weather station 1279—M®ohrendorf-Kleinseebach, dataset ID:
urn:x-wmo:md:de.dwd.cdc:OBS_DEU_P1M_T2M) [38]

Mainly taxa of the An. maculipennis complex (An. macu-
lipennis s.s., An. messeae and An. daciae) were detected
by random citizen submissions to the “Miickenatlas”
(Mosquito Atlas) project and during targeted field inves-
tigations, which confirms Eckstein’s historical data [46].
In addition, the results of mosquito surveillance in the
neighbouring city of Fiirth revealed the occurrence of
An. plumbeus, while An. claviger s.l. was found in the
surroundings of Erlangen as well as in the city of Fiirth,
confirming the historical findings of An. bifurcatus [46]
(Table 4, Fig. 6). Without further species differentiation,
vector competence of An. claviger s.I. remains unclear
as Anopheles petragnani, which was recently discovered
to occur in Germany as well [60], is not able to transmit
Plasmodium spp. as opposed to An. claviger s.s. [61]. Of
the Anopheles spp. found, An. maculipennis s.s., An. mes-
seae and An. plumbeus are considered potential vectors
of Plasmodium spp. [57, 62].
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Malaria in the context of climate change and globalization
Since the development of both Anopheles and Plasmo-
dium is temperature-dependent, climatic changes can
influence malaria epidemiology. Models for the federal
state of Lower Saxony [32], for the Southwest [30] or
for all of Germany [63] have shown that the number of
months with possible malaria parasite transmission could
increase from 2 to up to 6 months per year in 2100 [32]
as the temperature rises. The annual increase of months
with an average temperature above 16 °C also applies
to the Erlangen area. According to Becker [30], the
observed rise in temperature could support the growth
and spread of the An. messeae population in the city of
Erlangen. Although climate change alone is unlikely to
cause re-establishment of autochthonous malaria [31,
64], the climatic conditions may facilitate an increase in
autochthonous malaria cases due to larger vector popula-
tions and faster sporozoite maturation [65].

Sequence analyses of autochthonously transmit-
ted P vivax strains in Spain showed that human immi-
gration from malaria-endemic countries can lead to

p X - 7 ot 2 \ . : A2y -_— - e o
Fig. 7 View from the Neustadter church-tower on the Southwestern suburb of Erlangen. Photographer Georg DaBler, 1891. Stadtarchiv Erlangen
VI.Zb.6

autochthonous transmission [66]. Immigration from
Pakistan [67] and Eritrea [68, 69] led to a temporary
increase in reported P. vivax infections in Germany. All
of these were rated as imported and none as autoch-
thonous infections. The temporary increase of P vivax-
infected immigrants was attributed to the exodus routes,
traversing regions with risk of Plasmodium infection,
whilst relapses of tertian malaria may be triggered by
an increased incidence of bacterial infections due to
deteriorating living conditions in the country of origin
[69]. An increase of P. vivax infections was also noted in
Bavaria (Fig. 10) and the University Hospital Erlangen
in 2014 (Fig. 5). At least one of the P vivax infections
diagnosed in Erlangen was presumably acquired during
the exodus from Eritrea to Germany via the Mediterra-
nean Sea. As patients with relapsed tertian malaria can
form a reservoir for autochthonous transmission, pri-
maquine treatment of the hypnozoites is necessary, even
if the infected person did not develop severe symptoms
[70]. In the context of globalization, not only immigra-
tion may lead to the introduction of Plasmodium spp.



Esse et al. Malaria Journal (2025) 24:60

Page 13 of 17

ey

Fig. 8 View from the Neustadter church-tower to the West. River Regnitz (left), the Ludwig-Danube-Main Canal (center) and, in the background,
the Wohrmiihle. Photographer Georg DaRler, 1891. Stadtarchiv Erlangen VI.Z.b.7

to countries currently free of autochthonous malaria
transmission, but also increased travelling activities,
i.e. due to work, vacation or visiting family and friends.
Introduction may occur due to infected travelers or due
to passive transfer of infected Anopheles spp., i.e. as air-
port or baggage malaria [21, 22]. With respect to the
malaria cases recently diagnosed in Erlangen, the anam-
nestic data (infection mostly acquired in West Africa,
no or insufficient chemoprophylaxis) and the prevailing
parasite species (mainly P falciparum) are in line with
the overall epidemiology in Germany [42]. The observed
lack of sufficient chemoprophylaxis in Plasmodium-
infected travelers returning from malaria-endemic areas
may indicate low compliance or insufficient information
on appropriate preventive measures, such as the use of
insect repellents and bed nets against mosquito bites and
the prescription and reliable intake of chemoprophylactic
drugs. Therefore, a risk assessment prior to departure, i.e.
by a general practitioner or an expert in travel medicine,
is essential to prevent introduction of Plasmodium spp.
by travellers [71].

Limitations

The present work has some limitations. When analys-
ing medical-historical sources, the retrospective diagno-
ses such as malaria must be viewed critically [72]. As no
clinical specimens are available, the historical descrip-
tions can only be checked for their plausibility. At least
up to the year 1880, Mayr [36] only used data based on
clinical diagnoses, as neither the etiology of malaria was
known nor had Anopheles mosquitoes been identified as
the vectors of the parasite at that time [73]. Typhoid dis-
eases in particular could have been mistaken for malaria
if the course of fever was atypical. Such an error was,
for example, reported in the North Rhine-Westphalian
town of Arnsberg in 1903 [44]. Therefore, the possibil-
ity that other diseases accounted for some of the malaria
cases in Erlangen cannot be ruled out. However, since
malaria used to be a relatively common disease, a good
clinical diagnostic quality can be assumed. Therapeutic
success through the administration of quinine may also
have helped the treating physicians in diagnosing malaria
ex juvantibus. Mayr explicitly focused on in-patients, as
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Fig. 9 Ludwig-Danube-Main-Canal. View from South to North with the cemetery church at the so-called Martinsbihl. Photographer Leonhard
Bergmann, ca. 1910. Stadtarchiv Erlangen VI.R.b.153
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the quality of diagnosis was assumed to be most reliable
with those [36]. The monthly infectious disease data from
the “Erlanger Tagblatt” can supplement this data with
reports from the out-patient sector, i.e. the entire district
of Erlangen. The exemplary evaluation of the year 1899
shows that the number of malaria cases reported there
(in relation to the total number of reported illnesses)
was comparable to the number of cases treated in hospi-
tal in the 1880s (Table 1). In nineteenth century, malaria
was not a notifiable pathogen in Germany and, unfortu-
nately, there are no case reports available from the local
health authorities (Erlangen City Archive 9.A.1241) [74].
Finally, as shown in Fig. 6, Anopheles spp. were especially
detected in urban areas. This might reflect a selection
bias due to higher frequencies of mosquito submissions
to the “Miickenatlas” (Mosquito Atlas) by submitters
with an urban residence or due to the locations chosen
for targeted field studies. It is likely that Anopheles spp.
are also present in rural municipalities around the city of
Erlangen, possibly reaching the city area [40].

Conclusion

Malaria occurred endemically in Erlangen in the past
and represented—probably due to major construction
projects at the beginning of the nineteenth century—a
considerable of in-patient diagnoses around 1850, but
disappeared at the beginning of the twentieth century.
The annual number of months with an average temper-
ature above 16 °C, which enables the extrinsic develop-
ment of P. vivax, has risen continuously in the Erlangen
area in recent decades. With An. messeae, An. maculi-
pennis s.s. and An. plumbeus, three potential vectors of
tertian malaria parasites have been detected, whereas
the role of An. daciae in Plasmodium transmission still
remains unclear. Findings of An. claviger s.l. require
further differentiation on species level to make a state-
ment about vector competence. Autochthonous tertian
malaria cases in neighbouring Niirnberg after World War
IT show that the re-emergence of malaria around Erlan-
gen is principally possible under extreme conditions.
However, as long as the excellent sanitary and medical
conditions are maintained and the number of malaria
patients remains low, a re-establishment of autochtho-
nous malaria in Erlangen is unlikely. The situation in
Erlangen is comparable to the assumptions for Germany
in general [12]. In order to avoid an unexpected increase
of malaria cases, surveillance measures are necessary [75]
and environmental changes, e.g., renaturation measures,
need to take into account unwanted effects on the expan-
sion of mosquito populations [76]. General practitioners
must provide sufficient medical information for patients
who plan to travel to countries with known risks of Plas-
modium infection and always need to consider malaria in
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patients with fever after return from endemic areas [77].
The Bavarian mosquito surveillance carried out by the
federal authorities, the “Miickenatlas” (Mosquito Atlas)
as a nationwide citizen science project and private-sec-
tor measures offer various possibilities for multi-layered
mosquito monitoring. Based on the potential Plasmo-
dium vectors found so far, a standardized assessment of
the mosquito species occurring in the metropolitan area
of Erlangen-Niirnberg could be useful in order to obtain
baseline data for the identification of future changes of
Anopheles populations and for an improved assessment
of the risk of (re-) emerging infectious diseases like ter-
tian malaria.
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