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Climate change is the greatest challenge facing humanity, 
threatening our livelihoods and our secure future. The im-
pact of anthropogenic environmental change on human 
health and well-being is increasing. Public health systems 
worldwide need to address this significant and complex 
burden by strengthening both their capacity to act and their 
resilience.

As highlighted in the Roadmap of the International As-
sociation of National Public Health Institutes (IANPHI) 
and supported by the G7 health ministers in a communiqué, 
national public health institutes have a key role to play in 
climate change mitigation and adaptation [1, 2]. Nutrition 
and mobility are particularly relevant in this context, as 
health-promoting behaviour in these fields simultaneous-
ly aids climate protection, as does the transformation to 
sustainable and resilient (public) health systems. Within 
the framework of the German Strategy for Adaptation to 
Climate Change (DAS), health is an important topic when 
considering effective and sustainable measures for dealing 
with the climate crisis. Climate change affects many other 
fields that intersect with health, such as water management, 
construction or urban and regional development. Therefore, 
health-sensitive climate protection and climate adaptation 
require intersectoral cooperation and the continuous 
exchange between different actors in line with the ideas 
behind One Health and Health in All Policies [3, 4]. 

In this context, the German Status Report on Climate 
Change and Health is an important project that can help 
to address the health challenges of the climate crisis and 

to strengthen the cooperation between different institutions 
and authorities. We, the leaders of public authorities in 
Germany working on public health issues, consider inter-
disciplinary and intersectoral cooperation to be a key pre-
requisite for best addressing the health challenges of cli-
mate change. This implies the need for innovative and 
cooperative collaboration between different sectors, not 
only at the municipal, state and federal level, but also in 
terms of exchange between these levels.

The German Status Report on Climate Change and 
Health 2023 is published in an article series in the Journal 
of Health Monitoring in three issues. 

The first issue begins with an introductory article out-
lining the range of topics covered in the status report, and 
devotes four thematic articles to the influence of climate 
change on infectious diseases (vector- and rodent-borne 
diseases, waterborne infections and intoxications, 
foodborne infections and intoxications) and antimicrobial 
resistance. 

In the second issue, six articles describe the influence 
of climate change on non-communicable diseases caused 
by heat and other extreme weather events such as floods, 
by increased UV radiation, by allergic diseases and by in-
creased air pollution. The impact of climate change on 
mental health is also discussed.  

The findings from these first two issues are incorporat-
ed into the contributions of the final issue. They examine 
health equity with regard to the effects of climate change, 
highlight the importance of target group-specific climate 
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change communication, and make concluding recommen-
dations for action based on those formulated in the other 
articles. 

In addition to the various topic-specific recommenda-
tions, all contributions have one thing in common: they 
point to a continuing need for research. Extended moni-
toring of many of the health effects of climate change is 
also recommended. The cooperation of the authorities and 
research institutions dedicated to these important tasks is 
crucial.  

We hope that this report will be an important step to-
wards even better cooperation between science and deci-
sion-makers in politics and society.
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Climate change and public health in Germany – An introduction 
to the German status report on climate change and health 2023

Abstract
Global warming of 1.5°C and even 2°C is likely to be exceeded during the 21st century. Climate change poses a worldwide 
threat and has direct and indirect effects on infectious diseases, on non-communicable diseases and on mental health. 
Not all people are equally able to protect themselves against the impacts of climate change; particularly populations that 
are vulnerable due to individual factors (children, older persons, those immunocompromised or with pre-existing con-
ditions), social factors (the socially disadvantaged), or living and working conditions (e. g. people who work outdoors) 
are subject to an increased risk. Concepts such as One Health or Planetary Health provide a framework to frame both 
climate change itself and adaptation strategies or sets of actions for environmental human and animal health. Knowledge 
of climate change impacts has grown in recent years, and mitigation and adaptation strategies have been developed.

This is part of a series of articles that constitute the German Status Report on Climate Change and Health 2023 and provides 
background to the technical articles that follow in this and two other Special Issues of the Journal of Health Monitoring.
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1. Preamble to the Status Report on Climate Change 
and Health 2023

Climate change poses one of the greatest threats to many 
people worldwide and has direct and indirect effects on com-
municable and non-communicable diseases. In view of the 
major health challenges, the German Federal Ministry of 
Health (BMG) is funding the project ‘Climate Change and 
Health – Status Report/Update with Advisory Board: Con-
tent, Communication, Working Methods’ (KlimGesundAkt), 
which is coordinated at the Robert Koch Institute (RKI, Ger-

many’s national public health institute) and aims to update 
the 2010 Status Report on Climate Change and Health with 
a focus on Germany [1]. This update differs from the pre-
vious report in two ways:

(1) in the presence of an interdisciplinary and cross-insti-
tutional advisory board, which accompanies the entire plan-
ning and publication process of the updated status report,

(2) in the downstream target group-oriented commu-
nication and condensation of the results in the form of in-
tuitive communication tools, including the formulation of 
recommendations for action.

Journal of Health Monitoring, Special Issue S2/2023

Focus Climate change and public health in Germany – An introduction to the 
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the internal RKI working group ‘Climate Change and 
Health’, which is independent of the project. This group 
brings together the RKI's knowledge of topics such as wa-
terborne infections, heat-related mortality, vector-associ-
ated diseases, climate-related health behaviour, mental 
health surveillance and allergies, which is spread across 
various organisational units.

The status report will be published as a collection of 
 articles in the Journal of Health Monitoring's Climate 
Change and Health series in three journal issues (Table 1). 

The steps of this participatory and transparent process, 
which involved government authorities, university institu-
tions and civil society, are outlined here.

The task of the interdisciplinary and cross-institutional 
advisory board was to deliberate on the report’s structure, 
scope and thematic focus. As a result, less space has been 
devoted to the causes of climate change than in the 2010 
report, whereas other areas such as mental health and so-
cial inequality have been expanded or newly included. The 
coordination process took place in close cooperation with 

Table 1
Overview of all articles in three Special Issues 

in the Journal of Health Monitoring's 
 Climate Change and Health series

Issue Topic

Introduction to the topic of climate change and health

1 Introduction to the Status Report on Climate Change and Health

Impact of climate change on infectious disease...

1 ...by vector- and rodent-associated diseases.

1 ...due to waterborne infections and intoxications

1 ...due to foodborne infections and intoxications

1 ...through antimicrobial resistance

Impact of climate change on non-communicable disease...

2 ...due to temperature changes

2 ...due to extreme weather events

2 ...due to UV radiation

2 ...due to allergen exposure

2 ...due to air pollutants

Impact of climate change on mental health.

2 Impact of climate change on mental health.

Cross-cutting issues related to climate change and health

3 Social determinants of the health impacts of climate change

3 Target group-specific communication

3 Options for action and implications

forwardbackHome
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decision-makers and the public need to know and assess 
increasing risks in order to act based on them.

2. Health, climate and climate change adaptation 
in Germany

The article presented here provides a general overview of 
climate change and health as the basis for the status re-
port, particularly the climatic background and climate 
change-related health risks. Other articles that follow in 
this and two other Special Issues of the Journal of Health 
Monitoring (Table 1) summarise the current evidence in 
the various fields, briefly touched on here, in which climate 
change interacts with wildlife and the environment to af-
fect human health.

In the long term, the health situation in Germany has 
been improving steadily. For example, since the early 1990s, 
life expectancy of people in Germany has increased by 
around four years to 83.4 years for women and by around 
six years to 78.5 years for men [2, 3]. Notwithstanding the 
increase in life expectancy, the effects of global climate 
change are increasingly becoming an important risk factor 
for health. Especially in the last few years, it has become 
apparent how fast climate change is reaching us. 2022 was 
the warmest year on record in Germany, and a pronounced 
spring drought occurred for the fourth year in a row [4]. Cli-
mate change will also make certain disasters more frequent, 
such as the heavy rain event that led to widespread flooding 
in July 2021, especially in Rhineland-Palatinate and North 
Rhine-Westphalia. Extreme events such as these can trigger 
disasters that are not the result of a single event, but must 
be understood as an interplay of different  processes, mod-

Global man-made climate 
change will continue to 
progress and affect human 
health.

This reflects contemporary scientific publication practices 
and provides greater availability of the results to the public 
health community. Primary addressees are the interested 
professional public as well as decision-makers with a remit 
in public health. Since the Journal of Health Monitoring is 
published in German and English, and the English edition 
is archived at PubMed Central and accessible via PubMed 
search, international visibility is also ensured.

Authors with the desired expertise were identified on 
the basis of the topics to be addressed. A dual role for 
members of the advisory board as authors was encouraged. 
Additional scientists were consulted by the authors of the 
individual chapters where their expertise was needed. This 
process resulted in a group of more than 90 authors from 
over 30 research institutions and government agencies 
who are responsible for updating the Status Report on Cli-
mate Change and Health 2023.

Another important component of this project is target-
ed downstream science communication, which processes 
the results and recommendations contained in the indi-
vidual articles through a wide range of tools (videos, fact 
sheets, social media content, digital channels, direct 
exchange formats) for specific target groups with public 
health relevance. This evidence-based communication 
strategy was developed at the RKI in close coordination 
with the advisory board and the Federal Centre for Health 
Education (BZgA). Some communication tools are to be 
tested and further developed in a participatory and itera-
tive process involving target groups such as decision-mak-
ers and relevant stakeholders at the subnational level. 
Health communication is an important public health inter-
vention in the field of climate change and health. Relevant 
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and Planetary Health, as well as the public health core func-
tions, are considered in relation to their utility for public 
health practice to enable health equity in climate change.

Even though climate change has a global dimension 
and ultimately, effective climate protection can only suc-
ceed globally, adaptation measures must be developed and 
implemented primarily at the regional or local level. Cli-
mate protection (mitigation) to prevent the progression of 
climate change is essential, but climate change adaptation 
is also important to enable people to remain healthy de-
spite the changes. This status report focuses primarily on 
climate change adaptation in Germany.

3. Climatic changes
3.1 Climate development

When analysing long-term climate development in Germa-
ny, it becomes clear that climate change is already observ-
able and perceptible. It is clearly due to the anthropogenic 
increase of greenhouse gases in the atmosphere (Info box 2). 
The most important anthropogenic greenhouse gas in this 
context is carbon dioxide (CO2), which caused a change in 
global radiative forcing of 2.16 W/m2 in the period from 
1750 to 2019 (Info box 3). Together with other greenhouse 
gases, such as methane, nitrous oxide, and ozone, this re-
sults in total additional positive radiative forcing of 2.72 
W/m2, which is associated with a global temperature in-
crease of 1.2°C since the start of the 20th century [25]. Since 
area-wide measurements began in 1881, the annual mean 
temperature in Germany has increased by 1.6°C degrees. 
The rate of temperature increase in Germany (as world-
wide) has increased significantly over the past 50 years: 

ified by local conditions. These disasters may have an im-
mediate impact, such as a physical effect on human health. 
However, cascading effects can also result in broader and 
far-reaching indirect health consequences, e. g. through lack 
of accessibility for emergency vehicles or through the de-
velopment of chronic conditions or mental illness [5]. While 
climate change is most noticeable in Germany through a 
change in thermal stress, extreme weather events such as 
droughts, low water, heavy rain, storms, fires, and floods 
occur and can also have a strong impact on human health. 
In addition, there are indirect health effects moderated by 
natural systems, e. g. a pollen season prolonged by warmth 
with associated allergy burden, increased exposure to pol-
lutants, and infections due to reduced hygiene after 
floods [6]. Infectious diseases not currently occurring in 
Germany to a significant extent are also expected to increase.

Climate change affects human health in part by altering 
ecosystems and, as one factor among many, exacerbates 
ongoing biodiversity loss. At the same time, ecosystems 
and their biodiversity play a role in the fluctuation of green-
house gases and are an important lever of climate change 
adaptation [7]. The two crises must therefore be considered 
together in terms of their consequences for human health 
(Info box 1). There is a continuing need for research into 
the links between climate change, biodiversity and health.

So far, the Essential Public Health Functions (EPHFs) 
of the World Health Organization (WHO) [8] do not yet 
adequately reflect environmental changes or their role in 
climate change mitigation and adaptation. This article 
therefore draws on existing concepts of core public health 
functions [9] that link these functions to sustainability as-
pects and climate resilience. Concepts such as One Health 

Biodiversity contributes 
directly and indirectly to 
human health.
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likely to lead to more and more intense weather extremes 
in the coming years. The increase in heatwaves and dry 
spells has a strong impact on health [26].

According to the German coordination office of the In-
tergovernmental Panel on Climate Change (IPCC), global 

since 1881, temperatures increased by an average of 0.12°C 
per decade; for the last 50 years, the warming rate has been 
more than three times as high, at 0.38°C per decade. Since 
the 1960s, each decade has been significantly warmer than 
the previous one. The rise in mean air temperatures is also 

Info box 1 
Importance of biodiversity for human health

Biodiversity provides ecosystem services, direct and indirect 
contributions of ecosystems to human well-being, which are es-
sential for human health. The dramatic loss of biodiversity thus 
poses a threat to human health.

A large number of scientific publications have identified cor-
relations between biodiversity and human health. Research into 
causal relationships has been funded in Germany since August 
2022 with a directive from the Federal Ministry of Education and 
Research [10].

The diversity of the plant spectrum provides us with medicine 
and food, regulates water and climate, and reduces environmen-
tal risks such as air pollution. In addition, there is a connection 
of biodiversity with allergies and immune diseases. For example, 
contact with a microbe-rich environment in childhood, such as 
through agriculture, has been identified as a protective factor 
against allergies [11, 12].

Biodiversity also plays a role in infectious diseases. For exam-
ple, the risk of pandemics may increase due to human destruc-
tion and alteration of ecosystems [13]. Unsustainable consump-
tion, agricultural intensification, and wildlife trade lead to in-
creased contact between humans and wildlife, triggering a vari-
ety of zoonotic diseases. Thus, biodiversity conservation has an 
important preventive role.

Contribution of biodiversity to mental health and human 
well-being
Spending time in nature has a positive effect on human well-be-
ing and mental health; this has been well researched for some 
time. Urban green spaces, gardens, forests, and bodies of water 

provide opportunities for recreation [14], stress reduction [15], 
and social interactions.

However, it has not yet been clearly established whether this 
effect is also stronger the more diverse the nature surrounding 
humans is, since socioeconomic factors, cultural background 
and aesthetic preference of the study participants, but also the 
definition of biodiversity and health of the respective study play 
a role [16–18].

Cultural ecosystem services also make an important contri-
bution to mental health [19]. People value diverse ecosystems 
and some species for their beauty, feel connected to them, and 
identify with a particular environment.

Synergies between climate change adaptation, public health 
strategies, and conservation
Given the complex interrelationships between climate change, 
biodiversity loss, and human health (Figure 1), there are impor-
tant synergies between climate change adaptation, public health 
measures, and nature conservation [20]. Nature-based solutions 
can achieve positive outcomes in terms of both health and ad-
aptation to climate change, so-called co-benefits [21]. One ex-
ample is the expansion of urban green space and urban blue 
infrastructure. This includes roadside trees and street greenery, 
greening of facades and green roofs, and larger green spaces 
(parks, playgrounds) that promote recreation, air pollution con-
trol, and microclimate [22]. To simultaneously serve biodiversity 
conser vation, this greenery should be as diverse as possible. 
Socio  economically disadvantaged people in particular benefit 
from nature-based health interventions in cities [23]. In view of 
increasing urbanisation worldwide – it is predicted that 68% of 
the world's population will already live in cities by 2050 [24] – the 
development of urban, diverse greenery should therefore not be 
underestimated as an important public health measure.

Protecting and restoring 
biodiversity is an important 
public health measure.
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negative radiative forcing and their projected decline by 
mid-century will have an additional warming effect [28].

3.2 Climate models and climate projections

Climate models provide information about the future de-
velopment of the climate. The calculated future projections 
depend, among other factors, on the assumed development 

air temperatures will continue to rise until at least mid-cen-
tury under all emissions scenarios considered. Global 
warming of 1.5°C and even 2°C is likely to be exceeded dur-
ing the 21st century unless drastic reductions in CO2 and 
other greenhouse gas emissions occur in the coming 
years [27]. Many changes in the climate system are ampli-
fied in direct relation to increasing global warming [25]. 
Natural factors and internal variability will modulate hu-
man-induced forcing, especially at regional scales and in 
the near future. It is important to consider these modula-
tions when planning for the full range of potential impacts. 
As global warming continues, projections indicate that si-
multaneous and multiple modifications of climatic impact 
drivers (CIDs) will increasingly occur in nearly all regions. 
Regional climatic impacts are predominantly negative in 
nature, although there are some regions that could benefit 
from climate change. Changes in several CIDs would be 
more widespread at 2°C compared to 1.5°C global warming, 
and even more widespread and/or pronounced at higher 
levels of warming. Effects with low probability of occurrence 
– such as ice sheet collapse, abrupt changes in ocean cir-
culation, some compound extreme events, and warming 
substantially beyond the range assessed as very likely – can-
not be ruled out and are part of the risk assessment [25].

From a natural science perspective, limiting human-in-
duced global warming to a certain level requires limiting 
cumulative CO2 emissions, achieving at least net zero CO2 
emissions, along with strong reductions in other green-
house gas emissions. Strong, rapid, and sustained reduc-
tions in greenhouse gas emissions would also limit the 
warming effect resulting from declining air pollution, since 
aerosols (especially particulate matter) have predominantly 

Info box 2  
Greenhouse effect

The greenhouse effect is a natural process that significantly de-
termines the temperature on Earth. Water vapour and carbon 
dioxide are the two main natural greenhouse gases that cause 
the global mean temperature to be a comfortable 15°C, rather 
than -19°C, as it would be without the presence of the Earth's 
atmosphere. Increasing the concentrations of atmospheric 
trace gases such as carbon dioxide, methane, and nitrous ox-
ide creates an additional (anthropogenic) greenhouse effect. 
This results in further warming of the lower atmosphere and 
affects the entire climate system.

Info box 3  
Radiative forcing

The additional radiative forcing is the change in net insolation 
(incoming solar radiation minus outgoing radiation, expressed 
in watts per square meter, W/m2) at the top of the troposphere, 
the lowest layer of the Earth's atmosphere. This change occurs 
due to anthropogenic climate change, primarily by increasing 
the concentration of greenhouse gases in the atmosphere. 
The additional radiative forcing is defined as the change from 
the year 1750. The numbers in the representative concentration 
pathways (RCP) climate scenario names, e. g. RCP2.6 or 
RCP8.5, refer to the expected change in radiative forcing of 
2.6 W/m2 and 8.5 W/m2, respectively..
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gas emissions (SSP3-7.0 or SSP5-8.5). When comparing 
these contrasting scenarios, discernible differences be-
tween global air temperature trends begin to emerge from 
natural variability within about 20 years.

4. Impact of climate change on health

The Climate Impact and Risk Assessment 2021 for Germa-
ny lists eight climate risks in the field of human health, 
which are also in line with the structure of this status re-
port and the following sections [32]: heat stress, UV-related 
health damage, allergic reactions, potentially harmful mi-
cro-organisms and algae, distribution and change in abun-
dance of possible vectors, respiratory issues due to air pol-
lution, injuries and deaths as a result of extreme events, 
and effects on the healthcare system.

These impacts of climate change on humans and the 
environment are highly dependent on geographic region, 
human use of the environment, and social determi-
nants [33]. Any person can be affected by diseases that are 
influenced by, at different temporal scales, weather and 
climate; nevertheless, there are parts of the population 
that are much more vulnerable to the health consequenc-
es (like heatwaves) of climate change and, in some cases, 
respond more strongly. In particular, these are individuals 
vulnerable due to their age or those weakened by immune 
or other pre-existing conditions. In addition, there are 
groups of people who are exposed to health-threatening 
situations longer and more frequently than others due to 
occupational or private activities [33]. Interdependencies 
between age, gender, work/housing conditions and loca-
tion, income or poverty as well as education status also 

The direct and indirect 
effects of climate change on 
human health are highly 
dependent on region, social 
factors, and human 
behaviour.

of human society. In order to be able to represent these 
potential global developments, scenarios have been devel-
oped over the past decades from which different develop-
ment paths of emission and concentration scenarios of 
greenhouse gases and aerosols can be derived. The oldest 
scenario family (special report on emissions scenarios, 
SRES) reflects the state of knowledge at the turn of the 
millennium, the subsequent generation of scenarios (rep-
resentative concentration pathways, RCP) was developed 
for the IPCC's Fifth Assessment Report, and now consid-
ers other factors such as climate change mitigation and 
adaptation [29]. The latest generation is called shared so-
cioeconomic pathways (SSP) and focuses on changing so-
cioeconomic factors, such as population, economic growth, 
education, urbanisation, and the pace of technological de-
velopment [30]. In doing so, the SSP identify five different 
ways in which the world could develop without climate 
policies and how different levels of climate action could 
be achieved. In doing so, the climate mitigation targets of 
the RCP are combined with the SSP. The RCP set pathways 
for greenhouse gas concentrations and thus the amount 
of warming that could occur by the end of the century. The 
SSP, on the other hand, provide the framework within 
which emissions reductions are achieved (or not 
achieved) [31].

The five socioeconomic development paths of the SSP 
scenarios (SSP1 to SSP5), are associated with additional 
radiative forcing (1.9 to 8.5 W/m2). Scenarios with low or 
very low greenhouse gas emissions (SSP1-1.9 and SSP1-
2.6) lead to detectable positive impacts on greenhouse gas 
concentrations as well as air quality in a matter of years 
compared to scenarios with high and very high greenhouse 
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life, as the WHO demands (‘Make the healthy way the easy 
way’) [37].

Many consequences of global warming interact with 
each other and can reinforce each other through feedback 
effects. In addition to the direct effects of climate change 
on human health – in Western Europe primarily through 
increased occurrence of extreme weather events such as 
heatwaves – indirect effects can also be observed, which 
are brought about through changes in natural systems (at-
mosphere, bio-, hydro-, cryo- and pedosphere) (Figure 1). 
Weather conditions determine the local meteorological 
conditions to a large extent, as well as air and radiation hy-
giene. For example, long-lasting summer high-pressure 
weather conditions not only lead to thermal stress due to 
high air temperatures, but also to increased exposure to 
ozone and UV radiation. Climate change causes changes 
to infectious diseases whose pathogens are transmitted 
via blood-sucking arthropods, infections that are water or 
food-related, and changes in the area of allergenic plants 
and animals. In addition, progressive climate change can 
cause further changes relevant to health, like an increase 
in drought episodes, which indirectly affect health, e. g. via 
insufficient water supply, crop failures or the increase in 
forest fires, or an increase in flooding events, which can 
lead to the spread of certain pathogens. Both are already 
a major challenge today [38–40].

The various impacts of climate change on health are 
briefly touched on here and addressed in detail in subse-
quent articles in this and the next Special Issue in the Cli-
mate Change and Health series of articles, with reference 
to both communicable diseases and non-communicable 
diseases, including mental health impairments.

play a role here [34]. In a coming article of this status re-
port on climate change and health, this topic is discussed 
in more detail (Bolte et al. [35]).

Accordingly, different groups have very different needs 
and requirements of the healthcare system. This shows 
that the climate impacts described above not only affect 
individuals, but also have a significant impact on the 
healthcare system and its players, and thus have organi-
sational and economic components. Health in particular 
has many cross-connections with other fields of action [36].

Health is not only an individual concern, but above all 
a social task. Various prevention and health promotion 
measures can enable people to behave in a way that pro-
motes health by adapting to climate change and its effects. 
These include interventions such as educational cam-
paigns, like the website ‘Klima-Mensch-Gesundheit’ 
( Climate-Human-Health) of the BZgA. However, these 
measures should always be combined with a change in 
people's living conditions, because health behaviour is 
difficult to enforce against resistance from the social en-
vironment or living conditions. These so-called structural 
preventive measures include, for example, the expansion 
of infrastructure and services offered (e. g. bicycle paths, 
climate-friendly cafeteria food, shaded public areas, ac-
cess to urban greenery) or pricing policies (e. g. promot-
ing climate-neutral construction). These complex inter-
ventions require the involvement of many social groups 
and sectors beyond health, for example by cooperating 
with actors from the transport, construction or environ-
mental sectors. Such an approach requires that health is 
considered in all policies, so that health-promoting life-
styles actually become the easiest for people in everyday 
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Figure 1
Direct and indirect effects of 

 climate change on health
Illustration: Robert Koch Institute
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Waterborne infections and intoxications
Waterborne pathogens may also be subject to the influ-
ence of climate change. The increase in sea surface tem-
peratures, as evidenced by measurements in the North 
Sea and Baltic Sea (in the North Sea, temperature in-
creased by about 1.3°C over the last 50 years) [45], will con-
tinue in the future and accelerates the proliferation of the 
bacterial genus Vibrio, for example [46, 47]. Vibrio infec-
tions mainly manifest as wound infections and diarrhoeal 
diseases. Climate warming with accompanying increased 
water temperatures could lead to higher Vibrio concentra-
tions, making an increase in infections more likely [47–49]. 
Projections indicate that the sea surface temperature of 
the North Sea will warm by 1°C to 3°C by the end of the 
21st century, and that of the Baltic Sea by 3°C to 4°C, with 
strongest warming rates in the northern part of the Baltic 
Sea [50]. In addition, extreme precipitation events may lead 
to outbreaks of waterborne diseases [49]. The topic of wa-
terborne infections and intoxications is dealt with in more 
detail in another article in this status report (Dupke et 
al. [51]).

Foodborne infections and intoxications
Foodborne infections and intoxications also play a role in 
the context of climate change, as the incidence of associ-
ated diseases can be affected by temperature changes. Ex-
amples include bacterial gastrointestinal infections caused 
by the mostly foodborne pathogens Campylobacter and 
Salmonella. Transmission to humans usually occurs through 
food. Salmonella infections increase linearly with air tem-
perature by 5 to 10% per °C [52]. Thus, longer summers al-
low increased transmission of foodborne pathogens [49]. 

4.1 Impact of climate change on communicable  diseases

Vector and rodent associated infectious diseases
According to a study by McIntyre et al. [41], nearly two-thirds 
of the human and domestic animal disease pathogens 
found in Europe are climate sensitive. Climatic conditions 
favour, among other things, the outbreak of vector-associ-
ated diseases such as chikungunya, dengue, and West Nile 
fever in Europe and contribute to the further geographic 
spread of vectors that transmit the causative agents of 
Lyme borreliosis and tick-borne encephalitis.

Transmission of vector-associated pathogens requires 
an introduced or established vector population, a patho-
gen, and appropriate environmental and climatic condi-
tions throughout the pathogen transmission cycle. Envi-
ronmental and climatic conditions affect each of these 
areas, from vector survival and abundance to pathogen 
growth and survival in vector organisms, to vector activi-
ty and sting frequencies, to human exposure to disease 
vectors.

Even if, for example, the introduction of Aedes albopic-
tus (Asian tiger mosquito) is primarily favoured by globali-
sation, especially along transport routes [42], climate 
change is associated with the active potential spread of 
vectors and pathogens, which is why a further shift of cer-
tain tick species to higher latitudes and altitudes and a fur-
ther geographical spread of mosquito and sandfly species 
should be expected in Germany in the coming years [43]. 
Another article in this status report is dedicated in detail 
to vector- and rodent-associated diseases in climate change 
(Beermann et al. [44])

Climate change has an 
impact on people's physical 
and mental health. Not all 
people can protect 
themselves equally well 
against climate change 
impacts.
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 Warmer summers and, in particular, an increase in extreme 
temperature events favour the formation of ground-level 
ozone, as stagnant air circulation during pronounced 
high-pressure weather conditions can cause ozone to ac-
cumulate and allow peak levels to occur over several 
days [58, 59]. Increased particulate matter exposure, e. g. 
due to increasingly dry soils and more frequent vegetation 
fires, can cause cardiovascular disease in addition to im-
paired lung function and serious lung diseases such as 
asthma and lung cancer. Likewise, there is a significant re-
lationship between cardiovascular mortality and levels of 
ground-level ozone, with even short-term exposure to 
ozone increasing health risk and moderately high levels of 
ozone being associated with increasing rates of myocardi-
al infarction [60, 61]. Further health impacts arise from in-
creased heat stress, especially in combination with in-
creased air pollutants [62, 63]. In a contribution to this 
status report, Breitner-Busch et al. [64] provide an overview 
of climate change-related health effects from air pollutants 
that are particularly relevant for Germany, and explain the 
effects of air pollutants in conjunction with air temperature. 
Furthermore, an overview of limit, target and guideline val-
ues in the current context of the air situation in Germany 
is given, and the current WHO guideline values are dis-
cussed. Corresponding recommendations for the public 
health sector are presented.

Health impact due to heat
Heat events usually occur over large areas and affect in-
dividual groups, especially younger and older people, but 
are also cross-sectoral [65]. Heatwaves will increase in 
terms of intensity, duration, and frequency (Figure 2). 

More detailed findings can be found in another paper in 
this status report (Dietrich et al. [53]).

Antimicrobial resistance (AMR)
One link between health and climate change that has re-
ceived little attention is antibiotic-resistant infections [54]. 
Bacteria that cause infections in humans can develop re-
sistance to antibiotics. Resistance against antimicrobial 
agents (in bacteria and other microbes) causes significant 
morbidity and mortality worldwide, posing enormous chal-
lenges to health systems and basic public health functions 
globally. Antibiotic resistance in bacteria is thought to de-
velop mainly under the selection pressure of antibiotic use. 
However, other factors, such as climate change, may also 
contribute to the increase in antibiotic resistance. MacFadden 
et al. [55] reported that a 10°C increase in temperature in 
experimental laboratory settings was associated with an 
increase in antibiotic resistance in the common pathogens 
Escherichia coli (+4.2%), Klebsiella pneumoniae (+2.2%), and 
Staphylococcus aureus (+2.7%). In another contribution to 
this status report, Meinen et al. [56] provide a systematic 
review on AMR in climate change.

4.2 Impact of climate change on non-communicable 
 diseases and mental health

Health impact due to air pollutants
In recent decades, air quality in Germany has improved 
considerably thanks to targeted air pollution control meas-
ures [57]. However, if emissions remain constant, there 
would be an increase in ground-level ozone and particulate 
matter concentrations as a result of climate change. 
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Figure 2a
Number of hot days per year. 

Regional distribution of the number 
of hot days with a maximum temperature 

of at least 30°C, 2011–2020
Source: German Meteorological Service

Figure 2b
Number of heatwaves per year

Figure 2c
Number of days per heatwave

Figure 2d
Mean air temperature (°C) of heatwaves

2b – 2d
in Germany, based on historical (measured) 
 datasets, HYRAS (gridded dataset) [69], and 

projections under the RCP4.5 and RCP8.5 
 climate scenarios

Source: Own representation based on  
Schlegel et al. [67]

RCP=Representative Concentration Pathways
HYRAS=Hydrometeorological gridded dataset

forwardbackHome



Climate change and public health in Germany – An introduction to the German status report 2023 FOCUSJournal of Health Monitoring

Journal of Health Monitoring 2023 8(S3) 18

the 2°C threshold, this will be directly reflected in precipi-
tation intensities (increase of up to 6%) and flood proba-
bilities [70].

However, increased dryness and drought must also be 
expected, especially in the summer months. Modelling has 
shown that with a warming of 3°C by the end of the centu-
ry, twice as many days of drought are to be expected in 
Germany [71]. Historical data show that various regions of 
Germany are already suffering from increasing drought [72]. 
In addition to stressful situations in agriculture, low water 
levels and falling groundwater levels, this can also have an 
impact on air quality. Dry soils contribute to a worsening 
of air quality by dust and particulate matter due to drifting. 
Prolonged drought also increases the time pollen stays air-
borne, and more frequent forest fires contribute locally to 
increased exposure to particulate matter. Drought stress 
in plants also reduces the uptake of ozone, thereby increas-
ing the ground-level ozone concentration that is harmful 
to health, and thus increasing the incidence of respiratory 
diseases [73]. In another contribution to this status report, 
Butsch et al. [74] provide an overview of health impacts 
due to increased extreme weather events occurring under 
climate change. According to this article, such indirect or 
long-term meteorological consequences can be countered 
by risk management and disaster relief in order to mitigate 
the health consequences of extreme events as far as pos-
sible, especially for vulnerable groups.

Health effects due to increased allergen exposure
Climate change has an influence on allergen exposure. For 
example, increased pollen production and an earlier pollen 
season support the occurrence and increase the frequency 

The characteristics of heatwaves, their number, duration, 
and intensity, as well as their temporal occurrence within 
a year, are relevant for estimating the health burden during 
and after high thermal stress. In particular, the duration of 
a heatwave can increase mortality, and the disproportion-
ate increase in long heatwaves can therefore lead to a sharp 
increase in the number of deaths [66]. For example, RCP 
scenarios for Germany project an increase in mortality from 
chronic lower respiratory diseases (CLRD) during long heat-
waves (≥10 days) of up to 150% by mid-century. Depending 
on the scenario, there could be an increase of between 
260% (RCP4.5) to a maximum of 540% (RCP8.5) by the 
end of the century. According to RCP4.5 and RCP8.5, mor-
tality from ischemic heart disease (IHD), which involves 
narrowing of the coronary arteries, could be 90% (RCP4.5) 
or 150% (RCP8.5) higher between 2021 and 2050, and as 
much as 330% (RCP4.5) higher to a maximum of 900% 
(RCP8.5) between 2068 and 2097 [67]. This indicates that 
even under moderate climate change, significant health 
effects from heat can be expected. In a subsequent article 
of this status report Winklmayr et al. [68] address the health 
effects of high temperatures, which particularly affect old-
er persons and people with certain pre-existing conditions.

Health impacts from extreme weather events
Increases in intense rainfall can cause devastating floods 
that directly affect the lives and health of the population 
and health infrastructure. The intensity of rainfall in Ger-
many and Western Europe has already increased by up to 
19% due to climate change. Flooding events, such as those 
in western Germany and Belgium in 2021, have become 
up to nine times more likely. If global warming approaches 
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of pollen-associated allergic respiratory diseases [75]. In 
addition, higher temperatures and an increase in the air’s 
CO2 content can lead to an increase in the allergenicity of 
pollen and thus cause stronger allergic reactions [76]. Cli-
mate change-induced changes in vegetation zones also 
allow alien species to colonise and spread in areas where 
they were not previously native. For Europe, for example, 
the ragweed plant with its high allergenic potential is a 
cause for concern [6, 75, 77]. Bergmann et al. [78], in anoth-
er contribution to this status report, deal in detail with the 
topic of climate change-induced changes in allergen expo-
sure and their health consequences, show the connection 
to other exposures such as air temperature and air pollut-
ants, and give recommendations for action.

Health effects due to altered UV radiation exposure
Climate change has an influence on ground-level UV radi-
ation and the annual UV radiation dose. For Germany, the 
effects of greenhouse gases on stratospheric ozone and 
especially cloud cover play a decisive role here. Projections 
for stratospheric ozone and cloud density are subject to 
very large uncertainties. However, in recent years, a signif-
icant increase in sunshine duration has been recorded in 
Germany and, consequently, an increase in the daily sums 
of erythemally effective UV radiation annual dose [79, 80]. 
The occurrence of UV radiation-related diseases of the skin 
and eyes, including cancers, depends not only on the pre-
vailing ground-level UV irradiance in the environment (am-
bient UV radiation) of people and the UV radiation annual 
dose, but is also decisively determined by the exposure 
behaviour of people. The current state of knowledge on ef-
fects of climate change on UV radiation exposure and 

health consequences are described in a contribution to this 
status report by Baldermann et al. [81].

Impact of climate change on mental health
In addition to increasing general concern among many 
people about the future of the planet, climate change may 
have other consequences for mental health. The effects of 
climate change-related weather events and natural disas-
ters on mental health have been known for some time. They 
cause problems such as sleep disorders, stress, anxiety, 
depression, and the development of post-traumatic stress 
disorder and suicidal ideation [82]. However, less research 
has been done on the psychological and emotional conse-
quences generated by awareness of the slow and gradual 
changes in the environment caused by human-induced cli-
mate change and what measures can effectively protect 
vulnerable groups in particular. Studies show that people 
experience feelings of loss, helplessness, and frustration 
due to the threat of climate change – a condition now re-
ferred to as eco anxiety [83]. In a further contribution to this 
status report, Gebhardt et al. [84] address this issue and 
examine the topics of extreme weather events, temperature 
increase, perception and inner-psychological processing 
of climate change, psychological-sociological aspects, as 
well as the ability to act and resilience factors.

5. Conceptual frameworks for addressing the 
 climate crisis

The concepts of One Health and Planetary Health have 
gained momentum since the early 2000s; they can provide 
a framework for addressing the climate crisis. Inherent in 
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The One Health High-Level Expert Panel (OHHLEP) was 
convened by WHO and other organisations in order to in-
itiate the implementation of the One Health approach from 
theory to practice. Four areas were deemed essential: com-
munication, coordination, collaboration, and capacity 
building [89]. The balance between sectors and disciplines 
should be considered, sociopolitical and multicultural par-
ity, socioecological balance, human responsibility, as well 
as transdisciplinarity and multisectoral collaboration across 
all relevant disciplines.

Through the One Health concept, a holistic view of all 
affected areas can reinforce synergistic approaches along 
responsible administrative and executive levels, in order 
to achieve solutions that can reduce the effects of climate 
change or implement adaptation strategies. For example, 
the costs resulting from the emergence of new zoonoses 
could be significantly lower if they were identified early on 
as potential zoonoses in animals rather than appearing 
later in humans [90].

5.2 Planetary Health

Planetary Health is a concept that relates human health to 
political, economic, and social systems, as well as the eco-
logical boundaries of our planet [91]. It highlights the dom-
inance and impact of human activities on shaping our en-
vironment, and calls for the associated responsibility and 
recognition of planetary boundaries. By transforming to-
ward health within planetary boundaries, ecological stress 
limits are no longer exceeded, while current and future 
generations are enabled to live healthy, dignified lives in 
safety through effective and sustainable political, social, 

their systemic-holistic approach is a broader view of pos-
sible solutions to problems of environmental change and 
health.

Both concepts are subject to constant further develop-
ment and thus do not represent rigid monoliths. As a re-
sult, both approaches can be instrumental in achieving 
many of the goals of the United Nations' ‘2030 Agenda for 
Sustainable Development’ (Sustainable Development 
Goals), thus significantly strengthening that agenda and 
ultimately improving environmental health [85]. The im-
pacts of climate change affect variously interrelated sys-
tems, such as the relationship between the economy, en-
ergy, the environment, and health, and thus can only be 
understood and resolved across these fields [27]. In order 
to improve the protection of human health, the interrela-
tionships between human and animal health and healthy 
ecosystems must therefore be considered more seriously 
in a wide range of policy areas.

5.1 One Health

The concept of One Health was proposed by Schwabe [86] 
in 1964, when he coined the term ‘One Medicine’ for the 
areas encompassing human and veterinary health. Since 
then, the concept of One Health has been extended to in-
clude the environmental aspect: humans are a part of the 
animal kingdom, which in turn is embedded in a common 
environment [87]. The ‘Berlin Principles’ recently further 
enriched the One Health concept [88]. They emphasise the 
institutional strengthening needed to ensure the translation 
of science-based knowledge into policy and practice, as well 
as the need for action in addressing the climate crisis.
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transition away from coal combustion; at COP27 2022 in 
Egypt, this acceleration was not evident.

In 2022, the German G7 presidency placed climate 
change and health on the political agenda of those seven 
industrialised countries that have joined together as the 
‘Group of 7’, thus promoting national and international 
attention to climate-neutral and climate-resilient health 
systems.

At the federal level, the Climate Change Act guides the 
actions of the healthcare system in enforcing climate pro-
tection. This law was amended by a decision of the Feder-
al Constitutional Court. The decision stated that requiring 
only a mild reduction in CO2 consumption of the current 
generation and allowing them to use up most of the re-
maining CO2 budget is unconstitutional as it leaves future 
generations with a high reduction burden, and exposes 
them to extensive losses of freedom [94]. The German gov-
ernment has set up a climate protection programme and 
is preparing a climate change adaptation strategy [95]. A 
national prevention plan is also in preparation, which, 
among other things, will introduce concrete measures 
against climate and environment-related health damage. 
The National Prevention Conference outlines tasks facing 
individual actors in this context [96]. A climate adaptation 
act will create a framework for implementing the national 
climate change adaptation strategy with measurable tar-
gets in cooperation with the federal states.

In 2008, the German government set the strategic frame-
work with the German Strategy for Adaptation to Climate 
Change (Deutsche Klimaanpassungsstrategie, DAS), to 
counter the effects of climate change with a focus on 16 fields 
of action [97]. A network of all federal ministries and 28  higher 

and economic  systems [92]. Planetary Health is a health 
narrative based on sustainability and the critique of growth 
economies, which builds on interdisciplinary as well as in-
tersectoral engagement with the complex relationships be-
tween and within ecosystems. The understanding of Plan-
etary Health goes beyond the isolated consideration of 
environment and climate. In Germany, political Planetary 
Health recommendations for the field of climate change 
and health were formulated in the 2021 Lancet Countdown 
Policy Brief as follows [93]:

(1) the systematic and widespread implementation of 
heat-health action plans to reduce heat-related health risks,

(2) the reduction of the CO2 footprint of the German 
healthcare sector and

(3) the integration of climate change and health/Plan-
etary Health in education and training of health profes-
sionals.

5.3 Climate change mitigation and adaptation as tasks 
for the health care system

Evidence and knowledge about the impact of climate 
change have continued to grow in recent years, and cli-
mate change mitigation and adaptation strategies have 
been developed both globally and nationally.

Pivotal at the global level is the Paris Agreement, which 
was adopted at the 21st Conference of the Parties of the 
United Nations Framework Convention on Climate Change 
(COP21) in December 2015. The signatory states pledged 
to limit global warming to well below 2°C, but preferably 
to 1.5°C, compared with pre-industrial levels. At COP26 in 
Glasgow, all states agreed to accelerate the global energy 
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efits through risk reduction or health promotion. In par-
ticular, the areas of renewable energy (reducing emissions 
and improving air quality), active rather than motorised 
mobility (reducing emissions, improving air quality, and 
increasing physical activity), and plant-based diets (reduc-
ing emissions and reducing non-communicable diseases) 
hold great potential for these co-benefits [102]. Because of 
the synergies between climate change adaptation, the im-
provement of human health, and biodiversity conservation, 
more partnerships should be formed between urban plan-
ning, landscape design, conservation, and health and oth-
er sectors.

5.4 Transformation toward a resilient public 
health  system

It is apparent that a systemic view via the One Health or 
Planetary Health approaches is necessary for climate 
change adaptation and climate protection.

Brown and Westaway [103] describe how successfully 
dealing with adversity and challenges can entail a reorgan-
isation or transformation of systems in which adaptive 
functions are optimised. The transformative consequence 
of resilient behaviour is also reflected in current thinking 
about environmental change and socioecological systems.

In particular, the WHO definition of resilience provides 
a comprehensive description in this context. The WHO 
 defines resilience as the ability of a health system to pre-
pare for, cope with, and learn from shock events, among 
other things, while maintaining the core functions of the 
health system [104]. Ideally, resilience is not a return to the 
original state, but an evolution to a better state [105]. 

Basic public health functions 
will be severely challenged by 
climate change impacts.

federal authorities is involved. Measurable targets are being 
developed in many clustered topics, including health.

Most political activities related to climate change adap-
tation involve protection against heat. According to a res-
olution of the 93rd conference of German federal health 
ministers, heat-health action plans are to be drawn up in 
federal states and municipalities nationwide by 2025 [98]. 
The recommendations, which can be used as a model, were 
developed jointly by the Federal Ministry for the Environ-
ment, Nature Conservation, Nuclear Safety and Consumer 
Protection, the BMG and the federal states [99].

Even in the absence of concrete targets and measures 
on how the healthcare system can become climate-neutral 
and climate-resilient, some transformative action is evident 
at the level of healthcare actors and institutions. For exam-
ple, the 125th German Medical Assembly called for a nation-
al strategy for climate-friendly healthcare [100]. In Decem-
ber 2022, the BMG, leading organisations in the health 
care sector, the federal states and municipal umbrella or-
ganisations signed the Climate Pact for Health and de-
clared their intention to work together for adaptation and 
mitigation in the healthcare sector [101]. It is important to 
note that mandates in the German healthcare system are 
very heterogeneous, and responsibility is distributed in a 
complex manner among different levels and within the 
self-governance of involved actors.

Health must not be considered alone in the develop-
ment and implementation of mitigation and adaptation 
measures; health must be considered in all departments 
in the sense of ‘Health in all Policies’. Co-benefits are 
achieved through measures that are both good for the cli-
mate and the environment, and promise public health ben-
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To address and adapt to the challenges of environmen-
tal determinants of health, an integrated and evidence-based 
approach is needed in healthcare, public health, and across 
sectors, informed by good governance, appropriate man-
agement mechanisms, high-level political will, and ade-
quate human, technical, technological, and financial re-
sources. The WHO is currently further developing 
approaches that incorporate climate change into health 
concepts, such as the Essential Public Health Functions 
( EPHFs), a model for assessing and developing public 
health structures and their functions [9, 109]. These core 
functions for public health provide guidance to public 
health systems; however, publications that apply to the Eu-
ropean region have so far given too little consideration to 
environmental and climate aspects. The German Zukunfts-
forum Public Health (future forum on public health) pub-
lished a ‘Call for and to Action: Climate Change and Public 
Health’ in the summer of 2022, which formulated recom-
mendations for public health stakeholders and policy mak-
ers on this topic. The core functions of public health are 
addressed, but not yet fully formulated [110].

Although the public health core functions for Germany 
and Europe have not yet been formulated to include climate 
change and environmental aspects, the core functions of 
the Pan American Health Organization (PAHO) of the WHO 
already refer to climate resilience and sustainability [9]:

(1) Monitoring and evaluation of health and well-being, 
equity, and social determinants of health to determine their 
impact on environmental public health

(2) Environmental health surveillance of environmental 
hazards, exposures, health risks, and risk management 
measures

A climate-resilient health 
system could be guided by 
internationally established 
Essential Public Health 
Functions.

 Transformation as part of health system resilience can re-
fer to the system's ability to change practices, re-design 
certain  services or public health programs to be more ac-
cessible, or it can refer to medical and technological break-
throughs. Resilience at the system level can be strength-
ened by introducing new financing mechanisms; this can 
increase the economic sustainability of the system and its 
ability to anticipate and counter potential future crises.

In addition to enabling health systems to better cope 
with climate change-related challenges, health care insti-
tutions must also do their part to mitigate climate change. 
The healthcare sector contributes significantly to the emis-
sion of greenhouse gases worldwide. The healthcare sec-
tor's share of German greenhouse gas emissions ranges 
from 5.2% [106] to 6.7% [107], depending on the estimate. 
Currently, there is no legal obligation for standardised re-
porting of greenhouse gas emissions in the German health-
care sector. Only a few healthcare facilities document their 
emissions voluntarily [93].

Relevant areas for reducing the ecological footprint of 
hospitals, the pharmaceutical industry and other health-
care facilities include the manufacture and supply chains 
of drugs and medical devices, construction, energy supply, 
nutrition or communal catering, waste reduction and sep-
aration, climate-friendly alternatives in consumables (from 
anaesthetic gases to single-use instruments to office ma-
terials), and environmentally friendly workplace health pro-
motion and occupational safety. Physicians enjoy a high 
degree of trust among the population and therefore have 
an important societal role to play in raising awareness and 
changing behaviour in favour of co-benefits, e. g. diets that 
emit little CO2 and also promote health [108].
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related to the public health core functions mentioned above 
in order to provide guidance to public health actors in 
strengthening the resilience of the healthcare system.

The authors of all the articles published in this series 
thus present an up-to-date, actionable report focused on 
Germany that stresses our ability to act in the face of the 
threats posed by climate change and provides actors with 
a solid basis for concrete action. The scientific evidence 
is overwhelming, the status report provides orientation – 
action must now be taken.
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(3) Promotion and management of environmental 
health research and knowledge

(4) Development and implementation of environmen-
tal health policies and promotion of legislation in this area

(5) Participation and social mobilisation to promote 
communication and action on environmental determinants 
of health

(6) Development of human resources for environmen-
tal public health

(7) Use and management of essential medicines and 
health technologies in an environmentally safe and sus-
tainable manner to protect public health

(8) Efficient and equitable financing of environmental 
public health

(9) Equitable access to health care facilities that are cli-
mate resilient and environmentally sustainable

(10) Equitable access to environmental public health 
interventions that promote health, reduce risk factors, and 
promote healthy behaviours

(11) Including the environmental public health dimen-
sion in the management and promotion of interventions 
on social determinants of health.

The complete elaboration of a concept on public health 
and environmental and climate factors is still pending. 
However, the individual articles and, in particular, the final 
article of this Status Report on Climate Change and Health 
can make a substantial contribution to this and use the 
preliminary work described. The following articles list rec-
ommendations for action, the implementation of which 
can reduce the impact of climate change for the public 
health sector. To conclude the series of articles, these rec-
ommendations will be revisited in a separate article and 
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Impact of climate change on vector- and rodent-borne infectious diseases

Impact of climate change on vector- and rodent-borne infectious 
diseases

Abstract
Background: Endemic and imported vector- and rodent-borne infectious agents can be linked to high morbidity and 
mortality. Therefore, vector- and rodent-borne human diseases and the effects of climate change are important public 
health issues. 

Methods: For this review, the relevant literature was identified and evaluated according to the thematic aspects and 
supplemented with an analysis of surveillance data for Germany.

Results: Factors such as increasing temperatures, changing precipitation patterns, and human behaviour may influence 
the epidemiology of vector- and rodent-borne infectious diseases in Germany.

Conclusions: The effects of climatic changes on the spread of vector- and rodent-borne infectious diseases need to be 
further studied in detail and considered in the context of climate adaptation measures.

This is part of a series of articles that constitute the German Status Report on Climate Change and Health 2023.

 CLIMATE CHANGE · RESERVOIR HOSTS · VECTORS · ARBOVIRUSES · ZOONOSES · PUUMALA ORTHOHANTAVIRUS

1. Introduction

Vector- and rodent-borne human diseases and the impact 
that climatic changes may have on them are an important 
public health issue regionally, nationally, and globally. Both 
native and imported vector- and rodent-borne infectious 
agents can be linked to high morbidity and mortality and 
impose significant costs on the health care system. Glo-
balisation and climate change also favour the introduction 
and spread of new vectors and new vector-borne infectious 
agents, which are accompanied by an expansion of the 
infectious agent spectrum in Germany.

This article provides an overview of these factors as well 
as an outlook on possible developments regarding different 
vector- and rodent-borne diseases that could be influenced 
by climate change (Figure 1). The first part of the article 
focuses on mosquito-borne viruses, which have regained 
importance in Germany as a consequence of globalisation 
and climate change. The next section considers tick-borne 
pathogens and the diseases they cause, including tick-borne 
encephalitis (TBE) and Lyme disease, which have high pub-
lic health relevance for Germany. In the subsequent section, 
the zoonotic hantavirus disease in humans is described.
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3. Infectious diseases associated with mosquitoes
3.1 Occurrence and distribution of vector-competent 

mosquitoes in Germany

Mosquitoes can be vectors of viruses, protozoa and filar-
iae. Until a few decades ago, they were known in Germa-
ny only as vectors of plasmodia (parasitic protozoa), the 
causative agents of malaria. After the widespread eradi-
cation of malaria from Europe in the mid-20th century, 
mosquitoes did not play a role as vectors that needed to 
be monitored in Germany for a long time. The successful 
control of malaria was largely based on the development 
of synthetic drugs and the newly recognised insecticidal 
activity of DDT (dichlorodiphenyltrichloroethane) [1]. Mos-
quito-borne diseases characterised by relevant morbidity 
or even mortality were subsequently absent for decades. 
While the endemic Plasmodium species disappeared 
thanks to malaria control measures, the populations of 
the transmitting Anopheles species recovered and are still 
part of the present German mosquito fauna. This is com-
posed of at least 52 species, with floodwater mosquitoes 
(Aedes (Ae.) vexans, Ae. sticticus) and the species of the 
Culex (Cx.) pipiens complex (Cx. pipiens, Cx. torrentium) 
being the most common and widespread mosquito species 
in Germany [2]. Five of these species are neozoa, i. e. spe-
cies newly established in an area due to human influence, 
whose occurrence has been observed since 2007 as a 
consequence of globalisation and global warming. Con-
tinuous reproduction and repeated overwintering have 
been demonstrated for these species in Germany in the 
recent past, so that they must be regarded as established, 
at least regionally.

The final section lists recommendations for dealing with 
vector- and rodent-borne infections as well as for their con-
trol and prevention.

2. Methods

The authors jointly determined the content to be presented 
in this review according to their expertise. Relevant litera-
ture was identified according to the thematic aspects. In 
addition, reporting data collected at the Robert Koch Insti-
tute (RKI, Germany’s national public health institute) in 
accordance with the German Protection against Infection 
Act (Infektionsschutzgesetz, IfSG) were included to illus-
trate the situation in Germany. Individual groups of authors 
prepared drafts for the various sections, which were dis-
cussed and finalised by all authors.

Figure 1
The climate (top) influences vectors and 

 reservoir hosts as well as human behaviour 
(middle) and thereby vector- and rodent-borne 

pathogens (bottom) and the  infectious  
diseases they cause

Illustration: Guido Hegasy
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bush mosquito, Ae. japonicus [6]). With rising temperatures, 
there is an increase in biting frequency, acceleration of blood 
digestion, egg production, juvenile development, and gen-
eration cycle, resulting in higher overall population densi-
ties. Similarly, seasonal mosquito activity is extended. Coun-
teracting this is a shorter individual lifespan at high 
temperatures [7].

Most arboviruses, i. e. viruses transmitted by arthropods, 
replicate and disseminate in their vectors only above tem-
peratures of 11 to 15°C [8]. Within the tolerable temperature 
range of vectors and viruses, virogenesis runs faster the 
higher the temperature, so that the intensity and efficiency 
of pathogen transmission increases with higher mosquito 
biting frequency [9]. The fact that virus transmission by 
mosquitoes so far has been uncommon in Germany is 
possibly due – apart from the presumably moderate avail-
ability of infection sources – to the fact that temperatures 
have not been sufficiently high for the development of 
viruses in the vector and their efficient transmission. This 
is supported by laboratory experiments in which infected 
mosquito species in temperate climates became infectious 
at incubation temperatures of 24 to 27°C [10–12]. The first 
appearance of West Nile virus (WNV) in 2018, the warmest 
year to date since weather records began in Germany [13], 
also supports this hypothesis. Rising temperatures could 
thus enable the transmission of pathogens not only by 
known potential vectors, but also by native mosquito spe-
cies not yet recognised as potential vectors.

Potential vectors of WNV, various Culex and Aedes spe-
cies, occur throughout Germany [14]. The virus circulates 
seasonally between mosquitoes and birds, which carry the 
virus (transport hosts), develop a high viral load in the 

Since 2011, monitoring activities have been carried out 
continuously in Germany to provide up-to-date data on the 
occurrence and distribution of mosquito species. These 
are based both on the systematic recording of adults using 
trap catches and undirected larval collection (active mon-
itoring), and on random submissions of mosquitoes from 
the public via the citizen science project ‘Mückenatlas’ 
(Mosquito Atlas, passive monitoring). In particular, the 
Mosquito Atlas has proven to be a good early warning sys-
tem for detecting invasive species [3, 4].

For 23 of the species occurring in Germany, there is 
evidence that they are vector-competent for various 
pathogens, i. e. genetically and physiologically capable, in 
principle, of reproducing the pathogens in their bodies or 
bringing them to further development and transmitting 
them. This is also assumed to be the case for other native 
mosquito species, although reliable scientific evidence is 
still lacking [4].

The actual vector role of a blood-feeding arthropod is 
reflected by its vector capacity, which is, among other things, 
a function of vector frequency and the availability of infec-
tion sources [5]. Infection sources can be any vertebrates 
through which mosquitoes can become infected. The ex-
ternal temperature also plays a significant role in vector 
capacity, influencing both the development of the vector 
and of the pathogen inside the vector. At certain spe-
cies-specific minimum temperatures, physiological pro-
cesses are set in motion that accelerate with higher tem-
peratures – up to maximum threshold temperatures. For 
example, after winter dormancy, some mosquito species 
continue larval development in spring at only a few degrees 
above freezing temperature (e. g. at 4 to 5°C for the Asian 
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in artificial containers for garden irrigation. In the long term, 
it must be assumed that mosquito species closely adapted 
to temperate conditions will shift their ranges to cooler 
regions and be replaced by species that prefer a warm cli-
mate.

Among the five new mosquito species that have become 
established in Germany since 2007, three are thermophil-
ic (Ae. albopictus, Anopheles petragnani, Culiseta longiareo-
lata) and three species are considered potential vectors of 
human pathogens (Ae. albopictus, Ae. japonicus, Ae. korei-
cus) [20]. As a result of poor climatic adaptation, thermo-
philic species find it difficult to establish and spread. Ge-
ographically, they occur only locally in Germany. However, 
their presence indicates improving living conditions for 
thermophilic species. Among these, the Asian tiger mos-
quito Ae. albopictus has a prominent position: it is consid-
ered the most invasive mosquito species worldwide [21] 
and is a highly efficient vector of numerous human 
pathogens [22, 23] (Section 3.3 Pathogens transmitted by 
Ae. albopictus). In southern Europe, where this mosquito 
is widespread and regionally occurs at high densities, it 
has been observed as a vector of dengue virus (DENV) and 
chikungunya virus (CHIKV) on several occasions [24].

The intercontinental spread of the tiger mosquito to 
Europe is mainly facilitated by the used tyre trade; its entry 
into Germany, however, is probably mainly due to long-dis-
tance motor vehicle traffic from southern Europe [25, 26]. 
Several populations have been established in Germany [27]. 
These can be traced back to strains that have adapted to 
climatic conditions and – in contrast to tropical strains – 
produce diapausing eggs, i. e. eggs characterised by a phys-
iological resting phase enabling them to overwinter. 

International tourism and 
global trade in animals and 
goods contribute to the 
spread of vectors and 
pathogens.

blood (viraemia), thus acting as amplification hosts, and 
sometimes die of the infection [15]. Based on previous out-
breaks in southern Europe, cases of WNV infection had 
therefore been expected in Germany long before 2018 [16, 17]. 
Apparently, only the particularly high temperatures in late 
summer 2018 enabled efficient virus development in mos-
quitoes and visible transmission in the form of disease 
cases.

The main vectors of WNV to mammals, transmitting 
the virus from birds to other host groups (bridge vectors), 
are certain variants of the common house mosquito Cx. pip-
iens, especially late summer hybrids of the two biotypes 
pipiens and molestus, which do not discriminate between 
avian and mammalian hosts [18]. However, mammals them-
selves are not sources of WNV infection for mosquitoes 
(dead-end hosts) because the viral load in their blood is 
too low for viruses to be passed to mosquitoes. Since 2019, 
WNV has been detected several times in mosquitoes of 
the Cx. pipiens complex in Germany during the mosquito 
season and also in hibernating females of this species com-
plex in the winter of 2020/2021 [19]. This proves the over-
wintering of the virus in the vectors and suggests its long-
term persistence in Germany.

Due to evolutionary adaptation, endemic mosquito spe-
cies cope well with the central European climate and can 
survive cold winters without any problems. Presence of 
infection sources, sufficient precipitation and availability 
of water reservoirs for larval development, species that have 
not yet appeared as vectors could also become relevant in 
the medium term if climate change and associated warm-
ing continues. Availability of water reservoirs is likely, es-
pecially in residential areas, due to the storage of rainwater 
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colonisation by the year 2040, although different modelling 
approaches (e. g. mechanistic models, correlative niche 
models) lead to different outcomes. Lack of knowledge of 
climatic requirements and ecological adaptability of the 
tiger mosquito allow only rough predictions [34, 35]. The 
strongest limiting factors for the spread of Ae. albopictus 
in Europe are low winter minimum temperatures in the 
east, low summer average temperatures in the centre, and 
low precipitation in the south [36].

Ae. japonicus and Ae. koreicus, which have been shown 
to be able to transmit some viruses and nematodes in 
experimental studies [37–39], have also regionally estab-
lished in Germany. They have not yet appeared as vectors 
in the field. Table 1 shows important mosquito species oc-
curring in Germany that can act as vectors.

3.2 Pathogens transmitted by native mosquitoes

Some mosquito-borne viruses circulating in Germany, such 
as Sindbis, Batai, or Usutu viruses, are only mildly 
pathogenic or epidemiologically negligible, but the 

Populations are predominantly found in the relatively warm 
Upper Rhine Valley and other areas of Baden-Württemberg, 
with Hesse, Bavaria and Thuringia also being affected [28].

In most places with known tiger mosquito populations, 
prevention and control measures have been implemented 
by (local) authorities (e. g. [29]). The primary goal of these 
measures is no longer the elimination of populations, but 
the reduction of population densities, as these determine 
the risk of pathogen transmission. Since mosquitoes have 
not been a health problem in central Europe in recent dec-
ades, expertise in vector management is currently very 
limited in Germany.

With increasing temperatures, the Asian tiger mosquito 
should find it easier to settle and spread in Germany. Ac-
cording to the literature, the limiting factor for settlement 
is the average annual temperature, which must be at least 
11°C [30, 31]. Cold winters also cause problems for this mos-
quito; however, enough eggs usually survive in sheltered 
places and manage to establish a new population in the 
following year [32, 33]. According to the latest models, most 
areas in Germany will be suitable for Ae.  albopictus 

Table 1
Important potential mosquito vectors 
in Germany and their epidemiological 

 significance for the transmission of 
 selected viruses

WNV DENV CHIKV ZIKV USUV SINV

Aedes albopictus (Asian tiger mosquito) + +++ +++ +++ ? +

Aedes japonicus (Asian bush mosquito) + + + + + ?

Aedes koreicus (Korean bush mosquito) ? ? + + ? ?

Aedes vexans + ? ? + ? ?

Culex pipiens (common house mosquito) +++ – – – +++ +++

Culex modestus ++ ? ? – ? ?

Culex torrentium + ? ? – ++ +
+++ = high, ++ = medium, + = low, – = no, ? = unknown epidemiological significance
WNV=West Nile virus, DENV=dengue virus, CHIKV=chikungunya virus, ZIKV=Zika virus, USUV=Usutu virus, SINV=Sindbis virus
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there are overlapping notification requirements according 
to the German Transfusion Act (Transfusionsgesetz, 
TFG) [43]. Until 2017, all WNV infections reported in Ger-
many were travel-associated. From 2019 to 2021, a total of 
31 autochthonous human WNV infections were recorded 
in four German states (Berlin, Brandenburg, Saxony-Anhalt, 
and Saxony), with all of them presumably associated with 
mosquito bites (Table 2). All persons affected resided in 
regions where WNV infections in birds or horses had pre-
viously been described. Of these, 29 were symptomatic 
and thus fulfilled the reference definition of the RKI. The 
respective onset of disease was between July 27 and Sep-
tember 19, i. e. in or shortly after the hottest phases of the 
summer in the region. Ten women and 21 men aged 24 to 
85 years were affected. Twelve infected persons had neu-
roinvasive infections, and of these, one patient died.

An estimated 80% of all WNV infections in humans are 
asymptomatic and about 19% develop West Nile fever with-
out complications. About 1% of infected individuals devel-
op a neuroinvasive form of the disease associated with a 
lethality of about 10%, predominantly the elderly and chron-
ically ill [44]. The virus is also of great importance for blood 

recently emerging WNV is of relevant public health impor-
tance. It belongs to the family Flaviviridae and was first 
isolated from a febrile patient in Uganda in 1937. Since the 
1950s, it has been detected in mosquitoes, birds, and hu-
mans in many European countries [16]. An outbreak in 
Romania in 1996 was the first time it was associated with 
severe human illness and death in Europe [40]. In the last 
twenty years, increased epidemics have occurred on almost 
all continents [41].

During the hot summer of 2018, Europe experienced 
the largest recorded WNV outbreak to date, with more than 
1,600 cases, including 166 deaths [42]. In contrast to pre-
vious large epidemics caused by WNV lineage 1 [16], WNV 
lineage 2 has been primarily circulating in Europe since 
2010. Despite intensive and repeated investigations on the 
presence of WNV in German mosquitoes, birds, and hors-
es, the virus was not detected in Germany until 2018 [13]. 
The same year saw the first reported human infection ac-
quired in Germany (autochthonous infection); however, this 
infection was probably caused by direct contact with a dead 
bird. Human infection with WNV, as with all arboviruses, 
has been notifiable according to IfSG since 2016. In addition, 

Table 2
Notifications of human West Nile virus 

 infections since autochthonous  emergence 
of the virus in Germany, 2018–2021

Source: SurvNet, database of infectious 
 diseases with mandatory notification 

 requirement in Germany

Type of infections 2018 2019 2020 2021 Total

Notification according 
to IfSG

Travel-associated cases1 10 7 1 1 19

Autochthonous cases1 1 5 20 4 30

Autochthonous asymptomatic 
infections 0 0 2 0 2

Notification according 
to TFG only

Autochthonous infections 
in blood donors.

Not recorded Not recorded 8 1 9

Total 11 12 31 6 60
1 Symptomatic infections
IfSG=German Protection against Infection Act, TFG=German Transfusion Act
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probability. A possible compensatory effect is that travel- 
associated WNV infections and other travel-associated 
arbovirus infections may become less frequent when sum-
mer vacations are spent in Germany instead of abroad due 
to warmer weather.

Preventive approaches are professional vector control, 
personal protective measures to reduce the risk of exposure 
(especially for older persons and people with pre-existing 
conditions), and screening of blood donations. Vaccines 
against WNV are currently not available for humans. Im-
proved target group-oriented education is needed to raise 
people's awareness of WNV, allowing them to take person-
al measures.

3.3 Pathogens transmitted by Ae. albopictus

In addition to the yellow fever mosquito Ae. aegypti, the 
Asian tiger mosquito is the most important vector for 
arbo viruses in the tropics and subtropics, including DENV, 
CHIKV and Zika virus (ZIKV), which are diagnosed quite 
frequently in travellers returning to Germany.

DENV infection leads to clinical symptoms in about 25% 
of cases. Most patients have a mild febrile and self-limiting 
illness known as dengue fever. A small proportion of pa-
tients develop a severe form of the disease, which may be 
associated with bleeding. Most ZIKV infections are asymp-
tomatic. When symptoms do occur, they are usually mild 
and similar to those of a DENV infection. ZIKV infections 
during pregnancy, however, can result in foetal malforma-
tions (e. g. microcephaly). CHIKV infection often manifests 
as chikungunya fever. The main symptoms are severe mus-
cle and joint pains, which can lead to a painfully hunched 

safety [45], as individuals requiring transfusions are more 
susceptible to severe WNV disease due to their underlying 
conditions.

Only parts of Germany are currently affected by autoch-
thonous WNV transmission, mainly Berlin, large parts of 
Brandenburg, Saxony and Saxony-Anhalt, as well as small-
er parts of Thuringia and Lower Saxony [43]. This area, de-
fined by virus detections in humans, birds, mosquitoes, or 
horses, has hardly changed since 2018 but may expand at 
any time. The infection is only seasonally relevant, in Ger-
many mainly in the period from July to September.

The exact routes by which WNV reached Germany are 
not known; however, closely related virus strains circulate 
in Austria and the Czech Republic [13]. It is possible that 
the very intense 2018 WNV season in southern Europe 
provided increased opportunities for expansion of the en-
demic area. Good conditions for WNV circulation between 
mosquitoes and birds due to the exceptionally long and 
hot summer of 2018 probably allowed the first overwinter-
ing to occur in Germany [13].

Hotter summers, changing precipitation patterns, and 
people's recreational behaviour may influence the epide-
miology of WNV in Germany: observed seasonality in Ger-
many and data on outbreaks in other regions indicate that 
longer and hotter summers result in longer and more in-
tense seasonal transmission of WNV. Precipitation patterns 
can influence populations of WNV-transmitting mosqui-
toes and thus contribute locally and regionally to the in-
tensification of WNV transmission [46]. Last but not least, 
during particularly long and hot summers, people tend to 
spend more time outdoors and may come into contact 
with WNV-transmitting mosquitoes with a higher 

Factors like increasing 
temperatures, changing 
precipitation patterns, and 
human behaviour may 
influence the incidence and 
prevalence of vector- and 
rodent-borne infectious 
diseases.
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ZIKV epidemics [51, 52]. Warmer summers and prolonged 
hot spells are likely to promote autochthonous transmis-
sion of the aforementioned pathogens, as are years with 
an early, warm spring in combination with a summer that 
is not too dry, leading to high mosquito densities in 
mid-summer. The importance of an early, warm spring was 
highlighted by autochthonous dengue clusters in France 
in 2022 [53]. It should be noted, for example, that up to 75% 
of infections with DENV are asymptomatic and are therefore 
rarely diagnosed in Germany, while the infected individuals 
may still be relevant as a source of virus for mosquitoes. 
Reported infections with these pathogens must therefore 
be regarded as the tip of the iceberg. However, travellers 
who are no longer viraemic on arrival in Germany, who 
arrive in the cold season, or who have visited areas without 
Ae. albopictus (or other suitable vectors) do not represent 
a virus source for local mosquitoes.

4. Infectious diseases associated with hard ticks
4.1 Hard ticks as vectors in Germany and the influence 

of environmental and climatic factors

In central Europe, hard ticks are the most important vectors 
of infectious agents to humans. Among the at least 19 hard 
tick species native to Germany, which live in natural 

posture. In 5 to 10% of sufferers, joint pain can last for 
months.

The endemic areas of these viruses are located in the 
tropics and subtropics, including popular travel destina-
tions such as Thailand, India and Brazil. Table 3 shows the 
number of infections with these pathogens reported annu-
ally to the RKI in Germany, in accordance with IfSG, over 
the last ten years. The case numbers fluctuate strongly, 
influenced by varying infection risks in the travel destina-
tions. Except for one hospital-acquired (nosocomial) DENV 
infection and three ZIKV infections in the context of labo-
ratory accidents, all infections were travel-associated.

Local Ae. albopictus can transmit viruses from sympto-
matic or even asymptomatic viraemic travellers returning 
to Germany to other people. This has led to CHIKV epi-
demics in Italy and small autochthonous case clusters of 
DENV and ZIKV infections in other southern European 
countries [47–49].

Mosquito-borne autochthonous infections with suppos-
edly tropical viruses have not yet been documented in Ger-
many. However, vector competence studies with German 
Ae. albopictus populations show that they are capable of 
transmitting CHIKV under prevailing summer tempera-
tures [50]. In contrast, common central European summer 
temperatures are probably not sufficient for DENV and 

2012 2013 2014 2015 2016 2017 2018 2019 20202 20212

DENV 616 878 625 725 957 635 612 1176 205 60

CHIKV 9 16 162 110 74 33 26 88 26 4

ZIKV 01 01 01 21 22 69 18 11 6 2
1 No IfSG reporting obligation yet, 2 Pandemic-related decline in long-distance travel activity
DENV=dengue virus, CHIKV=chikungunya virus, ZIKV=Zika virus, IfSG=German Protection against Infection Act

Table 3
Notifications of infections with dengue, 
 chikungunya and Zika virus in Germany 

 according to the German Protection against 
 Infection Act, 2012–2021

Source: SurvNet, database of infectious 
 diseases with mandatory notification 

 requirement in Germany
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livestock, domestic animals and humans. Prerequisites for 
transmission are exposure to infected ticks in their habitat, 
a sufficiently long attachment of the infected tick to the 
body for bloodsucking, and the absence of infection pro-
tection measures.

Further tick species and pathogens can also be intro-
duced to Germany via wild animals, livestock, domestic 
animals or humans. For example, the repeated introduction 
via dogs of the brown dog tick Rhipicephalus sanguineus 
(vector of Rickettsia (R.) conorii, R. massiliae, and Babesia 
vogeli, among others) has been demonstrated since the 
1970s, leading to its temporary establishment in build-
ings [56, 57]. Since the very warm years of 2018 and 2019, 
adult stages of the thermophilic species Hyalomma (H.) 
marginatum and H. rufipes have also been found in at least 
12 of 16 German states [58–60]. They were probably intro-
duced to Germany in their juvenile stages with migratory 
birds from Africa or southern Europe. Similar trends have 
been documented in several European countries, including 
Sweden, the United Kingdom, and the Netherlands [61–63]. 
R. aeschlimanni, a bacterium of the spotted fever group that 
is pathogenic to humans, was detected in about 30 to 40% 
of these ticks of the H. marginatum complex introduced to 
Germany. Crimean-Congo haemorrhagic fever virus (CCH-
FV) has not yet been detected in Germany [58, 59, 64]; how-
ever, H. rufipes infected with CCHFV was detected in a 
whinchat and a Western black-eared wheatear on the Italian 
island of Ventotene [65]. Increasing establishment of 
H. marginatum populations has been reported in southern 
Europe, Spain, and southern France, and isolated CCHFV 
detections in livestock, wild animals, and humans have 
been reported in southern Europe and Spain [66]. 

bio topes near suitable hosts, the castor bean tick Ixodes (I.) 
ricinus is most widespread throughout Germany and has 
the greatest significance for public health [54, 55]. This tick 
species is adapted to a very broad host range to ingest 
blood, finds particularly suitable conditions in oak-beech 
and mixed deciduous forests, in which it often occurs in 
high densities. All stages can feed on humans, although 
the juvenile stages in particular, with a size of about one 
millimetre, are easily overlooked. In addition, the meadow 
tick Dermacentor (D.) reticulatus and the ornate sheep tick 
D. marginatus are relatively widespread in some regions. 
The juvenile stages of these ticks usually parasitise rodents 
and can be detected in rodent burrows, their adults prefer 
larger mammalian hosts. Native hard ticks can transmit 
diverse pathogens such as TBE virus (Section 4.2 Tick-borne 
encephalitis), spirochaete bacteria of the genus Borrelia 
(Section 4.3 Lyme borreliosis), and other hitherto less no-
ticed bacteria such as Francisella tularensis (causative agent 
of tularaemia), Coxiella burnetii (causative agent of Q fever), 
Rickettsia spp., Anaplasma phagocytophilum, Ehrlichia spp. 
and parasites such as Babesia spp. (e. g. causative agent of 
‘canine malaria’ Babesia canis). Some of these pathogens 
cause more severe courses of disease and are therefore 
mostly notifiable in Germany according to IfSG or ordinanc-
es of the federal states. For others, cases of transmission 
to humans are recorded comparatively rarely, and infections 
in immunocompetent individuals are predominantly mild 
or unspecific, so that they often go unnoticed.

The infectious agents usually circulate among wild an-
imals (reservoir hosts) and are transmitted among them 
mostly by hard ticks. Hard ticks are also considered to 
transmit these pathogens to other animal hosts such as 
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Distribution modelling for D. reticulatus and D. margin-
atus using MAXENT and BIOCLIM models (statistical hab-
itat models), taking into account biological and geograph-
ic features and using data about landscape and bodies of 
water, indicates that further distribution of these tick spe-
cies, especially D. reticulatus, is already possible in Germa-
ny at present [74, 81]. This was confirmed by more recent 
detections of these tick species in other regions [82, 83]. 
Habitat suitability modelling was also conducted for H. mar-
ginatum using MAXENT and BIOCLIM models [74, 84]. A 
projection for 2050 indicates that climatic conditions for 
H. marginatum will continue to improve in Germany [74]. 
Detection of ticks of the H. marginatum complex in Ger-
many since 2018 confirms the introduction and suitability 
of conditions for the development into adults for these 
ticks, at least in warm and drier spring and summer periods. 
Modelling, especially when also considering host popula-
tions, e. g. modelling the potential spread of H. marginatum 
by migratory birds [85], supports the risk assessment and 
indicates where to look for these ticks in the context of 
systematic monitoring for early detection. In general, how-
ever, there are still large uncertainties in such models due 
to the multifactorial nature of the events and the depend-
ence on model assumptions.

Rising temperatures, especially in the winter to summer 
months, hot spells and extreme weather, as well as changes 
in the water balance affecting relative humidity and air sat-
uration deficit, influence the natural foci of infections to-
gether with their plant and animal habitats, including the 
hard ticks and the pathogens they harbour. Further research 
is needed in order to better understand the complex rela-
tionships and apply this knowledge to prevention strategies. 

Whether previously non-native pathogens and tick species 
can establish in Germany and how the native host-tick-path-
ogen relationships already existing in Germany will develop 
depends on many factors, with climate change being a 
significant influence [67–69].

Ticks react directly to macro- and microclimatic factors 
in a species-specific manner, temperature and relative hu-
midity being key factors. At higher temperatures and suit-
able humidity, for example, developmental processes are 
accelerated and thus the duration of moulting from one 
stage to the next or the duration of egg deposition is short-
ened [70–72]. Effects of climate change on native as well 
as medically relevant tick species with the potential of be-
ing introduced to Germany were investigated in more detail 
on behalf of the German Environment Agency [73, 74]. As 
a basis for modelling, georeferenced maps of Europe were 
produced for 17 tick species either native to Germany or 
with the potential for introduction, and the first tick atlas 
for Germany was published [75, 76] (current tick atlas pub-
lished at [77]). I. ricinus is already widespread throughout 
Germany [74, 78] and in the course of climate change, high-
er tick abundances are possible in suitable biotopes, such 
as mixed oak-beech forests with undergrowth, sufficient 
hosts, and protective leaf litter. If, for example, under 
favourable climatic conditions, effective beech mast seed-
ing occurs at shorter intervals, resulting in larger rodent 
populations [79, 80], more hosts are thus available for ticks 
such as Ixodes spp. and Dermacentor spp. to ingest blood 
and transmit pathogens. Temperature and humidity affect 
tick activity, developmental duration, diapause, overwin-
tering, and survival rates. Individual active ticks have been 
observed at a soil temperature as low as 4°C [73].

Biotic and abiotic factors 
influence vector activity, 
reproduction, development, 
overwintering, and survival.
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to 175 districts in 2022 [86], with a significant expansion 
toward the north (Figure 2). The development in Saxony is 
remarkable: in 2014, the first district was declared a risk 
area; by 2022, 10 of 13 counties were risk areas. Moreover, 
about 3% of the reported cases occur outside the official 
risk areas [86].

The TBE virus circulates in nature between its vectors 
(ticks) and its natural hosts (small mammals such as the 
bank vole Clethrionomys glareolus or the yellow-necked 
mouse Apodemus flavicollis). Virus occurrence is thus de-
termined by a complex interplay of climatic and ecological 
factors, which can affect the transmission cycle in different 
ways. They may act synergistically on both biological sys-
tems (vector and host), or antagonistically on one partner 
in the transmission system at a time, or on both systems. 
This complex interaction complicates predictions or mod-
elling of the future evolution of TBE.

Warmer temperatures, especially mild winters and 
warm springs, are beneficial for tick activity and survival. 
If the temperature is too high in hot and dry summers, 
the ticks retreat into protective vegetation layers [89]. Our 
own studies show that especially the number of nymphs 
(juvenile stage) is significantly increased in spring after 
mild winters, i. e. more tick larvae and/or nymphs survive. 
Overall, however, adult tick numbers do not appear to 
increase. Dry spells in subsequent months potentially re-
sult in increased mortality of adults or nymphs that do 
not develop into adults. For effects of climate change on 
rodent populations, such as the bank vole, findings are 
summarised below (Section 5 Hantaviruses). There are 
no analyses to date on direct effects on small mammals 
infected with TBE virus and thus indirectly on the 

An ecological niche model 
showed that the distribution 
of locations with reported 
tick-borne encephalitis virus 
infection in Germany was 
associated with increased 
precipitation/temperature in 
summer and a decrease in 
frost days in winter.

The two most significant diseases transmitted by hard ticks 
are addressed below.

4.2 Tick-borne encephalitis

In Germany, the TBE virus is transmitted primarily by I. rici-
nus ticks, less frequently by other tick species (including 
D. reticulatus) or via infected raw milk (products). About 
70 to 95% of infections are asymptomatic. Symptomatic 
diseases are sometimes mild, sometimes more severe with 
manifestations of the central nervous system (CNS) like 
meningitis, encephalitis, and myelitis. Up to 1% of those 
with CNS symptoms die [86]. Older persons generally have 
more severe symptoms than children. Nevertheless, severe 
forms of the disease can also occur in children.

TBE cases reported in Germany since 2001 according 
to IfSG show a pronounced seasonality, with most cases 
(98%) occurring between April and November. Annual case 
numbers vary widely between 195 (2012) and 712 cases 
(2020). From 2001 to 2016, a median of 276 cases were 
reported annually. From 2017 to 2022, the median annual 
number of cases was 505, an increase of over 200 cases. A 
statistically significant trend of an annual 2% increase in 
case numbers was observed from 2001 to 2018, as well as 
a seasonal shift such that infections occurred 0.69 days 
earlier each year [87, 88]. While I.  ricinus is widespread 
throughout Germany and can also transmit the causative 
agent of Lyme borreliosis over a wide area, the TBE virus 
occurs endemically mainly in the south of Germany, in the 
form of small-scale natural foci. The number of at-risk rural 
and urban districts according to the RKI definition (five-year 
incidence>1:100,000) increased from 129 districts in 2007 
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the tick [90]. An ecological niche model shows that the 
spread of TBE virus infection locations in Germany is sig-
nificantly more frequent where precipitation and temper-
ature are high in summer and few frost days occur in 
winter [91]. Given the foreseeable climatic changes, the 
habitat of I. ricinus may expand, especially in northern and 
eastern Europe, according to one modelling study [92]. 
Spread to higher altitudes has also been reported in the 
Czech Republic and elsewhere [93]. First TBE cases are 
regularly reported from countries previously considered 
TBE-free, e. g. the United Kingdom or the Netherlands in 
2019 [94].

In addition to these abiotic factors, human behaviour 
also plays a role in infection risk. The record high of 712 
TBE cases reported in 2020 was related not only to high 
tick occurrence but also to the fact that people went for 
more frequent walks during the COVID-19 pandemic [95]. 
Good conditions for mushroom picking can also lead to 
increased TBE virus infections in the fall. Warm periods 
can generally lead to increased time spent in nature and, 
if tick habitats are involved, to increased tick exposure and 
thus increased risk of infection.

Since there is no therapy to treat TBE, prevention is of 
great importance. Protective measures against tick bites, 
e. g. wearing long and light-coloured clothing, leaving no 
gaps between trousers and socks, and searching for at-
tached ticks after each outdoor activity, can significantly 
reduce the risk of contracting the disease. In addition, TBE 
virus vaccination can effectively prevent infections [96]. In 
the majority (99%) of annual reported cases in Germany, 
people are unvaccinated or insufficiently vaccinated. Even 
in risk areas, only about 20% of the population has full 

trans mission cycle of TBE virus. The influence of climatic 
factors on virus replication has also not been elucidated. 
However, there is evidence that certain TBE virus strains 
can adapt to different environmental temperatures within 

Figure 2
Development of tick-borne encephalitis 

risk  areas, 2007–2022  
Source: Robert Koch Institute
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In Germany, representative surveys of B. burgdorferi se-
roprevalence in children and adolescents as well as in adults 
are regularly conducted by the RKI and the National Refer-
ence Centre for Borrelia (Figure 3). During the periods ob-
served, there was a slight increase in men (18–79 years) 
and a slight decrease in girls (3–17 years) [98, 99]. Howev-
er, a significant increase in the seroprevalence of B. burg-
dorferi-specific antibodies in the overall population was not 
observed. Thus, a change in the risk of infection by 2017 
could not be confirmed in the serosurveys so far. This could 
be due to the fact that influences with opposite effects 
(increasing temperatures and greater drought) have bal-
anced each other out or had different regional effects, mak-
ing them undetectable by nationwide surveys. Furthermore, 
the previous study periods of about ten years may have 
been too short to detect long-term trends.

Lyme borreliosis is a notifiable disease in 9 of 16 German 
federal states [100, 101]. The temporal occurrence of report-
ed cases shows a distinct seasonal pattern. Onset of the 
disease between June and August was reported in 57% of 
cases, with seasonality varying by clinical manifestation: 
cases of erythema migrans peak in July (22%), neurobor-
reliosis cases in August (20%), and Lyme arthritis cases 
are more evenly distributed throughout the year. The inci-
dence of Lyme borreliosis is higher in months with higher 
temperatures. This seasonal distribution varies slightly from 
year to year, but it has remained relatively constant across 
federal states to date. Relevant changes in the seasonal 
pattern cannot be confirmed so far. This could be because 
climate change has little or no effect on seasonal differenc-
es in Lyme disease incidence. Alternatively, the influence 
of climate change on seasonality could be undetectable in 

vaccination protection [86]. This means that there is great 
potential for preventing the majority of TBE cases by in-
creasing vaccination rates.

4.3 Lyme borreliosis

Lyme borreliosis (or Lyme disease) is by far the most com-
mon vector-borne infectious disease in Germany.

The bacteria Borrelia (B.) burgdorferi sensu lato (s.l.) 
transmitted by ticks (in central Europe mainly I. ricinus) are 
the causative agents of Lyme borreliosis, which can be ac-
companied by clinical manifestations of the skin (erythema 
migrans, acrodermatitis chronica athrophicans), nervous 
tissue (neuroborreliosis), joints (Lyme arthritis) and heart 
(Lyme carditis). Neuroborreliosis and Lyme carditis are 
sometimes associated with severe courses of disease. Lyme 
borreliosis occurs in all age groups and occurs, associated 
with the spread of its vectors, predominantly between the 
40th and 60th parallel north, an area in which Germany and 
large parts of Europe are located.

Climate change may influence B. burgdorferi s.l. infec-
tions and the incidence of Lyme borreliosis within this area 
in a complex interplay of factors. It results in mild and wet 
winters and warmer springs in some regions. This extends 
the period of tick activity and density and increases the 
frequency of contact between humans and ticks, which 
leads to higher Lyme disease incidences. On the other hand, 
hot, dry summers are unsuitable for I. ricinus and may result 
in fewer infections. In addition, changing outdoor behav-
iours of people (e. g. spending time outdoors more fre-
quently and earlier in the season) could alter the frequency 
of contact with ticks, leading to more frequent infections [97].

Prevention, especially vector 
control and exposure 
prevention, is of great 
importance for reducing the 
risk of infection with vector- 
and rodent-borne pathogens. 
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Modelling in the United States showed that in certain 
geographic areas (north-east), as temperatures continue 
to rise (according to climate scenarios), the incidence of 
Lyme borreliosis is likely to increase significantly in the 
coming decades [105]. However, these modelling efforts 
are subject to considerable uncertainty, and an increase in 
incidence could not be projected for all geographic regions 
considered. Another analysis in the United States found a 
significant association between temperature and incidence 
of Lyme borreliosis [106]. Assuming a 2°C increase in mean 
annual temperature over the next few decades, this study 
predicted an increase in cases of Lyme borreliosis of more 
than 20% in the United States.

A study from Austria evaluated the temporal and geo-
graphic trends of Lyme borreliosis and TBE for the period 

large-scale reporting data and effects may only be detect-
able on a smaller scale or be masked by artefacts in the 
reporting data.

Internationally, there are publications and reports from 
some regions that the distribution and incidence of Lyme 
borreliosis has increased in recent years in connection with 
warming (and thus more temperate winters and warm, hu-
mid summers), for example in the Midwest of the USA and 
in Canada [102]. Lyme borreliosis incidences have increased 
significantly in certain regions of Canada since surveillance 
began in 2009 [103]. This is primarily caused by a greater 
spread of the vector I. scapularis, mostly due to climate 
change. There has also been an increased spread of Lyme 
borreliosis in certain areas of northern Europe (e. g. Scot-
land) [104].

Figure 3
Representative estimates of Borrelia burgdorferi 

seroprevalence in adults (18–79 years) and 
 children and adolescents (3–17 years) in 

 Germany, 1997–2017
Source: Own representation after  

Woudenberg et al. [98].
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Although the factors influencing the incidence of Lyme 
borreliosis are complex, it can generally be assumed that 
climatic factors such as milder winters and warmer, more 
humid spring to autumn periods can lead to an increase 
in the incidence of infection and disease in certain small-
scale regions.

5. Hantaviruses

Rodents act as important reservoir hosts and vectors of 
various zoonotic pathogens: bacteria, viruses and protozoa, 
i.e. eukaryotic unicellular organisms. There are also a num-
ber of viruses that exist in rodents but are not thought to 
be transmitted to humans and are considered rodent-spe-
cific. In this section, hantaviruses will be discussed as the 
epidemiologically most important rodent-borne group of 
pathogens, since a significant increase in knowledge about 
the ecological background of the hantavirus disease has 
been recorded in recent years. At least nine different han-
taviruses occur in Germany; most human disease cases 
are caused by the Puumala orthohantavirus (PUUV). Al-
though the reservoir host of PUUV, the bank vole (Clethri-
onomys glareolus), occurs throughout Germany, PUUV in-
fections have only been detected in bank voles in the 
southern, western, and north-western parts of Germany. 
Extensive studies have led to the postulation of a northern 
and eastern distribution boundary of PUUV in the bank 
vole (Figure 4) [108]. In contrast, Dobrava-Belgrade ortho-
hantavirus (DOBV), genotype Kurkino, occurs exclusively 
in the eastern part of Germany. This distribution is caused 
by the occurrence of the reservoir, the striped field mouse 
(Apodemus agrarius), which is restricted to eastern 

from 2005 to 2018 [107]. The incidences of the two diseas-
es and their annual fluctuations were not geographically 
concordant, although the pathogens share the same tick 
vector and rodent reservoirs. Small-scale factors, some of 
which are still unknown, such as vector and pathogen bi-
ology and behavioural patterns, appear to play a role.

Figure 4
Distribution of Puumala orthohantavirus 

 sequences in Germany. The symbols  
correspond to those in Figure 6 and show 

 infections from known endemic areas in 
 Germany. Multiple sequences from the same 

location are shown only once.
Sequences originating from humans are 

 depicted in black, those from bank voles in 
blue. The dotted line represents the 

 hypothetical distribution boundary of 
PUUV-positive bank voles.

Source: Own representation after  
Drewes et al. [108] and  

Weiss et al. [114 (CC BY 4.0)]
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mainly affects adults aged 20 to 60 years and is extremely 
rare in children. Men are significantly overrepresented in 
all age groups [116]. It is likely that age and sex significant-
ly influence susceptibility to infection as well as disease 
severity. Exposure factors seem to play a minor role at most. 
Symptomatic hantavirus infections with laboratory evidence 
have been notifiable according to IfSG since 2001. Data of 
the reported cases are transmitted anonymously and elec-
tronically from the health offices to the respective state 
health office and from there to the RKI.

The epidemiology of hantavirus disease in humans is 
characterised by cyclic PUUV outbreaks occurring approx-
imately every two to three years, mainly in the south, west 
and north-west of Germany [116]. DOBV Kurkino, which 
occurs in the north and east of Germany, only produces a 
small number of sporadic cases of disease and will not be 
discussed in detail in this article focusing on climate change.

With a mean annual incidence of 2.3:100,000 inhabit-
ants in Germany, the six largest outbreak years, 2007, 2010, 
2012, 2017, 2019, and 2021, contributed a large proportion 
of the total cases reported in Germany between 2001 and 
2021 (n=11,464 of 15,823; 72.4%). In the remaining 15 years, 
the mean annual incidence was much lower at 0.35:100,000 
inhabitants (Figure 5). The majority of cases (n=10,988 of 
15,823; 69.4%) were reported in Bavaria and Baden-Würt-
temberg, where known PUUV endemic areas are located 
(e. g. Swabian Alps, Lower Franconia, Bavarian Forest). The 
remaining federal states contribute relatively few cases, 
although endemic areas located there (e. g. the Osnabrück 
region or western Thuringia) also report locally high inci-
dences in outbreak years. A detailed molecular analysis of 
PUUV outbreaks up to 2018, as well as current studies of 

Germany. Infections of the yellow-necked mouse (A. flavi-
collis), which occurs throughout Germany, were found only 
in the range of the striped field mouse. Although DOBV 
has also been molecularly detected in the yellow-necked 
mouse and a strain of DOBV has been isolated, it is unclear 
to what extent the yellow-necked mouse can transmit the 
virus to humans [109, 110]. Tula orthohantavirus (TULV) is 
found throughout Germany in the common vole (Microtus 
arvalis), but has rarely been associated with human infection 
and disease [111, 112]. Seoul orthohantavirus (SEOV) is en-
demic in rat populations in parts of Asia and has been 
repeatedly detected in domestic rats in Europe and the 
United States; in Germany, isolated infections have oc-
curred in connection with foreign travel or after contact 
with pet rats [113]. In addition, five other hantaviruses have 
been described in Germany whose human pathogenicity 
has not yet been clarified.

Hantavirus disease in humans is a classical zoonosis. 
Infection occurs by inhalation of dust contaminated with 
saliva, faeces, or urine of infected animals, by contact of 
injured skin with contaminated materials, or rarely through 
bites. Infection through ingestion of contaminated food is 
also possible. A large proportion of hantavirus infections 
are asymptomatic or present with non-specific symptoms, 
so that diagnostic clarification is often not initiated and 
significant underreporting can be assumed. Symptomatic 
infections with the virus species that are relevant to humans 
in Germany (PUUV, DOBV Kurkino) usually present as a 
flu-like illness with fever, colicky, often unilateral flank pain, 
nausea and diarrhoea, headache and neck stiffness, visual 
disturbances (myopia, photophobia), and conjunctival 
haemorrhages [115]. In Germany, symptomatic disease 
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bank voles at the postulated PUUV distribution boundary, 
show a separate evolutionary development of viruses spe-
cific to each endemic area over long periods of time 
(Figure 6). This suggests that the spatial extent of the dif-
ferent endemic areas is stable over time.

Hantavirus disease shows marked seasonality, with the 
case numbers peaking in spring or early summer (Figure 5). 
A gradual increase in case numbers through fall and winter 
seems to indicate an upcoming outbreak year. Nevertheless, 
hantavirus disease must also be considered outside this 
peak season; for example, a cluster of cases was reported 
in a small company in Lower Saxony in December 2017 [118].

The incidence of PUUV disease in the population is 
closely linked to the presence and abundance of bank 
voles [119]. A high population density of bank voles increas-
es the transmission rate within the bank vole population, 
resulting in higher PUUV prevalence there [120, 121]. An 
increase in the population of infected reservoir animals 

increases the amount of virus-containing excreta in the 
environment and the likelihood that humans will come into 
contact with them. This, in turn, may lead to an increased 
rate of human infection. Therefore, when considering the 
influence of climate change on the future incidence of PUUV 
disease, it is critical to forecast future trends in bank vole 
populations. This in turn depends strongly on the future 
development of forests, especially beech forests.

The abundance of bank voles is subject to cyclic fluctu-
ations. Mass reproductions are triggered by mast years, i. e. 
years in which there is above-average fructification of the 
bank voles' food plants, mainly beech (Fagus sylvatica). 
Mass reproductions of bank voles regularly occur in years 
following mast years [119, 121].

The frequency with which mast years occur is climate-de-
pendent. There is evidence that climate change has in-
creased the frequency of mast years over the last hundred 
years [122, 123]. Consequently, the frequency of years with 

Figure 5
Reported hantavirus cases by region, year and 

month of disease onset in Germany, 2001–2021 
(n=14.786 cases with known date).

Arrows indicate beech mast years  
(>40% of beech trees showing medium or high 

fructification) in Baden-Württemberg [117].
Source: Own representation
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mass reproductions of bank voles has also increased, such 
that mast years followed by mass reproductions of bank 
voles now occur every two to three years (Figure 5). How-
ever, the increase in frequency of mast years is limited by 
the fact that a tree cannot produce a full mast in two con-
secutive years because above-average fruit production is 
associated with high physiological stress, which is evident 
through significantly reduced tree thickness growth in mast 

years [124]. However, it is possible that climate change 
could break the spatial synchronicity of mast events. This 
would result in mass fructification in beech trees occurring 
in a spatially heterogeneous manner [125, 126]. Such asyn-
chronous mast events and their effect on bank vole popu-
lations have already been observed, suggesting that future 
outbreaks could be more localised rather than supra- 
regional or nationwide [127]. Evidence also suggests that 

Figure 6
Phylogenetic analysis of Puumala 

 orthohantavirus S-segment sequence based on 
a 504 nucleotide  alignment of 258 sequences 

published in GenBank
Source: Own representation after  

Drewes et al. [108] and  
Weiss et al. [114 (CC BY 4.0)]
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warm, wet winters favour transmission of PUUV within 
bank vole populations, regardless of their size and density, 
at least in northern Europe. Thus, climate may also have a 
direct influence on PUUV survival in the environment [128]. 
In Germany, however, climate change is more likely to affect 
forests by increasing drought. Based on observations of 
the drought years 2018 to 2020, it can be predicted that 
more than 30% of forested areas with beech as the main 
tree species and an important food source for bank voles 
are at risk [129]. In drought years, beech trees prematurely 
shed stunted beechnuts, despite having previously fruited 
well, providing only scarce food for bank voles [130]. Fur-
thermore, it is likely that extreme weather events such as 
storms or heavy rainfall, in addition to forest fires as a 
consequence of drought, will have an impact on the occur-
rence of bank voles and PUUV. What consequences all these 
phenomena will have on bank vole populations and thus 
ultimately on the incidence of PUUV disease is not yet clear 
and must be the subject of further investigations. Howev-
er, due to the above-mentioned natural limitation of the 
frequency of mast years as well as the expected negative 
climate effects on the growth and distribution of beech, a 
strong increase in the incidence of hantavirus disease in 
Germany in connection with the effects of climate change 
is not currently expected.

6. Recommendations
6.1 General recommendations

The following generally applicable recommendations can 
be made to protect the population from vector- and ro-
dent-borne diseases in Germany:

The potential impact of 
climate change on human 
disease caused by Puumala 
orthohantavirus has not 
been conclusively 
determined.

(1) Strengthen science and research capacity on climate 
change and health to provide a more accurate assessment 
of the impact of climatic changes on vector- and ro-
dent-borne infectious diseases

(2) Maintain or strengthen interagency One Health-
based collaboration in the health, environmental, and an-
imal health sectors to ensure more effective interdiscipli-
nary collaboration for infection prevention

(3) Expand monitoring of vector- and rodent-borne in-
fectious agents in humans and animals

(4) Targeted information campaigns on infection risks 
and protective measures for the population

(5) Development of communication strategies for the 
medical profession

(6) Continuing education (a) of professionals related to 
behavioural prevention and health promotion in human 
and veterinary medical practices or facilities of the Public 
Health Service (Öffentlicher Gesundheitsdienst, ÖGD), 
(b) of employees in pest control companies, (c) of profes-
sionals working outdoors with an increased risk of infection, 
e. g. in forestry, and (d) of occupational health and safety 
specialists for these occupational groups

6.2 Targeted recommendations

The generally applicable recommendations are supplement-
ed by the following targeted recommendations for Germany:

Infectious diseases associated with mosquitoes
(1) Promote the development of local response plans 

for WNV as well as the emergence of new vector-competent 
mosquito species (e. g. Ae. albopictus)
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(2) Public information campaigns to prevent mosquito 
reproduction sites and the spread of new mosquito species

(3) Consideration of prevention measures, such as 
breeding site prevention or elimination, when planning of 
climate-resilient cities

(4) Sensitisation of the ÖGD to reported cases 
(Info box 1) 

Further research is needed to 
better understand the impact 
of climate change on 
zoonotic pathogens, their 
reservoirs and vectors.

Infectious diseases associated with hard ticks
(1) Assurance of correct tick identification as a basis for 

correct recognition of causal relationships
(2) Contact and exchange between scientists carrying 

out tick- and rodent-borne pathogen studies
(3) Development of effective and sustainable products, 

procedures, methods, and strategies to protect against tick 
infestation and pathogen transmission (including tick vac-
cine development, biological tick control, tick traps, effec-
tive repellents)

(4) Promote and conduct further representative surveys 
on the prevalence of B. burgdorferi-specific antibodies to 
detect a possible increase, which may be partly due to cli-
matic factors

(5) Promote and conduct studies on the incidence and 
trends of erythema migrans in selected geographic regions

(6) Prevention measures and information by the ÖGD 
(Info box 2)

(7) Education of the public and the medical communi-
ty about Lyme borreliosis (Info box 3)

Hantaviruses
(1) Increased dissemination of information on hantavi-

rus infections to populations in affected areas, e. g. using 
the RKI fact sheet [132]

(2) Seasonal and targeted communication on the risk 
of hantavirus infections (Info box 4)

(3) Continuous surveillance of hantavirus infections in 
humans and monitoring of trends in the animal reservoir

(4) Networking of studies on various rodent- and vec-
tor-borne zoonotic pathogens

(5) Further development of hantavirus forecasting mod-
els and fine-resolution risk maps

Info box 1: Recommendations for the Public Health 
Service (ÖGD) with regard to DENV, CHIKV and 
ZIKV  infections

Local health authorities should seasonally point out the risk of 
further transmission in reported cases of suspected viraemic 
DENV, CHIKV and ZIKV infections in areas with Ae. albopictus 
and be alert for non-travel-associated secondary cases [131]. 
Physicians in relevant areas should also seasonally consider 
these pathogens, which are not endemic in Germany, in the 
event of clusters of illnesses with fever and/or skin rash and, if 
necessary, initiate appropriate diagnostics.

Info box 2: Recommendations for the ÖGD with 
 regard to  tick-borne diseases

Public health authorities should continue to provide preventive 
education about avoiding tick bites and removing ticks imme-
diately. In addition, the public should also be informed about 
clinical manifestations, such as erythema migrans, in order to 
receive early medical attention and ensure early diagnosis and 
treatment, which can prevent more severe disease progression. 
A focus of these communication efforts could be on specific 
groups at increased risk of tick bites, e. g. people working in 
the forest or in public facilities in or near the forest (e. g. forest 
kindergartens, children's and youth camps), members of 
Scouting associations, geocachers, people who collect mush-
rooms, or beekeepers.
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(6) Promote and conduct studies on the synchronicity 
or increasing asynchronicity of bank vole mass reproduc-
tions

7. Conclusion

Higher temperatures, changing precipitation patterns, and 
human behaviour may influence the epidemiology of vector- 
and rodent-borne infectious diseases in Germany. The ef-
fects of climatic changes on the spread of vector- and ro-
dent-borne infectious diseases need to be further studied 
in detail and considered in climate adaptation measures.
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Info box 3: Required communication strategies for 
Lyme  borreliosis

Misconceptions about the symptoms and diagnostic frequen-
cy of Lyme borreliosis exist in parts of the population, which 
have been spread for some time via social networks and blog-
ging services. Individuals are sometimes incorrectly diagnosed 
with Lyme borreliosis and are subjected to prolonged suffering 
until they receive a correct diagnosis and therapy. Consequenc-
es include unnecessary burdens on the health care system, 
confused and dissatisfied patients, and the initiation of inef-
fective therapies such as antibiotic treatments. Communica-
tion strategies should educate the population about the dis-
ease, correct diagnostic options, and possible differential 
diagnoses of Lyme borreliosis.

Info box 4: Communication on the risk of 
 hantavirus infections to the population

Education of the population on the risk of hantavirus infections 
and corresponding prevention measures should be carried out 
seasonally using selected communication strategies. In addi-
tion to direct information aimed at the general population, rel-
evant community and interest groups should also be involved 
to provide targeted information to particularly exposed groups 
of people like forest workers and those working in pest control. 
While for PUUV in its distribution area predictions are possible, 
this is not yet the case for DOBV due to its sporadic occurrence. 
Therefore, general information should be provided in the dis-
tribution area of this virus (eastern part of Germany). The first 
detection of hantavirus infections caused by pet rats (Seoul 
orthohantavirus) has made clear that keepers and sellers of pet 
rats have to be informed about this risk; mandatory testing of 
pet rats for this and other pathogens would be desirable.
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Impact of climate change on waterborne infections and 
intoxications

Abstract
Progressive climate change holds the potential for increasing human health risks from waterborne infections and intox-
ications, e. g. through an increase in pathogen concentrations in water bodies, through the establishment of new pathogens 
or through possible changes in pathogen properties. This paper presents some examples of potential impacts of climate 
change in Germany. Non-cholera Vibrio occur naturally in seawater, but can proliferate significantly in shallow water at 
elevated temperatures. In the case of Legionella, climate change could lead to temporary or longer-term increased inci-
dences of legionellosis due to the combination of warm and wet weather. Higher temperatures in piped cold water or 
lower temperatures in piped hot water may also create conditions conducive to higher Legionella concentrations. In nu-
trient-rich water bodies, increased concentrations of toxigenic cyanobacteria may occur as temperatures rise. Heavy 
rainfall following storms or prolonged periods of heat and drought can lead to increased levels of human pathogenic 
viruses being washed into water bodies. Rising temperatures also pose a potential threat to human health through 
pathogens causing mycoses and facultatively pathogenic micro-organisms: increased infection rates with non-tuber-
culous mycobacteria or fungi have been documented after extreme weather events.

This is part of a series of articles that constitute the German Status Report on Climate Change and Health 2023.
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1. Introduction

Numerous human pathogens can be transmitted through 
contact with water. Oral ingestion, inhalation or skin con-
tact with pathogens such as Legionella, Vibrio, cyanobacte-
ria or non-tuberculous mycobacteria lead to diseases, 
which can be severe and run fulminant courses. Pathogens 
causing mycoses and other facultatively pathogenic 
micro- organisms also present a health hazard.

The consequences of global warming and resulting cli-
mate change are expected to have effects on waterborne 
infections in the future. Longer seasonal warm periods due 
to hot summers or prolonged warm autumns can lead to 
an increase in water temperatures in northern latitudes. 
These increased temperatures can favour the multiplication 
of pathogens. Such a climatic effect could be shown, for 
example, for the Baltic Sea by means of satellite data since 
1990. An analysis showed that the annual mean tempera-
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V.  fluvialis, V.  furnissii, V.  alginolyticus, V.  mimicus and 
V.  metschnikovii, which are also pathogenic to humans, occur 
as components of the normal bacterial flora in the North Sea 
and Baltic Sea, and occasionally in somewhat salinic inland 
waters. The North and Baltic Seas contain slightly different 
compositions of NCV, presumably due to differences in 
salin ity. In a study investigating water and sediment, it was 
shown that in the highly saline North Sea, V. parahaemolyticus 
is found more frequently, whereas in the Baltic Sea mainly 
V. vulnificus is detected besides other NCV. V. cholerae non-O1/
non-O139 is also frequently detectable here [2]. Shallow wa-
ters poorly mixed by wind, tides or other currents are par-
ticularly affected, as they can heat up strongly when exposed 
to sunlight. At water temperatures above 20°C, NCV can 
proliferate in these waters. On the North Sea coast, estuary 
beaches are particularly susceptible to the occurrence of 
higher NCV concentrations due to the reduced salinity. On 
the Baltic Sea coast, ‘bodden’ waters (briny coastal lagoons 
in the shelter of islands) in summer and early autumn fulfil 
many conditions for NCV growth. Predictions of NCV pro-
liferation can be seen in the 'Vibrio map viewer', a tool of the 
European Centre for Disease Control (ECDC) that uses real- 
time data on water temperature and sea surface salinity to 
predict the occurrence of environmental conditions that fa-
vour the proliferation of Vibrio. [3].

People can become infected with NCV in various ways: 
they may ingest the pathogens in raw or inadequately heat-
ed food of marine origin, such as oysters or other seafood [4]. 
Another article in this status report discusses climate 
change impacts on foodborne infections and intoxications 
in more detail (Dietrich et al. [5]). Pathogens can enter the 
body when larger wounds, or even very small skin lesions, 

ture of the surface of the entire Baltic Sea has warmed by 
around 0.8°C over the last 16 years [1]. Storm surges and 
floods can also spread waterborne germs, especially water-
borne viruses and facultatively pathogenic environmental 
microbes. It can be assumed that these weather phenom-
ena will occur more frequently as climate change progress-
es.

Many waterborne infections can be acquired during 
 leisure activities. This has far-reaching consequences for 
human health, as the leisure behaviour of the population 
may become more oriented towards water-associated ac-
tivities in the context of rising outdoor temperatures. In 
this article, the risk of waterborne infections and intoxica-
tions in Germany will be discussed using the example of 
various micro-organisms whose occurrence is influenced 
by climate change.

The contents to be presented in this article were jointly 
determined by the authors according to their expert opin-
ions. Appropriate references to current literature have been 
added, but there is no claim to completeness.

2. Non-cholera Vibrio

Vibrio are gram-negative, rod-shaped bacteria that are mod-
erately to markedly halophilic (salt-loving). Vibrio (V.) 
cholerae O1/O139, which can produce the cholera toxin, are 
probably the best-known representatives of Vibrio. They 
cause epidemic cholera. Cholera is occasionally diagnosed 
in Germany as a travel-associated infection, but is not en-
demic in Europe.

However, so-called non-cholera Vibrio (NCV) such as 
V. parahaemolyticus, V. vulnificus, V. cholerae non-O1/non-O139, 
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recognised in Europe, and they usually do not become 
severely ill. With rapid, appropriate and adequately dosed 
antimicrobial therapy, infections can be controlled even in 
high-risk patients. If left untreated or treated too late, sur-
gical intervention (up to and including amputation of af-
fected limbs) may also be necessary due to the rapid pro-
gression of the infection. In case of injuries or visible 
infections of skin and soft tissues post salt water exposure, 
a current guideline on skin and soft tissue infections there-
fore recommends the immediate application of antibiotic 
combination therapy [12]. Therapy should be started in pa-
tients at risk even while the microbiological confirmation 
of NCV is pending [9]. Patients with gastroenteritis caused 
by NCV who are at increased risk of sepsis due to pre-ex-
isting conditions such as diabetes or liver damage should 
also receive antibiotic therapy at an early stage.

In the years prior to the introduction of an explicit 
mandatory notification requirement, up to 20 cases of NCV 
infections with exposure sites in Germany were reported 
to the Robert Koch Institute (RKI, Germany’s national pub-
lic health institute) each year. These cases were diagnosed 
more frequently in the warmer summers of the years 2003, 
2006, 2010, 2018 and 2019.

A large study of 63 German cases in the years 2018 and 
2019, which had very hot summers, described patients with 
a clear age and gender distribution (the majority was over 
60 years old and predominantly male) as well as season-
ality of the infections. Patients had become infected with 
NCV significantly more often at or in the Baltic Sea than at 
or in the North Sea. Wound infections were the most fre-
quent form of disease, with the majority (84%) being 
pre-existing wounds inflamed by seawater contact.  Common 

come into contact with water. In this context, infections 
with V.  vulnificus are frequently described. Infections 
through skin injuries occurring directly in the water are rare, 
yet possible [6, 7] and so are wounds incurred when han-
dling animals, shells and stones to which seawater adheres, 
for example when processing fish. Especially in children, 
ear infections with NCV, mainly with V. cholerae non-O1/
non-O139, occur frequently, e. g. through swimming or 
bathing in shallow waters.

Depending on the various routes of infection and path-
ogen species, different clinical pictures manifest in the form 
of gastroenteritis, wound infections or ear infections; in the 
case of aspiration of seawater, even pneumonia, caused by 
V. vulnificus, has been described [8, 9]. Gastroenteritis usu-
ally does not correspond to extremely severe, rice water-like 
diarrhoea with a great risk of dehydration typical for the 
clinical picture of cholera, since NCV lack the cholera toxin. 
Starting from wounds, or injuries to the skin barrier, the 
bacterial toxins can cause invasive, cross-tissue, usually 
purulent infections, requiring urgent surgical treatment [10]. 
Both wound infections and gastroenteritis can lead to sep-
sis, which is associated with significant lethality. Rapid med-
ical treatment is necessary. While infections with NCV can 
affect all age groups, clear risk groups can be identified, 
particularly in the case of severe wound and soft tissue in-
fections and sepsis: these include older and immunocom-
promised persons. People with pre-existing conditions such 
as diabetes mellitus, liver disease (e. g. liver cirrhosis, 
chronic hepatitis), cancer (e. g. after chemotherapy) and 
severe heart disease also have an increased risk of symp-
tomatic infection and of a severe course of disease [11]. In 
contrast, young healthy adults are rarely among the cases 

People with pre-existing 
conditions are at increased 
risk of waterborne infections, 
including older persons and 
the immunocompromised.
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in these infections, especially in coastal waters, is to be 
expect ed during hot, long summers.

2.1 Influence of climate change on Vibrio infections

Climate change affects infections with Vibrio in at least two 
ways:

Since water temperatures above 12°C generally have a 
favourable effect on the occurrence of Vibrio, and NCV can 
multiply particularly strongly in warm water above 20°C, 
more frequent longer warm periods contribute to the con-
centration of pathogens in the water. This concentration 
can be additionally increased if the water circulation is re-
duced or even absent due to altered tidal fluctuations, low-
er frequency of storms or changed influences of other cur-
rents. A climate-induced extension of that period of the 

pre-existing conditions of the mostly older persons were 
cardiovascular disease, diabetes mellitus or immunodefi-
ciency; 51% of the patients had to be treated in an intensive 
care unit, and a total of eight patients died in connection 
with the infection [9].

On 01.03.2020, in addition to a mandatory notification 
requirement for cholera in Germany, a mandatory notifica-
tion requirement for infections with other human 
pathogenic Vibrio was included in the German Protection 
against Infection Act (Infektionsschutzgesetz, IfSG). A sub-
set of the NCV infections reported since 2020 is described 
in  Table 1. A clear seasonality of disease onset in the sum-
mer months among the mainly older patients becomes 
apparent. It is also evident that the majority of infections 
with NCV are associated with water contact (especially at 
the Baltic Sea). With advancing climate change an increase 

2020 (from March) 2021

Cases not explicitly associated with 
 international travel

13 (out of a total of 13 reported NCV 
 infections)

25 (out of a total of 29 reported NCV 
 infections)

Where infection was acquired 
(where known)

9 x Baltic Sea
1 x North Sea

14 x Baltic Sea
2 x inland waters

Male gender 9 (69%) 16 (64%)
Age range (in years) 22–87, median: 60 8–89, median: 68
Onset of disease July through September 9 (100% of those with onset indicated) 16 (80% of those with onset indicated)
Pathogen 8 x V. vulnificus

4 x V. cholerae non-O1/non-O139
1 x V. parahaemolyticus

14 x V. vulnificus
4 x V. cholerae non-O1/non-O139
3 x V. alginolyticus
2 x V. parahaemolyticus
1 x other species
1 x co-infection with 2 species

Forms of disease (where known) 5 x wound infection/sepsis
2 x ear infection

18 x wound infection/sepsis
3 x gastroenteritis
1 x ear infection

 NCV = non-cholera Vibrio, V. = Vibrio

Table 1
Excerpt of suspected non-travel-associated 

NCV infections reported to the  
Robert Koch  Institute since the introduction of 
a mandatory notification requirement for NCV

Source: SurvNet, database of infectious 
 diseases with mandatory notification 

 requirement in Germany
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would benefit most from these measures, above all senior 
citizens, especially those with the described pre-existing 
conditions, e. g. poorly healing wounds on the legs. Severe 
courses of the disease can be prevented or mitigated by 
rapid and appropriate treatment.

(2) It is a widespread piece of misinformation that sea-
water disinfects wounds. Patients with risk factors for se-
vere disease progression should be informed, e. g. by their 
general practitioners, about the general risks of infection 
when wounds come into contact with natural waters. 
 Coastal rehabilitation clinics and similar facilities should 
seasonally actively inform residents about the risks of in-
fection with NCV and provide advice on how to avoid in-
fection. Tourist facilities should also address the relevant 
risks in a manner appropriate to the target group. Physi-
cians, especially in coastal areas, should consider NCV in-
fections as a differential diagnosis, particularly in the case 
of wound infections and sepsis requiring immediate treat-
ment after coastal exposures, and initiate treatment with 
suitable antibiotics as quickly as possible.

3. Legionella

Legionnaires' disease (LD) is a form of pneumonia caused 
by Legionella, largely the species Legionella pneumophila. Typ-
ically, this bacterium is found in water systems or biofilms, 
but it must be nebulised and then inhaled to cause 
illness [15]. Epidemiologically, three categories of LD are 
distinguished: travel-associated, hospital-associated, and 
community-acquired,  i. e. acquired in a personal or work 
environment. In principle, transmission of Legionella is 
possible through a variety of sources, e. g. aerosols from 

year in which high NCV concentrations are to be expected 
also extends the phase in which vulnerable people in par-
ticular can come into contact with the pathogens, e. g. by 
extending the bathing season. In addition, it should be 
noted that demographic change is generally increasing the 
proportion of vulnerable groups in the German population, 
and presumably also among holidaymakers on German 
coasts. As a consequence of global warming, it is expected 
that the surface temperature in the Baltic Sea will increase 
by about 3°C to 4°C in the next decades [13], which will lead 
to a general increase of NCV pathogenic to humans in 
coastal waters.

2.2 Recommendations to limit exposure to NCV

Due to the breadth of this topic, the recommendations pre-
sented here focus on wound infections and sepsis, primar-
ily caused by V. vulnificus, as these are the most serious 
NCV infections in Germany. Studies concerning V. vulnificus 
as a human pathogen have already been described in de-
tail, and show a significantly increased risk of certain groups 
of people becoming infected with this pathogen and be-
coming seriously ill [14].

(1) Infections with NCV can be reduced if potentially in-
fectious water contact is avoided, in particular, wounds 
should not be exposed to seawater. Theoretically, it is help-
ful to opt for water contact with lower infection probabili-
ties, such as wading or swimming at beach sections open 
to the sea and influenced by tides, instead of particularly 
poorly mixed and brackish coastal sections such as ‘bod-
den’ waters. People who bear the highest risk of a severe 
course of the disease in the event of infection with NCV 

An increase in infections by 
non-cholera Vibrio, especially 
in the coastal waters of the 
Baltic Sea, is to be expected 
as climate change 
progresses. 
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3.1 Influence of climate change on legionellosis

Climate change could affect the frequency of LD occurrence 
in two ways: 

(1) Through environmental factors, which can some-
times mimic outbreaks: increased incidence of LD was as-
sociated with various weather conditions in some studies. 
These included increased humidity [26–29], increased pre-
cipitation [26–31], increased air temperature [26, 29, 31], low 
air pressure [30], or combinations of these factors. In the 
Netherlands, outbreak-like increases in incidence have been 
associated with warm, humid weather conditions [26]. In 
Germany, there were unexpected increases in case num-
bers in the summer of 2018 in Bavaria and Baden-Würt-
temberg, which were probably associated with a similar 
effect. The mechanism of the environmental factor-asso-
ciated incidence increase is unknown. Some authors have 
hypothesised that driving cars on wet roads may lead to 
aerosolisation of puddle water contaminated with Legionel-
la [28, 32]. This could explain the fact that in a Japanese study, 
Legionella DNA was identified in air samples near busy roads, 
sometimes even L. pneumophila [28]. The amount of Le-
gionella DNA correlated with the monthly amount of pre-
cipitation. In places where climate change leads to a more 
frequent coincidence of warm and humid weather, it cannot 
be ruled out that the incidence of LD may increase and that 
occasional outbreak-like clusters of cases may occur.

(2) In the long term, through household drinking water: 
given the rising average air and ground temperatures, it is 
possible that the base temperature of cold water will in-
crease. Such an effect could lead to increased Legionella 
growth in cold water, which in turn could lead to increased 

evaporative cooling systems [16, 17] or hot tubs [18], but 
according to current knowledge, the epidemiologically most 
important source of infection is domestic drinking wa-
ter [19]. However, in studies searching for sources of infec-
tion with LD, at least half of the sporadic illnesses ( i. e. not 
occurring in the context of an outbreak) remain without a 
confirmed source of infection [19, 20]. A proportion of these 
could occur – including via alternative routes of transmis-
sion – in the context of certain weather conditions (e. g. in-
creased rainfall) [21]. Major outbreaks of LD are relatively 
rare in Germany and have often been caused by evaporative 
cooling systems in the past, e. g. 2009/2010 in Ulm [22] or 
2013 in Warstein [23]. LD is a seasonal disease, with most 
cases occurring in the summer and autumn months. Of 
the three epidemiological groups, seasonality is most pro-
nounced in travel-associated cases, followed by commu-
nity-acquired cases. Hospital-associated cases, on the oth-
er hand, show little seasonality.

In Germany, LD is notifiable according to IfSG. The an-
nual incidence is about 1.9:100,000 inhabitants, corre-
sponding to about 1,500 reported cases per year. However, 
an unreported number of 15,000 to 30,000 cases is as-
sumed [24]. Community-acquired cases of LD are the most 
common, accounting for about 70%, followed by travel-as-
sociated cases (about 20%) and cases associated with a 
stay in a hospital or nursing home (about 10%). Older per-
sons, especially males, and people with pre-existing heart, 
lung or other organ disease are considered to be at risk. 
Smoking is a strong risk factor [25].

Climate change could lead to 
increases in the incidence of 
legionellosis. 
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Quality of Water Intended for Human Consumption (Trink-
wasserverordnung, TrinkwV), drinking water installations 
that are not subject to mandatory testing (especially apart-
ments with decentralised drinking water heating, e. g. in-
stantaneous water heaters) may well contain high concen-
trations of Legionella [34]. Furthermore, the LeTriWa study 
found that virulence-associated Legionella were identified 
not only in drinking water installations subject to mandatory 
testing, but also in drinking water installations not subject 
to mandatory testing, and could be associated with the oc-
currence of LD [19, 34–36]. The influence of water temper-
ature in drinking water installations, Legionella concentra-
tion and strain type on the risk of LD needs to be 
investigated. New or modified prevention options could 
result from the findings, and their effectiveness should be 
tested.

(2) It is also important to determine which preventive 
factors or behaviours that can be influenced by individuals 
help to prevent the transmission of LD. In the LeTriWa 
study, it was found that personal knowledge of Legionella 
and its characteristics as well as individual, preventive be-
haviours can reduce the risk (Buchholz et al.; data not pub-
lished). One behaviour identified as significant was letting 
water run before use.

(3) Since the negative and very strong effect of smoking 
as a risk factor for the occurrence of LD is well established, 
campaigns to reduce smoking against this background 
may be effective. Further research should investigate how 
the co-benefits of reduced tobacco consumption can be 
better communicated.

Legionella concentrations in both cold and hot water. An-
other factor that could lead to increased Legionella growth 
is the increasing desire of many households to save ener-
gy by lowering hot water temperatures, both to protect the 
climate and to save money as energy prices rise. This could 
push the incoming hot water temperature into a range, say 
below 50°C, where Legionella growth is not only not sup-
pressed but may even be encouraged. It is reasonable to 
assume an increased risk in the context of climate change 
if one accepts the premise that a higher concentration of 
Legionella in drinking water is associated with an increased 
risk of LD. However, the notion of infective dose paradox 
has existed for a long time [33],  i. e. it has been observed 
that a higher Legionella concentration is not necessarily as-
sociated with an increased risk of LD. In a case-control 
study conducted in Berlin (the LeTriWa study), the strongest 
risk factor identified at the microbiological level was not 
Legionella concentration, but the presence of virulence- 
associated (MAb 3/1-positive) Legionella in domestic drink-
ing water [19].

3.2 Recommendations to limit the health impact 
of  Legionella

There are a number of options for the prevention of LD. In 
the context of current climate warming, it is important to 
develop research approaches to further investigate the pos-
sible mechanisms, mentioned above, by which climate 
change influences the incidence of LD.

(1) On the technical side, there is still a considerable 
need for research. For example, it has been shown that 
even in the 2011 version of the German Ordinance on the 
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sins) and neurotoxins (anatoxins, saxitoxins) [37]. The sys-
temic effect of the toxins occurs exclusively by oral uptake; 
uptake via the skin is not likely. For hepatotoxins, chronic 
toxicity is of primary importance, whereas the health risk 
for neurotoxins is primarily due to their acute oral toxicity, 
which may be pronounced.

Allergic effects of cyanotoxins have not been demonstrat-
ed so far, but irritating and sensitising properties have been 
observed in skin contact with unnaturally high concentra-
tions of cylindrospermopsin. The symptoms often reported 
in connection with cyanobacterial contact, such as mucosal 
irritation, nausea, and respiratory illness, are most likely not 
caused by cyanotoxins, but are due to other cell components, 
bacteria accompanying cyanobacteria, or other pathogenic 
organisms in the water [37]. A clear causality in the case of 
rather unspecific symptoms is usually not demonstrable 
due to the large number of possible causes.

Humans may be exposed to cyanobacteria and their 
cyano toxins during recreational activities in waters with al-
gal blooms, but also through drinking water if drinking wa-
ter treatment does not effectively remove cyanotoxins from 
infested waters. Furthermore, they may be present in food 
(e. g. fish, food supplements made from cyanobacteria). 
Clearly documented serious illnesses or even deaths in hu-
mans due to cyanotoxin ingestion are only known in iso-
lated cases internationally, and not at all in Germany.

4.1 Influence of climate change on cyanobacteria

The primary cause of mass occurrence of cyanobacteria is 
increased nutrient concentrations (phosphorus, nitrogen) 
in the water body. The effects of climate change can in-

4. Cyanobacteria

Cyanobacteria are gram-negative bacteria, but differ from 
other bacteria in their ability to perform oxigenic photosyn-
thesis. Because of their ecology, which is similar to that of 
algae, and the possession of accessory pigments such as 
the blue phycocyanin, cyanobacteria are sometimes called 
‘blue-green algae’. They colonise various habitats world-
wide and are a natural part of the biotic community in wa-
ter bodies. However, in waters with high nutrient concen-
trations (phosphorus, nitrogen), cyanobacteria can 
proliferate massively, with negative effects on the ecosys-
tem and on the use of these waters as a drinking water re-
source or bathing water, especially because of the ability of 
some cyanobacteria to produce potent toxins [37].

Especially those cyanobacteria commonly found in 
freshwater such as Microcystis, Planktothrix, Aphanizomenon, 
and Dolichospermum are potentially toxic and form large 
populations, so-called algal blooms, under favourable con-
ditions. Not all genotypes of cyanobacteria can produce 
toxins, and populations usually consist of a mixture of 
non-toxic and toxic genotypes, the latter with sometimes 
marked differences in toxin content. Toxin concentration 
in a water body depends largely on the biomass of cyano-
bacteria, but also on the genotype composition. Environ-
mental factors influence both the occurrence and extent of 
cyanobacterial populations as well as genotype composi-
tion, which can thus change over the course of the season.

Cyanobacteria can be harmful due to their ability to pro-
duce toxins, but do not multiply in the human body. The 
most important cyanobacterial toxin groups include 
hepatotoxins (microcystins, nodularins, cylindrospermop-
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and bathing water [37]. The EU Drinking Water Directive, re-
vised in 2021, adopts the WHO guideline value of 1 µg/l for 
microcystin-LR; this is to be transposed into national law by 
2023. For bathing waters, article 8, ‘Cyanobacterial risks’, of 
the EU Bathing Water Directive regulates the risk assess-
ment and communication concerning toxic cyanobacteria.

For drinking water, no risk from cyanotoxins is to be ex-
pected due to the low proportion of treated surface water in 
Germany and effective drinking water treatment processes 
in accordance with legal requirements. On the other hand, 
bathing in waters heavily infested with cyanobacteria may 
pose a health risk, as most cyanobacterial blooms in Ger-
many contain cyanotoxins. Especially the ingestion of larger 
quantities of contaminated water must be avoided, which 
is why children playing in the surf (due to their frequent 
hand-mouth contact), children learning to swim, or people 
engaging in water sports exposed to aerosols (e. g. when 
water skiing) belong to the risk group. However, the largest 
amounts of water are probably ingested in bathing accidents 
(near-drowning).

In order to protect bathers, bathing waters reported to 
the EU are examined for the presence of cyanobacteria and, 
depending on the extent of contamination, warnings or 
even a bathing ban are issued [41]. In addition, education 
is necessary for responsible action by individuals, since wa-
ter bodies cannot always be examined promptly and dense 
algal blooms close to the shore can occur sporadically.

Finally, the most sustainable protection against cyano-
bacteria is to prevent their (mass) proliferation in the wa-
ter body. This can only be achieved by ensuring sufficient-
ly low concentrations of nutrients and is also imperative 
in order to control the effects of climate change [42].

crease or decrease the occurrence of cyanobacteria. In nu-
trient-rich waters, for example, stable stratification caused 
by high temperatures has a favourable effect on growth. In 
contrast, in water bodies with lower nutrient levels, falling 
water levels due to low precipitation on the one hand and 
nutrient run-off from agricultural land during heavy rainfall 
events on the other hand can lead to an increase in nutri-
ents and thus to more cyanobacteria [38, 39]. However, pro-
nounced stratification of a water body with incomplete 
mixing can lead to a decrease in nutrients, which in turn 
can negatively impact cyanobacteria. Heavy rainfall and 
wind can also have a detrimental effect on their prolifera-
tion [40]. Since the data on the influence of environmental 
factors on the toxin content of a population are not unam-
biguous, it is not yet possible to assess the overall influ-
ence of climate change.

In summary, it is very likely that climate change will lead 
to significant changes in ecological processes in water bod-
ies. It is currently difficult to estimate how these changes 
will affect individual water bodies: in some waters this will 
lead to more frequent and more pronounced cyanobacte-
rial blooms, but in others it will not. As this depends on 
the trophic state and morphometry of a water body as well 
as regional weather phenomena, no general influence of 
climate change on cyanobacterial blooms can be derived 
for all water bodies [39].

4.2 Recommendations to limit the health impact of 
 cyanobacteria

For the most important toxins, the World Health Organiza-
tion (WHO) has set guideline values for both drinking water 

Climate change will lead to 
an increase in (potentially 
toxic) cyanobacteria in some 
water bodies. 
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of the pathogens in water are caused mainly by climate 
change-induced storms, prolonged periods of heat with 
drought, and heavy rainfall. Such extreme weather events 
often lead to increased run-off of pathogenic viruses into 
water bodies and thus to the deterioration of their hygien-
ic quality [45]. The risk of infection may also be increased 
during dry periods due to reduced water volume and flow 
rates in rivers. These temporarily increased viral loads lead 
to increased risks of transmission of waterborne infections 
and gastrointestinal diseases. Extreme weather events with 
heavy rainfall and flooding are also becoming more frequent 
in Germany, as demonstrated by the floods in Rhineland-Pa-
latinate and North Rhine-Westphalia in July 2021, which led 
to an increased risk of infections with gastrointestinal 
pathogens due to mixing of wastewater and floodwater. The 
influence on health of extreme weather events caused by 
climate change is considered in more detail in another ar-
ticle in this status report (Butsch et al. [46]).

5.2 Recommendations to limit the health impact of 
 waterborne viral infections

(1) The majority of newly discovered or recurrent pathogens 
are viruses [47]. Due to changes in climatic conditions, the 
emergence of new zoonotic pathogens and an increase in 
new waterborne viral infections can also be expected in wa-
ter. Efficient methods for the detection of pathogens and their 
elimination must therefore be developed.

(2) Furthermore, the influence of climate change on 
observed changes in the seasonal occurrence of poten-
tially pathogenic viruses in water bodies needs to be in-
vestigated in more detail. Water-based epidemiology, as 

5. Waterborne viral infections

In contrast to the clearly traceable effect of climate change 
on the proliferation of vector-borne viruses (see the article 
in this status report on the effects of climate change on 
vector-borne infectious diseases, Beermann et al. [43]), the 
effects of climate change on human pathogenic enteric 
viruses are not immediately apparent. Gastrointestinal in-
fections caused by human pathogenic enteric viruses, such 
as noroviruses, rotaviruses, enteroviruses, and hepatitis A 
and hepatitis E viruses, which can cause waterborne infec-
tions through contamination of water bodies, have declined 
in Europe in recent decades due to hygienic mea sures. Due 
to the COVID-19 pandemic and the resulting hygiene 
measures (reduced contacts, lockdowns and the wearing 
of face masks), which led to a general reduction in the cir-
culation of human pathogenic viruses, little attention has 
been paid to changes in the seasonal occurrence and bio-
diversity of enteric viruses in water bodies, which can be 
significant.

5.1 Influence of climate change on waterborne viral 
 infections

Waterborne infections by enteric viruses are strongly affect-
ed by the secondary effects of climate change [44]. Human 
pathogenic viruses that enter the aquatic environment can 
often maintain their infectivity for long periods of time, de-
pending on the stability of their viral capsid. However, the 
viruses can no longer replicate in water. Therefore, an in-
crease in water temperature usually does not play a central 
role for enteric viruses. However, increased concentrations 

Extreme weather events can 
lead to increased exposure to 
aquatic and terrestrial 
pathogens.
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facultatively pathogenic environmental microbes. In addi-
tion, an adaptation of previously non-pathogenic fungi to 
higher temperatures has been reported, and as a result, 
these fungi can be considered infectious agents [48]. The 
establishment of micro-organisms from warm tropical re-
gions in the temperate climate zones of the North Ameri-
can west coast, observed in an outbreak of the tropical 
fungal pathogen Cryptococcus gattii, demonstrates the dy-
namics of habitat change [49].

Especially after extreme weather events, humans may 
be increasingly exposed to these micro-organisms due to 
such changes in pathogen characteristics and distribution. 
After floods, for example, events like higher rates of infec-
tion with non-tuberculous mycobacteria or fungi are in-
creasingly being documented, supporting this hypothesis 
(e. g. [49–51]).

6.2 Recommendations to limit the health impact of 
 facultatively pathogenic environmental microbes

(1) Comprehensive monitoring of the microbial popu-
lation is necessary in order to document changes in micro-
bial components of environmental habitats and assess risk, 
e. g. by metagenomic surveillance of micro-organisms in 
environmental samples using methods that are also suit-
able for these pathogen groups [52].

(2) Improving diagnostic methods (e. g. polymerase 
chain reaction (PCR), sequencing) for these pathogens and 
polymicrobial infections are crucial for successful thera-
peutic strategies.

(3) The development of molecular typing schemes is 
necessary for the detection and containment of outbreaks.

well as the One Health and Planetary Health concepts, 
which include a consideration of environmental conditions 
on infection events, offer good frameworks for this. Espe-
cially after extreme weather conditions, increased moni-
toring programmes on the occurrence of pathogenic 
virus es in water bodies may detect climate-related increas-
es in waterborne virus infections at an early stage and re-
duce or prevent them by uncovering possible chains of 
infection.

6. Facultatively pathogenic environmental microbes

Numerous facultatively pathogenic micro-organisms (e. g. 
fungi, amoebae, bacteria, mycobacteria) are part of pol-
ymicrobial communities in various environmental habitats 
(e. g. in soil and water). Compared to non-pathogenic 
microbes, they are characterised by thermotolerance,  i. e. 
the ability to grow at human body temperature. In contrast 
to infections caused by classical bacterial pathogens, the 
diagnosis, treatment and control of infections caused by 
such environmental microbes present particular difficul-
ties. Microbiological diagnosis is limited due to often slow 
growth and ubiquitous occurrence. Many of these pathogens 
are difficult to treat due to antimicrobial resistance. Longer 
incubation periods may lead to outbreaks being detected 
late or not at all without molecular typing.

6.1 Influence of climate change on facultatively 
 pathogenic environmental microbes

It has been hypothesised that the increase in environmen-
tal temperatures provides a selection advantage for certain 
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waterborne infections, improved education about the risks 
is of great importance. Medical and tourist facilities at the 
North Sea and Baltic Sea also need to be informed about 
the increasing risks, especially regarding NCV infections.

Research efforts on risk factors and their control should 
be increased, for example regarding tobacco consumption 
as a risk factor for LD. Efficient methods for the detection 
of different and novel pathogens and their elimination 
should be developed. Particularly after extreme weather 
conditions, wide-ranging studies on the occurrence of 
pathogenic viruses and other microbes in bodies of water 
may be able to document potential hazards that can arise 
and thus enable climate-related increases in waterborne 
infections to be detected at an early stage.

Joint efforts by many actors are therefore required to 
reduce the increasing risk to human health from water-
borne infections and intoxications that can be expected in 
the context of climate change.
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7. Conclusion and outlook

Global warming and progressive climate change have 
far-reaching impacts on human health. Waterborne infec-
tions and intoxications pose an increased risk in this con-
text. Pathogens that can cause human infections and in-
toxications through contact with water may become more 
prevalent as water temperatures rise. Extreme weather 
events can also lead to increased exposure to aquatic and 
terrestrial pathogens. Due to changes in climatic condi-
tions, the emergence of new zoonotic pathogens in water 
and an increase in new waterborne viral infections can also 
be expected. Climatic changes may also create selection 
advantages for thermotolerant facultatively pathogenic 
microbes, and temperature adaptation of previously non- 
pathogenic micro-organisms may occur.

In this article, we give recommendations to better pro-
tect human health from waterborne infections and intoxi-
cations in three broad categories: measures to reduce the 
risk of exposure, education, and research.

Reducing the risk of exposure is the first priority, espe-
cially for infections with NCV, but also for cyanobacteria 
and cyanotoxins. The most sustainable protection against 
cyanobacteria is to prevent their (mass) proliferation in 
water. This can only be achieved by ensuring sufficiently 
low concentrations of nutrients to protect bathers. To pre-
vent infections with NCV and minimise the risk of severe 
disease, it is important for persons belonging to risk groups 
to avoid potentially infectious water contact and to seek 
prompt treatment with antibiotics if infection is suspected.

Since people with pre-existing conditions, immunocom-
promised and older persons have an increased risk for 

Changes in climatic factors 
can lead to a selection 
advantage for thermotolerant 
facultatively pathogenic 
microbes as well as to a 
temperature adaptation of 
previously non-pathogenic 
micro-organisms. 
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Impact of climate change on foodborne infections and 
intoxications

Abstract
Background: Temperature, precipitation, and humidity are important factors that can influence the spread, reproduction, 
and survival of pathogens. Climate change affects these factors, resulting in higher air and water temperatures, increased 
precipitation, or water scarcity. Climate change may thus have an increasing impact on many infectious diseases.

Methods: The present review considers those foodborne pathogens and toxins in animal and plant foods that are most 
relevant in Germany, on the basis of a selective literature review: the bacterial pathogens of the genera Salmonella, 
 Campylobacter and Vibrio, parasites of the genera Cryptosporidium and Giardia, and marine biotoxins. 

Results: As climate change continues to progress, all infections and intoxications discussed here can be expected to 
 increase in Germany.

Conclusions: The expected increase in foodborne infections and intoxications presents a growing public health risk in 
Germany.

This is part of a series of articles that constitute the German Status Report on Climate Change and Health 2023.
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Temperature, precipitation, humidity, and soil properties 
are important environmental factors that influence the 
spread and survival of zoonotic pathogens. Changes in 
these environmental factors as a result of climate change, 
such as permanently elevated ambient temperatures, in-
creasing precipitation, but also water scarcity, may 
contribute to the spread and survival of pathogens. Climate 
change may thus exert an increasing influence on more 
than half of all infectious diseases [1]. This is not only true 

for already existing, i. e. endemic, infectious agents; climat-
ic changes also favour the establishment of novel infectious 
agents (emergence) as well as the return of pathogens sup-
pressed in the past (re-emergence). For example, in the 
future, agriculture may have to rely more frequently on 
treated wastewater due to water scarcity, which will be ex-
acerbated by climate change. This poses a number of risks 
to food safety, including contamination of irrigated produce 
by various types of pathogens [2].

This review addresses hazards to human health posed 
by the most important foodborne bacteria, parasites and 
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risk factor for Campylobacter infection [4–6]. Transmission 
to humans is also possible via other foods like 
non-pasteurised milk. Unlike Salmonella, Campylobacter is 
considered unlikely to multiply in food because of its mi-
crobiological characteristics (growth under microaerobic 
conditions, i. e. reduced oxygen concentration in the at-
mosphere, and at temperatures of 30°C to 42°C)  [7]. 
Campylobacter infections via contaminated drinking water 
or bathing water contaminated with animal faeces have 
also been described [8, 9].

Climate influence on Campylobacter infections
Campylobacter enteritis infections typically follow a season-
al course, with the highest number of cases occurring in 
the summer months from July to September, including 
non-travel-associated infections. With progressive warm-
ing as a result of climate change and the associated pro-
longed warm periods, an increase in Campylobacter cases 
in humans is therefore expected.

It is conceivable that during the summer months, in-
creased temperatures lead to higher Campylobacter preva-
lence in poultry flocks and thus higher exposure of con-
sumers via consumption of poultry meat, although data 
on this are not consistent [10–14].

Altered consumption and recreational behaviours dur-
ing the summer months have an important indirect effect 
on the increase in human infections, if they are associated 
with increased exposure, thus promoting infections, such 
as more frequent barbecuing of poultry and other meats, 
or swimming in surface waters [14, 15].

An association of human Campylobacter infections has 
been linked not only to temperature [16, 17] but also to the 

The number of infections 
with germs such as 
Salmonella or Campylobacter 
correlates positively with 
maximum temperature and 
precipitation amounts.

marine biotoxins in Germany and presents recommenda-
tions for reducing the risks. For example, the risk of all in-
fections discussed here can be reduced by observing good 
hygiene during food preparation (kitchen hygiene) and ad-
herence to cold chains.

Since viruses play a minor role in the impact of climat-
ic changes on foodborne infections, they are not further 
discussed in this article. Their importance in the context 
of climate change is discussed in detail in other parts of 
this status report, e. g. in connection with vector-borne in-
fectious diseases (Beermann et al. [3]).

2. Bacteria
2.1 Campylobacter

Bacteria of the genus Campylobacter (C.) cause an intesti-
nal infection typically associated with abdominal pain and 
watery, occasionally bloody diarrhoea. Rare complications 
may include joint inflammation and Guillain-Barré syn-
drome, a nerve disease associated with paralysis. Even a 
low infectious dose of ≥500 germs can trigger a 
Campylobac ter infection. Approximately 50,000 to 70,000 
cases are reported to the Robert Koch Institute (RKI, Ger-
many’s national public health institute) annually. For years, 
Campylobacter enteritis has been the most common bac-
terial diarrhoeal disease in Germany that has a mandatory 
notification requirement as per the German Protection 
against Infection Act (IfSG). The most important 
Campylobacter species pathogenic to humans are C. jejuni 
and C. coli. Transmission to humans occurs primarily via 
contaminated food of animal origin. In particular, con-
sumption of contaminated chicken meat is a significant 
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In a model calculation, the effect of increasing temper-
ature and precipitation on the number of Campylobacter 
cases in Scandinavia was estimated. A doubling of 
Campylobacter cases by the year 2080 was predicted for 
Denmark, Finland, Norway, and Sweden [19]. Further sci-
entific studies are needed to better understand the multi-
factorial, direct and indirect relationships between climat-
ic changes and Campylobacter disease cases.

2.2 Salmonella

The bacteria of the genus Salmonella are zoonotic agents 
that can be transmitted directly or indirectly between hu-
mans and animals. They are widely distributed in nature. 
The main reservoir for Salmonella is warm-blooded animals, 
including livestock and wildlife. Salmonella also occurs in 
cold-blooded animals, such as reptiles or insects, which 
can act as vectors and transmit Salmonella to warm-blood-

amount of precipitation in the days preceding the onset of 
illness [18, 19]. An increase in Campylobacter infections and 
Campylobacter enteritis outbreaks has been observed after 
heavy rains and flooding, likely due to increased exposure 
via faecal-contaminated surface water or contaminated 
drinking water [9, 20]. In contrast, Campylobacter cases are 
expected to decrease after periods of drought [18, 19].

With increasing water scarcity as a result of climate 
change, it is conceivable that treated wastewater, which 
may be contaminated with pathogens from animal or hu-
man faeces, will be used more frequently for irrigation of 
plant-based foods [21]. Increasing contamination of plant-
based foods with gastrointestinal pathogens, including 
Campylobacter, would be expected via this route, thus com-
promising food safety [21]. European Union (EU) Regula-
tion 2020/741 is intended to counteract this and regulates 
minimum standards for the use of treated wastewater in 
agricultural irrigation (Info box).

Info box  
EU regulation on water reuse

Climatic changes are increasing the pressure on water resources 
in Germany and Europe. To counter this pressure, Regulation 
(EU) 2020/741 established minimum requirements for the use 
of treated wastewater in agricultural irrigation. It came into ef-
fect on June 26, 2020, and will apply to all member states of the 
European Union from June 26, 2023.

The regulation is intended to reduce water scarcity in the Eu-
ropean Union as a result of climate change by reusing water for 
agricultural irrigation and to facilitate implementation by the 
member states with uniform requirements. The aim is to achieve 
a high level of protection for the environment and for human 
and animal health, and to promote the circular economy [22]. 

The regulation on minimum requirements for water reuse is lim-
ited to agricultural irrigation. In addition to uniform minimum 
requirements for water quality and monitoring, risk manage-
ment and provisions for data transparency are the main ele-
ments of the regulation [22]. In this context, the German Feder-
al Institute for Risk Assessment (BfR) published opinions on 
possible risks associated with the reuse of treated wastewater 
for irrigation of edible crops [23–25]. Even wastewater that has 
already been treated may still contain parasites, bacteria and 
viruses in pathogenic concentrations. Therefore, particular care 
should be taken to ensure that plant parts that are usually con-
sumed raw do not come into direct contact with irrigation water 
or, if this cannot be safely avoided, should continue to be irrigat-
ed with potable water. Persons belonging to risk groups are ad-
vised against consumption of such raw foods.
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Ambient temperature can influence the development of 
Salmonella at different stages of the food chain: e. g. bac-
terial contamination during raw food production, transport, 
and improper storage [31]. The optimal temperature for 
Salmonella growth is between 35°C and 37°C; below 15°C, 
growth of Salmonella is greatly reduced. Consequently, 
Salmonella multiply faster at higher temperatures. The sig-
nificant correlation between outdoor temperatures and 
outbreaks caused by Salmonella has been known for some 
time. Studies have reported the increase of salmonellosis, 
as well as other bacterial enteric diseases, with increasing 
temperatures [32]. According to Zhang et al.  [31], an in-
crease of 8.8% in the number of weekly cases can be ex-
pected for a 1°C increase in the mean weekly maximum 
temperature. With a 1°C increase in the mean weekly min-
imum temperature, a 5.8% increase in the weekly number 
of cases can be expected.

Temperature can affect the transmission of Salmonella 
to humans through several pathways; by directly affecting 
the multiplication of Salmonella and by indirectly affecting 
eating habits during hot days. The favoured growth of 
Salmonella at higher temperatures leads to higher concen-
trations of Salmonella in contaminated foods during the 
warmer months. Among other things, this has to do with 
poor food preparation and refrigeration during barbecues 
or picnics, which are also more common during these 
months. Elevated ambient temperatures increase the risk 
of cold chain disruption, which can have a significant im-
pact on the microbiological status of food.

Zhang et al.  [33] found a strong correlation between 
drinking water quality, precipitation and gastroenteritis, 
where maximum and minimum temperatures, relative hu-

ed animals or humans. Although most salmonellae do not 
usually cause symptoms in animals, they can cause mild 
to severe health problems in humans. Human salmonel-
losis is often accompanied by fever, nausea, vomiting, ab-
dominal pain, and headache, but signs of illness may be 
completely absent.

In Germany, salmonellosis is the second most frequent-
ly reported bacterial foodborne infection in humans after 
campylobacteriosis; Salmonella (S.) enterica is an impor-
tant cause of foodborne outbreaks. Among these, S. Ente-
ritidis and S. Typhimurium are the most common serovars, 
together accounting for approximately 75% of all reported 
salmonellosis cases [26]. Poultry is presumed the most 
important source of Salmonella infections in humans. In 
particular, eggs and egg products play a predominant role. 
Pork and pork products represent another important 
source [27, 28]. Increasingly, Salmonella infections are also 
reported to be associated with the consumption of foods 
of non-animal origin [27, 29]. Among these, raw leafy veg-
etables, onion and stem vegetables, tomatoes, and melons 
were the most commonly affected products. Contamina-
tion of these products with Salmonella can occur both be-
fore harvest (through faecal matter, irrigation water, dust, 
insects, etc.) and after harvest (through harvesting equip-
ment, transport containers, insects, dust, rinsing water, ice, 
transport vehicles, processing equipment) [30].

Climate influence on Salmonella infections
In Europe, most salmonellosis cases are reported during 
the summer months [28]. The incidence of Salmonella is 
often lower in northern countries than in countries located 
in warmer climates.
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era outbreaks in tropical and subtropical regions with poor 
water hygiene. In Europe, the only endemic Vibrio types are 
V. cholerae non-O1/non-O139 serogroups and other Vibrio 
species, collectively called non-cholera Vibrio (NCV). 
V. cholerae non-O1/non-O139 can lead to self-limiting infec-
tions with moderate diarrhoeal symptoms, but are rarely 
associated with food consumption. Gastrointestinal illness 
in Europe is mainly associated with haemolysin (trh/
tdh)-encoding V. parahaemolyticus isolates and consump-
tion of raw or undercooked seafood. V. vulnificus, on the 
other hand, plays an important role in severe wound infec-
tions, which is discussed in another article in this status 
report that looks more closely at effects of climate change 
on waterborne infections and intoxications (Dupke et 
al. [39]). This species is common in coastal waters of mod-
erate salinity worldwide and has been associated with fatal 
infections from consumption of contaminated oysters, with 
mortality rates for primary septicaemia (blood poisoning) 
sometimes exceeding 50% [37]. Accurate information on 
foodborne Vibrio infections is not yet available, as patho-
gen detection in diarrhoeal diseases is often not part of 
risk-based diagnostics, and a mandatory notification re-
quirement for human Vibrio infections does not exist 
throughout Europe. In Germany, only isolated cases of 
gastrointestinal NCV infections have been recorded since 
the introduction of mandatory notification according to the 
IfSG in 2020, which may indicate either low exposure to 
Vibrio-containing products or that a large proportion of the 
illnesses are not detected and thus not reported [40].

The importance of seafood has increased due to its high 
protein, vitamin and mineral content. For many years, the 
annual per capita consumption in Germany was covered 

midity and precipitation correlated positively with the num-
ber of salmonellosis cases.

In areas with increased rainfall, water quality could de-
teriorate. Heavy rains can increase run-off in rivers and 
lakes, washing sediment, pollutants, refuse, animal waste, 
and other materials into water supplies. Severe flooding 
can inundate wastewater treatment plants. This can lead to 
contamination of human, animal, and farm environments 
by bacteria in human sewage that are not only infectious, 
but can also be resistant to antimicrobial agents. Another 
article in this status report discusses this issue separately 
in the context of climate change impacts on health due to 
extreme weather events (Butsch et al. [34]).

2.3 Vibrio

Vibrio are environmental bacteria that colonise saline and 
brackish water bodies as well as wetlands worldwide, but 
can also occur in the microbial flora of aquatic animals. For 
humans, water contact and ingestion of Vibrio (V.)-contain-
ing seafood (fish, marine animals) can be problematic. As 
bacterial contaminants, V.  cholerae, V.  vulnificus, and 
V.  parahaemolyticus in particular can cause infections [35, 36]. 
The significance of each species for humans varies region-
ally and is linked to area-specific factors, such as the salinity 
of water bodies, air and water temperatures, and fluctua-
tions to which they are subject [37]. The genus Vibrio in-
cludes more than 135 species [38], three of which are  largely 
causative of intestinal (e. g. gastroenteritis) or extraintes-
tinal infections (e. g. middle ear infection) [35]. V. cholerae 
serotypes O1/O139, which produce the cholera toxin, are 
significant worldwide, as they can lead to pandemic chol-
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Climate influence on Vibrio infections
Compared to the rest of the world, foodborne Vibrio infec-
tions have been rare in Europe so far, which may change 
in the future in the course of climate change. In general, 
water temperatures above 12°C and low or moderate salinity 
(1–25 g/L) have a favourable effect on the occurrence of 
Vibrio spp. [36]. Optimal growth conditions already occur 
in Europe during the summer months on the Atlantic coast 
and in inland seas [42]. The occurrence of Vibrio spp.  is 
favoured by global warming and the increase of heatwaves 
and may lead to the spread of endemic Vibrio and possibly 
also to the establishment of new pathotypes in Europe, so 
that the human infection incidence may increase in the fu-
ture, especially in coastal areas and estuaries [42, 43]. The 
continuous increase in water temperature will lead to an 
amplification of Vibrio contamination in European seafood 
catching, harvesting, and farming areas, and will also ex-
pand beyond the summer and autumn months. Currently, 
the occurrence of pathogenic Vibrio is low in bodies of wa-
ter with fluctuating temperatures, such as the North Sea 
and the Baltic Sea, whereas toxigenic NCV are increasing-
ly detected in waters with consistently warm temperatures, 
from which seafood is partly imported [41]. In seafood, the 
occurrence of species pathogenic to humans correlates di-
rectly with water temperatures as well [36, 40].

Minimisation of risk to humans, especially in relation 
to contact with and consumption of seafood, is possible 
by avoiding exposure to pathogenic species, e. g. through 
appropriate product processing strategies, thermal treat-
ments, adherence to hygienic measures, a strict cold chain, 
and good and rapid monitoring immediately after capture, 
harvest, or import [40].

Environmentally associated 
germs such as waterborne 
Vibrio are increasingly 
finding their way into food, 
especially seafood, and 
causing an increase in 
infections.

by wild catch, but now increasingly comes from aquacultures. 
Usually, seafood is offered in processed form (e. g. heated, 
marinated, smoked) and should thus contain no or hardly 
any Vibrio. However, raw and insufficiently heated products 
pose a risk [40]. Mussels and oysters in particular are pre-
destined to enrich even small amounts of Vibrio due to 
their way of filtering of nutrients from the water. Thus, they 
pose a health risk, especially for people with weakened im-
mune systems or pre-existing conditions.

In mussels and oysters, V. alginolyticus (sometimes as-
sociated with middle ear infections in humans) and 
V. parahaemolyticus are frequently detected, and rarely 
V. cholerae non-O1/non-O139 and V. vulnificus have been 
reported, with V. alginolyticus occurring year-round and the 
other species occurring exclusively during the warm sum-
mer and fall months [41]. Within Europe, several countries 
(e. g. Spain, France, United Kingdom) cultivate mussels 
and oysters, some of which are heavily contaminated with 
toxigenic Vibrio (up to 25% toxigenic V. parahaemolyticus) [40].

There are hardly any reliable data available on the prob-
ability of occurrence of a health impairment after exposure 
to Vibrio species pathogenic to humans. In principle, the 
risk of health impairment correlates with the amount of 
ingested pathogenic Vibrio and is also dependent on the 
respective species. In addition, the probability of occur-
rence of a health impairment is increased in vulnerable 
groups of people (YOPI: young, old, pregnant, immuno-
compromised people).
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opmental stages (oocysts); transmissions from animal to 
animal, human to human, animal to human, and vice ver-
sa are possible [46]. However, infection can also occur 
through ingestion of contaminated water (e. g. swimming 
pool, river, lake, or spring water). Another source of infec-
tion can be plant-based foods that have been contaminat-
ed with infested water.

Cryptosporidiosis is one of the most common diarrhoeal 
diseases associated with the ingestion of contaminated 
water. In 2013, an outbreak with 167 cases was recorded in 
Germany in association with flooding after a heavy rain 
event [47]. Foodborne illnesses have also been described 
in Europe, which have been attributed to the consumption 
of lettuce [24].

In Germany, there is a mandatory notification require-
ment for detection of cryptosporidia in connection with an 
illness in accordance with the IfSG. Between 900 and 2,000 
cases are reported to the RKI annually; in Europe, there 
are 8,000 to 14,000 cases annually. Data from the Euro-
pean Centre for Disease Prevention and Control (ECDC) 
show that cryptosporidiosis in Europe has seasonal in-
creases in late spring and late summer to early autumn, 
respectively [48].

Young children, people with weakened immune systems, 
travellers to developing countries, and people who drink 
untreated water are at increased risk of infection.

Infection may be asymptomatic or symptomatic. Symp-
toms described include prolonged watery diarrhoea with 
weight loss, severe abdominal pain or cramps, nausea, vom-
iting, and headaches [49]. After infection, further complica-
tions (e. g. inflammation of the pancreas, appendicitis, im-
pairment of the lungs) and even death may occur. After the 

3. Parasites

Climate change can also influence infections by parasites, 
especially if these are characterised by a significant envi-
ronmental presence and high environmental stability. This 
applies in particular to protozoa, unicellular organisms that 
live as parasites. Even if profound knowledge is lacking, 
recent research data (German Federal Institute for Risk As-
sessment (BfR); data not published) indicate that a chang-
ing climate also has a direct impact on the prevalence and 
virulence of these pathogens, which are already very stable 
in the environment. A risk of transmission to humans 
through food is usually associated with those foods that 
are consumed raw or inadequately cooked. Food contam-
ination can occur via vectors (e. g. insects, mammals in-
cluding those providing food to humans) but also via con-
taminated irrigation systems. In addition, food can be 
affected by cross-contamination, such as when hygiene is 
poor during food preparation.

3.1 Cryptosporidia

More than 40 different species of the protozoan genus 
Cryptosporidium have been described to date, which can 
infect a large number of different animal species and hu-
mans. Here, we focus on the species Cryptosporidium (C.) 
parvum and C. hominis, as they are responsible for the 
largest proportion of human infections [44]. C. hominis oc-
curs almost exclusively in humans, while the primary hosts 
for C. parvum are cattle, horses, goats, and sheep, and, to 
a lesser extent, dogs, cats, and birds [45]. Infection occurs 
via the faecal-oral route by ingestion of the infective devel-

Rising temperatures and 
humidity favour fitness and 
possibly virulence of 
parasites such as 
Crypto sporidium and Giardia.
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asymptomatic, but the course can be severe in infants and 
older persons [56].

In Germany, detection of this pathogen in connection 
with an illness is notifiable.

Globally, G. duodenalis is estimated to cause 28.2 mil-
lion cases of diarrhoeal disease per year due to food con-
tamination [52]. The European Food Safety Authority (EFSA) 
recorded 14 foodborne outbreaks and 3 outbreaks due to 
water consumption in Europe in 2019 [57]. Data on food-
borne outbreaks in Germany are not yet available.

3.3 Climate influence on parasites

Cryptosporidium and Giardia can remain infectious for a 
long period of time and cause disease, especially after con-
sumption of raw contaminated food.

Their high stability against environmental influences, in 
particular the long survivability in aqueous environments, 
suggests that these parasites could appear more frequent-
ly as pathogens in the future. Extreme weather such as heavy 
rainfall and flooding, which are also expected to increase 
in our latitudes as a result of climate change, increase the 
risk of infectious oocysts/cysts entering bodies of water, as 
well as the risk of contamination of plant-based foods. The 
risk for humans can be minimised by good kitchen hygiene.

4. Biogenic toxins of marine origin

More than 20% of the protein requirements of over 3 bil-
lion people worldwide are met by seafood. Consumption 
of fish as food has increased by 3.1% annually over the last 
50 years [58]. Climate change is increasingly causing warm-

An increase in infections due 
to Cryptosporidium and 
Giardia is to be expected.

symptoms have subsided, the oocysts continue to be ex-
creted in the stool for many weeks. The infectious dose of 
cryptosporidia is low, ranging from 10 to 1,000 oocysts, de-
pending on the species [50]. However, it is suspected that 
one oocyst may be sufficient for infection in humans [51].

3.2 Giardia

Parasites of the protozoan genus Giardia can also be af-
fected by climate change. Giardia are currently classified 
into eight species [52]. However, the species Giardia (G.) 
duodenalis (synonyms: G. lamblia, G. intestinalis) is the only 
species of this genus that can infect humans as well as nu-
merous mammalian species. G. duodenalis is distributed 
worldwide; humans are considered the main reservoir. In-
fection occurs faecal-orally by ingestion of the infectious 
developmental stages of the parasite (1 to 10 cysts are suf-
ficient) with contaminated tap water or untreated fresh wa-
ter from lakes or streams. However, Giardia cysts can also 
be transmitted by eating contaminated food or by close 
contact with infected persons or animals [53].

Giardiasis caused by G. duodenalis is one of the most 
common intestinal parasitoses in humans worldwide [54]. 
Prevalence rates are significantly higher in developing coun-
tries than in developed countries. For example, 3,296 trav-
el-associated cases of the disease were reported to the RKI 
in 2019; the most frequently cited country of infection was 
India [26]. However, as warming due to climate change 
continues, increased local infections will also be expected. 
Infants and young children, older persons, travellers, and 
immunocompromised persons are among the high-risk 
groups [55]. In more than 50% of cases, the disease is 
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Climate change is altering the geographic distribution 
of some algal species that may be involved in the forma-
tion of HABs. Warm-water species, for example, may be 
expanding poleward and appearing in areas where they 
were not previously native. In this context, identifying and 
studying the geographic distribution of toxin-producing 
organisms is critical for implementing appropriate preven-
tive and control measures prior to harvest or during the 
distribution and sale of seafood. This is particularly impor-
tant because marine biotoxins are not normally detectable 
by odour, taste, or appearance and are not usually de-
stroyed by cooking, freezing, or other food preparation pro-
cesses.

In the interests of preventive consumer health protec-
tion, maximum levels have been set within the EU for five 
different toxin groups in live bivalve molluscs. Furthermore, 
products containing compounds of the ciguatoxin group 
that can cause mild to severe poisoning (ciguatera) in hu-
mans [67] may not be marketed within the EU [68, 69].

5. Conclusion and recommendations

Climate change affects various habitats, which can be al-
tered by weather events such as prolonged droughts, tem-
perature increases, and heavy rains. These changes also 
affect the foods derived from these habitats and 
micro- organisms or toxins that may be associated with 
these foods. For example, foods may be more heavily con-
taminated with pathogens or contain germs that were not 
previously present in a region. But climate-related events 
also affect food indirectly. For example, ever-increasing wa-
ter scarcity means more frequent use of treated wastewa-

ing, acidification, and oxygen depletion of the oceans, al-
tered water salinity, and sea level rise. The temperature of 
the oceans’ surface water has increased greatly, as more 
than 90% of the global temperature increase has been ab-
sorbed by the oceans [59]. These changes are affecting ma-
rine biodiversity, which in turn can significantly impact the 
availability of food, animal protein, and essential micronu-
trients for billions of people around the world [60, 61].

The above factors can also affect the abundance and 
composition of marine phytoplankton. Planktonic microal-
gae form the basis of the aquatic food web, but can have 
harmful effects if they occur in large abundance. The phe-
nomenon of sudden, explosive growth of algae is called an 
algal bloom. When these algal blooms have negative con-
sequences, such as creating hypoxic or anoxic conditions 
(lack of oxygen or complete absence of oxygen) or produc-
ing toxins, they are referred to as harmful algal blooms 
(HABs). HABs have the potential to disrupt fish commu-
nities and food webs, and can even lead to massive species 
extinctions [62]. Currently, approximately 300 microalgal 
species are known to be involved in the formation of such 
algal blooms. Of these, about 100 species can produce 
toxins that can lead to specific toxic syndromes in animals 
and humans.

Marine biotoxins enter the food chain through organ-
isms that filter water or feed on algae, such as shellfish and 
fish, and thus may pose a threat to human health due to 
their toxic properties [63, 64]. Furthermore, exposure to 
toxins produced by marine phytoplankton can occur 
through inhalation or through the skin, via aerosols that 
contain toxins and cell fragments and can cause skin irri-
tation and respiratory symptoms [65, 66].

Ocean warming is leading to 
increased growth of toxin-
producing algae, whose 
toxins can enter the food 
chain via marine animals.
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blockchain or radio frequency identification device tags for 
product authentication (including species and catch data), 
as well as applications of machine learning, data mining, 
artificial intelligence, and other digital technologies [72]. 
These methods of digitally-enabled food supply chains can 
support sustainable development in the food industry, 
which aims to reward responsible and ethical producers 
and keep illegal or unethically produced food products out 
of supply chains [73].

Further research is needed on the links between climat-
ic changes and disease incidence, and on the geographic 
distribution of toxin-producing organisms.
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ter for food irrigation. Because such wastewater may still 
contain parasites, bacteria, and viruses in disease-causing 
concentrations, plant parts that are commonly consumed 
raw should not come into contact with treated wastewater, 
or should continue to be irrigated with potable water [23–
25]. Progressive climate change in Germany is expected to 
lead to an increase of the infections and intoxications dis-
cussed here, making them a growing public health concern.

Our main recommendations for minimising the health 
risk from foodborne infections and intoxications lie in the 
area of kitchen hygiene, which should always be applied 
when preparing food. This includes thorough hand wash-
ing and the use of fresh kitchen utensils after handling raw 
meat and fish, as well as avoidance of cross-contamination,  
i. e. direct or indirect pathogen transmission from one food 
to another. Wearing gloves can prevent the entry of 
pathogens via unnoticed skin lesions. Food safety is also 
highly dependent on maintaining the cold chain. In addi-
tion, most microbiological pathogens can be safely killed 
by a sufficient heating process; for example, a core tem-
perature of 70°C for at least two minutes must be main-
tained when preparing seafood. In contrast, biogenic tox-
ins associated with food are largely insensitive to 
temperature [40, 70, 71].

We also recommend the use of new technologies to 
track supply chains. Given a globalised food distribution 
network and the use of different processing and preserva-
tion techniques, it can be difficult to track a product's sup-
ply chain to identify potential risks. Technological advances 
have produced digital solutions for this; knowledge of fish 
stocks, seafood traceability and supply chain transparency 
can benefit from innovative approaches. These include 
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Antimicrobial resistance in Germany and Europe – A systematic 
review on the increasing threat accelerated by climate change

Abstract
Background: Antimicrobial Resistance (AMR) is one of the top ten global public health threats facing humanity, along-
side climate change. Here, we aim to summarise the effects of climate change (i.e. raise of temperature, change in hu-
midity or precipitation) on spread of antibiotic resistance and on infections with antibiotic-resistant bacteria in Germany.

Methods: We conducted a literature search with articles published between January 2012 and July 2022. Two authors 
screened titles, abstracts and full texts and extracted the data systematically. 

Results: From originally 2,389 titles, we identified six studies, which met our inclusion criteria. These studies show that 
an increase in temperature may lead to higher antibiotic resistance rates and an increased risk of colonisation as well 
as spread of pathogens. Furthermore, the number of healthcare-associated infections increases with increased temper-
ature. Data indicate that higher antibiotic use is present in areas with warmer mean temperature.

Conclusions: European data are scarce, but all studies identified point towards an increasing AMR burden due to climate 
change. However, further studies are needed to draw attention to the links between climatic factors and AMR and de-
velop targeted preventive measures.

This is part of a series of articles that constitute the German Status Report on Climate Change and Health 2023.
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1. Introduction

Climate change has a clear impact on disease burden glob-
ally, and there is sufficient evidence to act now to mitigate 
the climate crisis. However, it remains challenging to quan-
tify the impact of climate change on health for many dis-
eases. The complexity of climate-dependent modifying fac-
tors of infectious diseases challenges the precision of 
modelling pathways and subsequent impacts.

Since the availability of antimicrobials, infections due to 
bacteria, viruses, fungi and parasites have become treat-
able. However, due to the misuse and overuse of anti m i-
crobials, these pathogens become increasingly resistant. 
In 2019, the World Health Organization (WHO) declared 
antimicrobial resistance (AMR) one of the top ten global 
public health threats facing humanity, alongside climate 
change [1, 2]. According to a recent study on the global 
burden of AMR, an estimated 4.95 million deaths were 
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example, MacFadden et al. [10] found that AMR in com-
mon pathogens such as S. aureus, E. coli and K. pneumo-
niae increased with increasing temperature.

In this review, we aim to summarise the key effects that 
climate change may have on the spread and burden of AMR 
among humans in Germany and Europe. We conducted a 
literature review and adapted a graphical model to support 
this assessment.

2. Methods

We conducted a literature search limited to peer reviewed 
articles published between January 2012 and July 2022 in 
English, French or German. PubMed was searched using 
the keywords climate change, temperature, healthcare- 
associated infection (HAI), and antimicrobial resistance, 
including the MeSH terms for climate change, global warm-
ing, climatic processes, antibacterial agents, and drug re-
sistance (bacterial). The complete search string is docu-
mented in the Annex. Further literature was retrieved from 
citation screening of selected articles. Studies were restrict-
ed to those including countries of the European Union (EU) 
and/or European Economic Area (EEA) and to primary 
analyses or reviews (e. g. editorials were excluded) for this 
review. This review considers the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) State-
ment [11].

Two authors (AM and FW) independently of each other 
screened titles, abstracts and full texts and extracted the 
following data systematically: citation, study period, study 
design, demographics, climate indicators, definition of out-
come as pathogen and/or antimicrobial resistance and/or 

associated with bacterial AMR (i. e. deaths due to infection 
with antimicrobial-resistant bacteria for which AMR may/
may not be the cause) in 2019. Attributable deaths to bac-
terial AMR (i. e. deaths due to untreatable AMR infection, 
caused by drug resistance) accounted for 1.27 million 
deaths [3]. In European countries, Cassini et al. [4] estimat-
ed the burden of infections with antibiotic-resistant bacte-
ria in 2015 and identified four antibiotic-resistant bacteria 
with the largest effect on human health: third-generation 
cephalosporin-resistant Escherichia coli (E. coli), meticillin- 
resistant Staphylococcus aureus (S. aureus), carbapenem- 
resistant Pseudomonas aeruginosa (P.  aeruginosa) and 
third-generation cephalosporin-resistant Klebsiella pneu-
moniae (K. pneumoniae). These findings were recently con-
firmed by  Mestrovic et al. [5] in another European system-
atic analysis in 2019, which highlighted regional 
differences in AMR burden, showing that the burden of 
AMR is higher in countries in the Mediterranean region, 
like Greece or Italy, compared to countries in the Northern 
European region, which could be linked to differences in 
climate among other factors [4]. Furthermore, the Organ-
isation for Economic Co-operation and Development 
(OECD) estimated that 75% of the AMR burden derives 
from healthcare-associated infections (HAIs) [6].

Temperature, which may increase due to climate 
change [7], is known to have an effect on bacterial growth 
and reproduction; the optimal growth temperature for 
many key bacteria is above 30°C [8]. There is some evidence 
that plasmid transfer and potentially gene transfer of re-
sistance genes are facilitated by increased temperature [9]. 
Hints for the relationship between climatic factors such as 
temperature and AMR have also been recently found. For 

Climate change and AMR are 
two of the biggest and most 
complex threats facing the 
world. Both have been 
exacerbated by, but can be 
contained through, human 
action.
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showed that AMR in E. coli and K. pneumoniae increased 
from 2000 to 2016, whereas meticillin-resistant S. aureus 
(MRSA) decreased over time. The reduction of MRSA de-
tection is commonly attributed to targeted public action 
and, thus, may not be explained by climate indicators [19]. 
Kaba et al. [13] and McGough et al. [14] show a correlation 
between warmer temperature (whether expressed as mean 
temperature or as minimum ambient temperature) and an 
increase in antibiotic resistance. Warm season mean tem-
perature was identified as a predictor for MRSA, multi- drug-
resistant E. coli (MREC) and carbapenem-resistant K. pneu-
moniae (CRKP). With increases in mean temperature, the 
rates of MRSA, MREC and CRKP were shown to increase [13]. 
Furthermore, McGough et al. [14] demonstrated that AMR 
increases faster at higher temperatures. In warmer coun-
tries, where mean temperature is 10°C higher than the 
overall mean temperature in European countries, an in-
creased rate of change of AMR by 0.33% per year for amino-
glycoside-resistant E. coli and 0.55% per year for third-gen-
eration cephalosporin-resistant E. coli was observed. For 
fluoroquinolone-resistant E. coli, an increase of 0.57% per 
year was found after accounting for other recognised re-
sistance drivers including antibiotic consumption and pop-
ulation density. For K. pneumoniae, even higher increases 
were identified: 0.9% per year for third-generation cepha-
losporin-resistant K.  pneumoniae and 1.2% for fluoro-
quinolone-resistant K. pneumoniae. McGough et al. [14] 
concluded that ambient temperature might considerably 
influence antibiotic resistance growth rates. In a review, 
Forrester et al. [15] also concluded that temperature in-
crease due to climate change causes an increase in resist-
ance in pathogenic bacteria.

infections analysed. Discrepancies between the reviewers 
were solved by discussion until a consensus was reached. 
Data were summarised in tables and stratified by drug re-
sistance, pathogen and type of infection.

Additionally, we utilised the webtool provided by Mora 
et al. [12] to further illustrate the impact of climate change 
on AMR pathogens. Based on a comprehensive global re-
view of available literature and collected data, the tool al-
lows the user to model pathways in which climatic hazards, 
through different transmission routes, impact specific dis-
eases. The authors comprehensively assessed the evidence 
from climatic hazards worldwide. We adapted the model 
using this tool by concentrating on the main AMR pathogens 
responsible for the European AMR burden highlighted by 
Cassini et al. [4].

3. Results

Our search identified a total of 2,389 titles (Figure 1). After 
eliminating duplicates and screening the remaining titles 
and abstracts, 97 publications were left for full text evalu-
ation. Of these, only six studies met our selection criteria 
(Table 1). Due to our focus on the situation in Germany 
and EU/EEA countries, we excluded the non-European 
studies for this summary (n=35). Most eligible studies were 
observational studies.

3.1 Body of evidence for association of increases in 
 temperature and occurrence of AMR

Using data from the European Antimicrobial Resistance 
Surveillance Network (EARS-Net), McGough et al. [14] 
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with increasing temperatures seems likely. In their review, 
Forrester et al. [15] state that higher temperatures and hu-
midity increase colonisation and infection risk of MRSA. 
Seasonality was also reported to affect colonisation or in-
fection with Clostridioides difficile, varying by the Southern 
and Northern hemisphere. Although they found no data 

3.2 Body of evidence for association of increases in 
 temperature and humidity with bacterial pathogen 
growth and spread

The optimal growth temperature for many relevant bacte-
ria is above 30°C [8], so increased bacterial proliferation 

Figure 1
Depiction of literature selection adapted 

from the PRISMA Flow Diagram [11]

Identification of studies 

Studies included in review
(n=6)
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Records identified from:
Databases (n=2,389)

Citation screening (n=2)

Records excluded:
Duplicate records removed(n=0)

Records screened
(n=2,391)

Records excluded: (n=2,294)
 � No climate change (n=1,993)
 � Case report (n=161)
 � No AMR and/or HAI (n=68)
 � Excluded publication type (n=29)
 � Commentary (n=22)
 � No humans (n=14)
 � Viral infections (n=5)
 � Unsuitable study design (n=2)

Records assessed in full text review
(n=97)

Records excluded: (n=91)
 � No full-text (n=1)
 � Not Europe (n=35)
 � No climate change (n=22)
 � No measurement of relevant outcome (n=20)
 � No primary analysis (n=9)
 � No humans (n=4)

AMR=antimicrobial resistance
HAI=healthcare-associated infection
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Table 1
Information on the six studies that met inclusion criteria of this review. Studies are sorted by author, measured exposure (climate factors), outcome (AMR and/or infection),  
and results are displayed.

First author and 
publication year

Obser
vational 
 period

Country Data source Study design Exposure meas
urement

Outcome measurement Results

Kaba [13],
2020

2011 –  
2016

30 countries 
(all EU and 
EEA members, 
in addition to 
Iceland and 
Norway)

EARS-Net Surveillance data 
(routine AST results are 
 collected from clinical 
 laboratories by the national 
network); historical 
 temperature data

Observational 
ecological 
study

Historical 
monthly mean 
temperature

Annual national AMR 
 prevalence (CRPA, CRKP, 
MREC, MRSA)

Significant correlation between warm season 
(May–October) mean temperature and MRSA 
(Rs=0.826), MREC (Rs=0.718) and CRKP 
(Rs=0.798); correlation between cold season 
(November–April) mean temperature and MRSA 
(Rs=0.691); correlation with warm season net 
change in temperature and CRPA (Rs=0.748) and 
MREC (Rs=0.617); warm season mean tempera
ture is a significant predictor of MRSA, MREC 
and CRKP, but not CRPA

McGough [14], 
2020

2000 –  
2016

28 European 
countries  
(all EU and 
EEA members 
in addition to 
Iceland, 
 Norway and 
United 
 Kingdom) 

EARS-Net Surveillance data 
(routine AST results are 
 collected from clinical labora-
tories by the national network); 
modelled and assimilated 
 meteorological data, available 
at Modern-Era  Retrospective 
analysis for  Research and 
 Applications, Version 2 
(MERRA-2)

Observational 
ecological 
study

Annual mini-
mum ambient 
temperature

Annual national AMR 
 prevalence (aminopenicillins 
(E. coli), third-generation 
cephalosporins  
(E. coli and K. pneumoniae), 
 fluoroquinolones  
(E. coli and K. pneumoniae), 
 amino glycosides  
(E. coli and K. pneumoniae), 
and  meticillin (S. aureus))

AMR in E. coli & K. pneumoniae increased over 
time for most European countries, MRSA 
 generally decreased over time; positive linear 
 association between minimum ambient 
 temperature and AMR across all countries, years, 
pathogens, and antibiotic subclasses; relation
ship between temperature and resistance in
creases with time and AMR increases faster at 
higher temperatures

Forrester [15], 
2022

1990 –  
2020

22 countries: 
15 European 
countries, 
7 low-  
and middle  
income 
 countries

101 publications Review Temperature, 
humidity, 
 seasons

Infection or colonisation 
with common antibiotic- 
resistant or antibiotic- 
associated pathogens 
(MRSA, C. difficile, CRE)

MRSA: higher temperatures and humidity have 
been documented to increase colonisation and 
infection with MRSA; C. difficile: Seasonality has 
been reported to affect colonisation or infection 
with C. difficile and varies by Southern 
( October–November) and Northern Hemisphere 
(March–April)

AMR=antimicrobial resistance, AOR=adjusted odds ratio, AST=antimicrobial susceptibility testing, C. albicans=Candida albicans, C. difficile=Clostridioides difficile CI=confidence interval, 
CRE=carbapenem-resistant Enterobacteriaceae, CRKP=carbapenem-resistant K. pneumoniae, CRPA=carbapenem-resistant P.aeruginosa, DWD=Deutscher Wetterdienst (German Meteorological Service), 
EARS-Net=European Antimicrobial Resistance Surveillance Network, EEA=European Economic Area, EU=European Union, ha-BSI=healthcare-associated bloodstream infection, ICU=intensive care unit, 
IRR= incidence rate ratio, KISS=Krankenhaus-Infektions-Surveillance-System (German Nosocomial Infection Surveillance System), MRSA=meticillin-resistant S. aureus, MREC=multi-drug-resistant E. coli, 
Rs=Spearman rank correlation coefficient, SSI=surgical site infection, S. pneumoniae=Streptococcus pneumoniae
*Both articles used the same data set and should be considered together. Continued on next page
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First author and 
publication year

Obser
vational 
 period

Country Data source Study design Exposure meas
urement

Outcome measurement Results

Aghdassi [16]*, 
2019

2000 –  
2016

Germany Surgical procedures and 
SSI from KISS; meteorological 
 monitoring station data of 
DWD

Observational 
ecological 
study

Monthly mean 
temperature

Rates of SSIs per 1,000 
 surgeries

Number of SSIs per 1,000 surgeries increased 
with higher temperatures; SSI at temperatures 
≥20°C more likely compared to temperatures 
<5°C (AOR: 1.13 [95% CI: 1.06–1.20]); occurrence 
of superficial SSI with gram-negative pathogens 
up to 38% more likely with temperatures ≥20°C 
(AOR: 1.38 [95% CI: 1.16–1.64]) compared to 
temperatures <5°C; number of SSIs per 1,000 
surgeries increased by 1% per 1°C increase 

Schwab [17], 
2020

2001 –  
2015

Germany SSIs from ICUs participating 
in ‘ICU-KISS’ module of KISS; 
 climate station network data 
of DWD

Observational 
ecological 
study

Daily mean 
temperature, 
daily maximum 
temperature, 
daily precipi-
tation, relative 
 humidity, and 
the daily dura-
tion of sunshine

Incidence of primary 
 healthcare-associated 
bloodstream infections 
( ha-BSIs) stratified by 
pathogens per 10,000 
 patient days

Incidence of haBSIs 17% (IRR 1.169 [95% 
CI: 1.0771.269]) higher in months >20˚C 
 compared to months <5˚C; this effect is one 
third (38%) higher for gram-negative pathogens 
and 13% higher for gram-positive pathogens; 
S. pneumo niae occurred 50% less frequently at 
months >20°C than at <5°C.

Aghdassi [18]*, 
2021

2000 –  
2016

Germany Surgical procedures and SSI 
from ‘OP-KISS’ module of 
KISS, data from DWD

Observational 
ecological 
study

Monthly mean 
temperature

Rates of surgical site 
 infections (SSIs) per 1,000 
operations stratified by 
pathogens (S. aureus, 
 Enterococcus spp., coagu-
lase-negative staphylococci, 
Streptococcus spp., 
Corynebacterium spp., 
E. coli, P. aeruginosa, 
 Enterobacter spp., Klebsiella 
spp., Proteus spp., Bacte-
roides spp., Citrobacter spp., 
other Enterobacteriaceae, 
Serratia spp., Acinetobacter 
spp., C. albicans)

Correlation between higher temperatures and 
 occurrence of SSIs; increase in SSI rate per 
 additional 1°C for almost all pathogens excluding 
Streptococcus spp. and C. albicans; strongest 
 association for risk for SSIs with Acinetobacter 
spp. (6% increase per additional 1°C) and 
 Enterobacter spp. (4% increase per additional 
1°C); risk for SSIs caused by Acinetobacter spp. 
and Enterobacter spp. increased >2-fold in 
months with ≥20°C compared to <5°C

AMR=antimicrobial resistance, AOR=adjusted odds ratio, AST=antimicrobial susceptibility testing, C. albicans=Candida albicans, C. difficile=Clostridioides difficile CI=confidence interval, 
CRE=carbapenem-resistant Enterobacteriaceae, CRKP=carbapenem-resistant K. pneumoniae, CRPA=carbapenem-resistant P.aeruginosa, DWD=Deutscher Wetterdienst (German Meteorological Service), 
EARS-Net=European Antimicrobial Resistance Surveillance Network, EEA=European Economic Area, EU=European Union, ha-BSI=healthcare-associated bloodstream infection, ICU=intensive care unit, 
IRR= incidence rate ratio, KISS=Krankenhaus-Infektions-Surveillance-System (German Nosocomial Infection Surveillance System), MRSA=meticillin-resistant S. aureus, MREC=multi-drug-resistant E. coli, 
Rs=Spearman rank correlation coefficient, SSI=surgical site infection, S. pneumoniae=Streptococcus pneumoniae
*Both articles used the same data set and should be considered together.
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showed that the likelihood of SSI occurrence increases by 
1% per 1°C increase in temperature. Stronger associations 
between warmer temperatures and an increase in SSIs 
can be found in gram-negative pathogens. Furthermore, 
superficial SSIs appeared to have a higher temperature- 
related association than deeper SSIs. Superficial SSIs with 
gram-negative pathogens occurred 38% more frequently 
while temperatures were ≥20°C, compared to months with 
temperatures <5°C [16]. In a second study, Aghdassi et 
al. [18] found an increased risk of 6% for SSI with Acine-
tobacter baumannii per 1°C increase and a 4% risk for SSI 
with Enterobacter spp. in Germany. There was no associ-
ation found between risk of SSI with Streptococcus spp. or 
Candida albicans and an increase in temperature.

Another study by Schwab et al. [17] reported on health-
care-associated primary bloodstream infections (ha-BSIs) 
in intensive care units (ICUs) and identified an association 
between the increase in mean daily temperature and ha-
BSIs. In months with temperatures ≥20°C, the incidence 
rate of ha-BSIs was 17% higher than in months with tem-
peratures <5°C. The effect of temperature is most promi-
nent for ha-BSIs with gram-negative pathogens (38% inci-
dence rate increase), followed by ha-BSIs with 
gram-positive pathogens (13% incidence rate increase). 
The only exception was found in Streptococcus pneumoniae 
with a reduced incidence rate ratio (IRR) of 0.498 (95% CI: 
0.174–1.429) for temperatures ≥20°C compared to temper-
atures <5°C. This may well be explained by its transmission 
pathway via droplets, which is more relevant when the pop-
ulation stays predominantly indoors during colder seasons. 
In addition to temperature, relative humidity inversely cor-
related with an increase in ha-BSIs [17].

supporting associations of temperature, humidity or sea-
sonality with carbapenem-resistant Enterobacteriaceae 
(CRE), they hypothesised that such associations could 
also be plausible [15]. Surveillance studies by Aghdassi et 
al. [16, 18] and Schwab et al. [17] suggested that changes 
in the microbiome composition could potentially be mod-
ified by rising temperatures. Thus, bacterial pathogen 
growth and spread may be facilitated by increased tem-
peratures, even though the mechanisms underlying the 
hypothesis that to a certain extent higher temperatures 
lead to more bacterial proliferation are not fully under-
stood.

3.3 Body of evidence for association of increases 
in  temperature and humidity with healthcare 
associated infections

There is also evidence that the number of HAIs increases 
with increased temperature. This is of relevance because 
75% of the AMR burden stem from HAIs, which result in 
higher use of antibiotics [6]. Surgical site infections (SSIs) 
belong to the most common HAIs with an estimated 
800,000 cases per year in the EU. Most frequently found 
pathogens in SSIs are S. aureus, Enterococcus spp. and 
E. coli [18]. In particular, Aghdassi et al. [16] showed that 
SSIs occur more often after surgeries in warmer months 
(≥20°C) compared to months with colder temperatures 
(<5°C) (adjusted Odds Ratio (AOR): 1.13, 95% confidence 
interval (CI): 1.06–1.20). SSIs increased when tempera-
tures rose above 20°C during the month of surgery with 
both gram-negative and gram-positive pathogens. When 
considering temperature as a continuous variable, data 

Increases in temperature and 
changes in humidity and 
precipitation may increase 
the spread of AMR and 
healthcareassociated 
infections.
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4. Discussion
4.1 Climate change and AMR

Climate change, through increases in temperature and 
changes in humidity and precipitation, will likely lead to 
bacterial pathogen spread, increased use of antibiotics and 
increased AMR in Europe. However, due to the complexity 
of interactions and the significance of various factors, we 
were not able not elucidate the full dimension of these as-
sociations. European data are scarce, and we were only 
able to identify six studies that met our inclusion criteria. 
However, all six of these studies pointed towards an over-
all further acceleration of increasing AMR burden due to 
climate change.

There is some evidence specifically demonstrating the in-
crease in AMR with increasing temperatures in Europe [13, 14]. 
Studies outside of Europe verify these results. A study from 
the United States by MacFadden et al. [10] found that an 
increase in local minimum temperature is associated with 
increasing antibiotic resistance rates. However, this does 
not apply to all pathogens, and further factors like hygiene 
measures need to be considered. EARS-Net data reveal de-
creasing MRSA incidence in Europe, for example [14]. 
Hansen et al. [21] found that countries with decreasing 
MRSA proportions showed especially strict implementation 
of various prevention measures. The studies considered in 
our review also observed an increase in HAIs associated 
with an increase in temperature. SSIs and ha-BSIs in Ger-
many, mostly due to gram-negative bacteria, occurred more 
frequently in warmer temperatures (≥20°C). In line with 
these findings, a study from Japan by Kobayashi et al. [22] 
concluded that SSIs are associated with summer months 

Climate change contributing 
to more frequent and severe 
extreme weather events will 
likely result in increased 
antimicrobial drug use in 
humans and animals.

3.4 Body of evidence for association of increases in 
 temperature with antibiotic consumption

In the European surveillance study, McGough et al. [14] pre-
sented data indicating that higher antibiotic use is present 
in countries with higher mean temperatures. In Germany, 
Aghdassi et al. [18] suggested that an increase in HAIs may 
be expected when temperatures rise and these rising infec-
tion rates would then potentially lead to increased use of 
antibiotics.

3.5 Summary of climatic hazards that could aggravate 
AMR burden in Europe

In a recent study on the impact of climate hazards on 
pathogenic human diseases, Mora et al. [12] collected data 
on pathways in which climatic hazards, through different 
transmission routes, result in aggravation of specific diseas-
es. They identified 43 articles worldwide with respect to cli-
mate change and information on pathogens causing the 
highest AMR burden in Europe according to Cassini et al. [4]. 
The results of these studies can be illustrated in a Sankey 
diagram of potential pathways through which climatic haz-
ards could aggravate these pathogens (Figure 2). The most 
common pathogens found with an association to climatic 
hazards included E. coli (with 25 publications), followed by 
S. aureus (nine publications, four publications specifically for 
MRSA), P. aeruginosa (five publications) and K. pneumoniae 
(four publications). For these pathogens, the associated cli-
matic hazards were floods, storms, warming, precipitation, 
and droughts. The main routes of transmission were water-
borne transmission as well as unspecified transmission.
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highest burden in Europe. However, beyond the burden of 
infections with antibiotic-resistant bacteria, resistance to an-
timicrobial drugs such as resistance to antimalarial medica-
tions or antiretroviral therapy may also be increased by cli-
mate change [26]. Furthermore, the climate crisis could allow 
for the emergence and spread of new and re-emerging threats. 
For example, it has been suggested that Candida auris, a fun-
gal pathogen that is often multi-drug-resistant and exists in 
the environment, may become increasingly pathogenic due 
to climate change [27]. In addition, recent studies indicate a 
potential threat for public health caused by the release of 
bacteria as well as viruses from thawing permafrost due to 
defrosting as a result of climate change [28, 29].

4.2 One Health and AMR

Human pathogen colonisation and infection can result from 
exposure to pathogens across a range of community and 
healthcare system domains and may be influenced by soci-
oeconomic and environmental determinants of health. With 
our focus on human health, we did not comprehensively 
assess the changes in AMR from a One Health perspective, 
although we partly highlight this aspect by taking the review 
by Forrester et al. [15] into account, which includes the One 
Health perspective. AMR is rising in humans, animals, 
plants and the environment [30], and these increases may 
all be influenced by global and local temperatures rising due 
to climate change. One Health drivers (i. e. human and an-
imal populations as well as the environment) and interac-
tions related to infectious diseases and AMR can be illus-
trated as seen in Figure 3. Such interactions can often only 
be retrospectively analysed and their significance is likely to 

Overuse of antimicrobial 
drugs across human, animal 
and environmental sectors 
exacerbates AMR. 

(July–September, Hazard Ratio: 1.53, 95% CI: 1.06–3.83). 
Moreover, SSI rates were higher in summer months com-
pared to non-summer months (3.9% vs. 1.9%, p<0.05). 
However, another study from Japan found contrasting re-
sults: Sagara et al. [23] ascertained that infections of the eye 
were most frequent in the winter months and less frequent 
in the summer and autumn months. Yet, when they strati-
fied results by pathogens, they found that infections caused 
by S. aureus were more frequent in summer and autumn 
compared to colder seasons. Streptococcus spp. infections 
were more common in spring and summer months. An-
other surveillance paper concentrating on AMR genes and 
their distribution on a global level, taking climatic factors 
into account, found an uneven distribution of AMR genes 
in bacteria across several cities worldwide, suggesting an 
association with higher temperatures in different re-
gions [24]. More evidence is needed to fully understand the 
associations between climatic factors and AMR, but exist-
ing evidence is sufficient to foresee that without appropri-
ate interventions, climate change and the burden of AMR 
will continue to increase.

Climate hazards can bring humans and disease-causing 
organisms closer together, leading to a rise in pathogen trans-
mission and infections, as demonstrated in our illustrated 
model with data from Mora et al. [12] (Figure 2). An increase 
in extreme weather events and natural disasters may cause 
disruptions and conditions that lead to an increase of AMR 
and pathogen spread as well as an increase in related anti-
biotic use. Such events can also lead to population displace-
ment and increased burden on health systems which can 
further aggravate the spread of AMR and HAIs [25]. We fo-
cused on the AMR bacterial pathogens currently causing the 
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Figure 2
Summary of climatic hazards that may 

 modify the spread and health burden of 
 resistant pathogens.

Full interactive display of all pathways and the 
underlying data are available [20].

Source: Webtool by Mora et al. [12, 20]

Drought: 1Drought: 1

Precipitation: 6Precipitation: 6

Warming: 6Warming: 6

Storms: 9Storms: 9

Escherichia coli: 25Escherichia coli: 25

Pseudomonas aeruginosa: 5Pseudomonas aeruginosa: 5

Klebsiella pneumoniae: 4Klebsiella pneumoniae: 4

MRSA: 4MRSA: 4

Staphylococcus aureus: 5Staphylococcus aureus: 5

Drought: 1Drought: 1

Precipitation: 6Precipitation: 6

Warming: 6Warming: 6

Storms: 9Storms: 9

Vectorborne: 1Vectorborne: 1

Waterborne: 30Waterborne: 30

Floods: 21Floods: 21

Not specified: 8Not specified: 8

Direct contact: 1Direct contact: 1

Foodborne: 2Foodborne: 2

Airborne: 1Airborne: 1

MRSA=meticillin-resistant Staphylococcus aureus

Climatic hazard Transmission route Pathogens
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For included studies, the predominant study type was 
observational, where surveillance data of pathogens or in-
fection were combined with climate data in form of an eco-
logical study design. Here, measuring errors may occur in 
exposure and outcome leading to risk of bias and impre-
cision of the reported estimates. Even though various con-
founders were addressed within the single studies, there 
may be additional factors with influence on the association 
of climate and AMR or HAIs. By focusing on EU/EEA coun-
tries in this review, confounding due to societal and eco-
nomic factors may have been reduced. Nonetheless, their 
potential relevance for AMR has been demonstrated before 
and should be kept in mind.

The two publications by Aghdassi et al. [16, 18] included 
in our review, should be considered together, as they use 
the same dataset. Those studies, as well as the one by 
Schwab et al. [17] were included, as we assume that an in-
crease of HAIs will consecutively lead to an increasing 
AMR burden and thus may be considered as indirect evi-
dence.

5. Conclusion and recommendations

The links between AMR and climate change require signif-
icantly more attention. Further detailed studies with local 
data on weather conditions, resistance situation, infectious 
diseases, but also antibiotic use, social determinants and 
other infectious and social factors are needed to better un-
derstand the pathways and subsequent impacts of these 
associations. Financial and scientific resources need to be 
made available to realise these studies. The example of 
decreasing MRSA incidence in many EU countries due to 

be underestimated in studies. As current evidence is point-
ing towards the aggravation of the existing AMR pandemic 
due to climate change, better data and public health action 
in human, animal, and environmental health domains are 
needed.

4.3 Limitations of this review

Possible limitations of our analysis are related to the lim-
ited number of studies included in this review. Among the 
excluded 35 non-European studies, there may be addition-
al relevant evidence to better understand the association 
of climate change and AMR.

ONE 
HEALTH

HUMANS

ANIMALS
ENVIRONMENT

Figure 3
One Health drivers and interactions 

 related to infectious diseases and 
 antimicrobial resistance.

Humans, animals and the environment 
(centre) influence AMR through drug use 

in humans and animals, nutrition, 
 livestock, communication, healthcare per

sonnel and facilities (outer circle).
Illustration: Robert Koch Institute
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ter, sanitation and hygiene and One Health antimicrobial 
stewardship are needed to control the AMR pandemic 
worldwide. Investment in research and development on 
new antimicrobial drugs is needed as well as on the devel-
opment of relevant vaccines.
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targeted public health action, in particular infection pre-
vention and control measures in hospitals, is a reassuring 
sign that the AMR pandemic can be controlled. But climate 
change will likely make the control of AMR more challeng-
ing. On the other hand, there may be synergistic effects 
(or co-benefits) when leveraging action against both AMR 
and climate change, for example through reduction of in-
dustrial livestock farming or meat production and con-
sumption. Although this summary focused on evidence in 
Europe, AMR is a pandemic threat. The Global South often 
suffers from a higher burden of AMR. Thus, prevention 
and control of AMR will have limited success with single 
country interventions and needs a global focus.

Despite the complexity of climate change processes and 
AMR, it will be important to closely monitor the changes 
in AMR over time in order to inform the prioritisation of 
public health measures. Intensified One Health surveil-
lance approaches will be needed. Global surveillance sys-
tems such as the European EARS-Net and the worldwide 
Global Antimicrobial Resistance and Use Surveillance Sys-
tem (GLASS) are particularly important for country com-
parisons and could enable ecological studies analysing as-
sociations with regional climate change. Globally, we will 
have to further improve the availability and standardisation 
of antimicrobial susceptibility testing (AST), particularly in 
the Global South, to allow for more representative AMR 
surveillance data. In addition, AMR burden of disease stud-
ies will have to be developed and routinely updated to in-
form timely public health decision-making.

In addition to improved One Health AMR surveillance, 
universal health coverage and effective infection preven-
tion and control measures including reliable access to wa-

More financing, political 
advocacy and coordinated 
global action are needed to 
better respond to the threats 
of antimicrobial resistance 
and the climate crisis.
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Database Search strategy
PubMed ("climate change"[MeSH Terms] OR "global warming"[MeSH terms] OR "climatic processes"[MeSH 

terms] OR ("climate*"[Title/Abstract] AND "change*"[Title/Abstract]) OR "climate*"[Title/Abstract] OR 
"temperature*"[Title/Abstract]) AND ("Anti-Bacterial Agents"[MeSH Terms] OR "Drug Resistance, Bacteri-
al*" [MeSH Terms] OR "health care associated infection" [Title/Abstract] OR "nosocomial"[Title/Abstract] 
OR "AMR" [Title/Abstract] OR "antimicrobial resistance*"[Title/Abstract] OR "antimicrobial resistan*"[Ti-
tle/Abstract] OR "antibiotic*"[Title/Abstract]) AND ((y_10[Filter]) AND (humans[Filter]))

Annex Table 1
Applied search string
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