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BACKGROUND: Detection and attribution of health impacts caused by climate change uses formal methods to determine a) whether the occurrence of
adverse health outcomes has changed, and b) the extent to which that change could be attributed to climate change. There have been limited eﬀorts to
undertake detection and attribution analyses in health.
OBJECTIVE: Our goal was to show a range of approaches for conducting detection and attribution analyses.
RESULTS: Case studies for heatwaves, Lyme disease in Canada, and Vibrio emergence in northern Europe highlight evidence that climate change is
adversely aﬀecting human health. Changes in rates and geographic distribution of adverse health outcomes were detected, and, in each instance, a proportion of the observed changes could, in our judgment, be attributed to changes in weather patterns associated with climate change.
CONCLUSIONS: The results of detection and attribution studies can inform evidence-based risk management to reduce current, and plan for future,
changes in health risks associated with climate change. Gaining a better understanding of the size, timing, and distribution of the climate change burden of disease and injury requires reliable long-term data sets, more knowledge about the factors that confound and modify the eﬀects of climate on
health, and reﬁnement of analytic techniques for detection and attribution. At the same time, signiﬁcant advances are possible in the absence of complete data and statistical certainty: there is a place for well-informed judgments, based on understanding of underlying processes and matching of patterns of health, climate, and other determinants of human well-being. https://doi.org/10.1289/EHP1509

Introduction
Detection and attribution of the impacts of climate change on
human and natural and managed systems relies on formal scientiﬁc methods. These methods are applied to determine whether
an aspect of system function has changed since a baseline or reference period, and then to determine whether/how much of that
change could be attributed to climate change (Stone et al. 2013).
The value of these studies was underscored by the United
Nations Framework Convention on Climate Change requirement
that signatories to the convention adopt measures to “prevent
dangerous anthropogenic interference with the climate system”
(UN 1992).
There have been limited eﬀorts to understand the extent to
which changes in the current burdens of climate-sensitive health
outcomes could be formally attributed to climate change (Cramer
et al. 2014). Nevertheless there is strong evidence now that changing weather patterns associated with climate change are shifting the
geographic range, seasonality, and intensity of transmission of
selected climate-sensitive infectious diseases (Semenza and Menne
2009), and increasing morbidity and mortality associated with
extreme weather and climate events (Smith et al. 2014). We now
have a much better understanding of the character, timing, and spatial pattern of climate change due to research undertaken over the
past several decades (IPCC 2013). Together with demonstrable
changes in disease incidence and/or mortality, this means it is
now possible, in a few instances, to attribute a portion of current
burdens of speciﬁc climate-sensitive health outcomes to climate
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change. Building the evidence-base on detection and attribution
(D&A) is the basis for better evidence-based risk management to
reduce current and plan for future climate change-related health
burdens, and to inform advocacy for actions to mitigate greenhouse gas emissions.
We review detection and attribution methods, discuss their
application in health research, provide three case studies selected
to illustrate the diversity of issues in this ﬁeld, and conclude with
research and data needs for furthering D&A studies in health.

Background on Detection and Attribution Methods
D&A studies determine a) “whether a system is changing beyond
a speciﬁed baseline that characterizes behavior in the absence of
climate change”; and b) “whether climate change has contributed
substantially to the observed change in a system” (Stone et al.
2013). Because climate is always changing, and because there are
many factors that can inﬂuence whether an aspect of a health or
other system changed over time, with these factors also changing
over time, studies establish baselines or reference periods against
which change is measured. D&A analyses of impacts ideally isolate the system of interest, such as the constellation of inﬂuences
on Lyme disease, and then determine whether the observed
behavior in the system changes when other factors than climate
are removed or held constant to the extent possible. Attribution
studies typically focus on whether and to what extent a system
has changed in response to observed climate change (Stone et al.
2013).
D&A studies have a long history in climate science in quantifying the extent to which climate change has changed the mean
and variability of weather variables (Hegerl and Zwiers 2011).
The main approaches to D&A can be categorized into single-step
and multi-step studies (Stone et al. 2013).
• Single-step attribution uses a single comprehensive statistical model that detects a signiﬁcant change in the variable
of interest and compares the observed change with that
expected if climate change had not occurred. This approach
is typically used for weather data; for example, temperature
and heat-related mortality.
• Multi-step attribution links separate single-step approaches
that a) attribute an observed change in a variable of interest
to a change in climate or other environmental variable, and
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b) attribute the change in climate to external drivers (e.g.,
greenhouse gas emissions). For example, the ﬁrst step links
temperature increases to heat-related mortality. The second
step links the temperature increase to anthropogenic greenhouse gas emissions. The assessment of the relationships
between climate and the variable of interest may involve a
process model or statistical association. This approach has
been used for D&A in ecosystem studies (Root et al 2003;
Parmesan and Yohe 2003).
In addition, synthesis assessments review and assess large
numbers of results that demonstrate the sensitivity of impacts to a
change in climatic conditions or other drivers. Through a metaanalysis, health outcomes (e.g., heat-related mortality) described
in the existing (peer-reviewed) literature can be correlated with
an actual pattern of observed warming. This approach often uses
spatial and temporal measures of association. This approach has
been used in ecosystem and agricultural detection and attribution
studies (Rosenzweig et al. 2008).
Specifying the causal factor to which a change is being attributed is important. Many climate D&A studies focused on
expected ﬁngerprints of changes in weather patterns associated
with climate change and their associated uncertainties, where ﬁngerprints are metrics or space–time patterns of the response of
climate variables to anthropogenic (e.g., greenhouse gas emissions) or natural (e.g., solar radiation changes) forcing. Examples
of ﬁngerprints include changes in global mean surface temperature, precipitation, and sea ice extent (IPCC 2013).
In many sectors the paucity of long-run data series leads to a
focus on sensitivity to weather (e.g., extreme events). But system
responses to long-term change may be diﬀerent to the responses
to acute events. For example, on a time scale of decades, local
food production may shift successfully to new heat-tolerant technologies or be abandoned altogether (IPCC 2013). There are few
examples of health studies that seek to identify impacts in the
long term. One is the report by Bennett et al. (2014) on the shifting balance of winter and summer mortality in Australia between
1968 and 2008 (Bennett et al. 2014).

Applying D&A Methods to Health Outcomes
Detection analyzes data on health and weather/climate to determine whether any change occurred over time, and if so, the probability that this change can be explained by background
variability in the system (Stocker et al. 2010). An identiﬁed
change is considered to have occurred if its likelihood of occurrence due to natural variability is small (e.g., a signal can be
detected). Health systems routinely collect and analyze data on a
wide variety of health outcomes to chart trends over time and to
evaluate the eﬀectiveness of policies and plans to improve population health. Once a trend is detected, then attribution investigates the relative contributions of multiple possibly causal
factors. This is not straightforward because many factors may
inﬂuence the magnitude and pattern of health burdens in a particular region, including the eﬀectiveness of control programs,
weather and other environmental variables, sociodemographic
change, land use change, trade and tourism, and others (Semenza
et al. 2016). Systematic monitoring is required to provide robust
estimates of how variables changed over time. Attribution then
partitions the reasons for a trend amongst key drivers of the
health outcome (e.g., outdoor air quality, smoking habits, and
population age structure may be changing simultaneously and
each inﬂuences mortality rates (compare Prüss-Üstün and Corvalán
2006; Prüss-Üstün et al. 2016).
D&A assumes there is a reference period against which the
health data will be compared, taking into consideration that
weather and health data are characterized by year-to-year (and
Environmental Health Perspectives

shorter-term) variability and longer-term trends. Disease incidence and mortality rates have changed substantially (mostly for
the better) over recent decades, which means there is no natural
reference period. For example, at the same time as evidence is
accumulating that climate change is likely changing the geographic range of the Anopheles mosquitoes that can carry malaria,
multiple international and national initiatives are reducing the
burden of malaria (Smith et al. 2014). Another challenge is that
uncertainties in data quality for many climate-sensitive health
outcomes increase the further back one goes, but recent periods,
those with the best data and therefore potentially the most suitable reference points, are those aﬀected by early impacts of climate change, which means attribution of a climate change eﬀect
may be an underestimate of the true impact. In any case, clear
speciﬁcation of the reference period is needed so that estimates
of the extent to which changing health burdens could be attributed to climate change can be quantiﬁed over time.
In epidemiology, attribution is often described using the population attributable fraction of a risk factor; it is the proportional
reduction in deaths or cases of disease that would occur if exposure to this factor were removed or reduced to an alternative exposure distribution (Prüss-Üstün and Corvalán 2006; Prüss-Üstün
et al. 2016). Calculating the population attributable fraction
requires data on the prevalence of exposure to the risk factor
within the population of interest, and the relative risk of the
health outcome associated with each level of exposure.
However, exposures to weather and climate are diﬀerent than
typical environmental exposures, which creates several challenges (Bernard and Ebi 2001). Everyone is exposed to weather.
Even with most people spending much of their time indoors, virtually the entire population is aﬀected (potentially) by the consequences of changing weather patterns, such as increases in the
frequency and intensity of heatwaves. But this exposure is not the
same for everyone—vulnerability mapping shows that particular
locations and population groups have higher levels of exposure
to, for example, higher ambient temperatures than the average for
a region or to greater risks for ﬂooding (e.g., Reid et al. 2009).
Another complexity is the lack of a well-deﬁned reference period.
Climate change has been changing weather and climate patterns
for longer than there are quality health data sets in most regions,
thus it is often not possible to establish what would be a “climate
normal” for health detection and attribution studies before anthropogenic climate change. Autonomous adaptation (e.g., adaptation
in response to experience of climate and its eﬀects, without a speciﬁc focus on addressing the risks of climate change) also aﬀects
trends in some climate-sensitive health outcomes (e.g., Åström
et al. 2016; Todd and Valleron 2015).

Three Case Studies of D&A of the Health Risks of
Climate Change
Within this context, we explore three case studies to highlight different approaches to attributing some of the current burden of
climate-sensitive health outcomes to climate change. The studies
are concerned with heatwave deaths, emergence of Lyme disease
in Canada, and emergence of vibrio infections in northern
Europe. In diﬀerent ways, the studies complete the requirements
of D&A to show that climate change is already adversely aﬀecting human health. Other examples include cold-related mortality
in England, Wales, and Australia; pollen production; changes in
the geographic range of tick-borne encephalitis, plague, and tularemia; and malaria (summarized by Cramer et al. 2014). The following examples are purposely not exhaustive and should be
considered illustrative only. Exploration of speciﬁc case studies
highlights the diversity of methods used.
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Approaches to Estimating the Number of Heatwave
Deaths Attributable to Climate Change
Background
There is robust evidence that a) climate change is aﬀecting the
frequency, intensity, and duration of heatwaves (IPCC 2013);
and b) exposure to high ambient temperatures is associated with
excess morbidity and mortality (e.g., Gasparrini et al. 2015).
Therefore, following multi-step attribution, recent assessments
concluded that climate change is aﬀecting heat-related mortality.
For example, while noting there are multiple social, environmental, and behavioral factors that inﬂuence heat-related mortality,
Cramer et al. (2014) concluded that climate change has contributed to increased heat-related mortality in recent decades in
Australia, England, and Wales, with medium conﬁdence (Cramer
et al. 2014).
Because few of the individuals who die during heatwaves are
diagnosed as suﬀering from heat exposure, impact studies typically calculate excess mortality at the level of populations. The
eﬀects may be substantial: tens of thousands of excess deaths
occurred during the European heatwave of 2003 and the Russian
heatwave of 2010 (Robine et al. 2008; Shaposhnikov et al. 2014).
Although some of the deaths would have occurred anyway during
or shortly after a heatwave (mortality displacement), the lack of a
substantial compensating undershoot in mortality in subsequent
months and years suggests most of the lost person-time was a
genuine heatwave eﬀect (e.g., Robine et al. 2008).
Estimating how the change in exposure to heatwaves aﬀects
health requires considering other variables that inﬂuence heatrelated morbidity and mortality such as age, poverty, education,
living alone, race/ethnicity, preexisting medical conditions (diabetes, renal disease, CVD), etc., and how these factors changed
over time.
Diﬀerent approaches can be taken to estimate what proportion
of deaths during a heatwave could be attributed to climate change
as opposed to natural climate variability. As heatwaves outside
recent historic experience increase, with higher probabilities that
climate change was a major contributor to their occurrence, then
the proportion of heatwave deaths attributed to climate change
would be expected to increase.

Approaches to Attributing Heatwave-Related Deaths to
Climate Change
Attributing a proportion of deaths during a heatwave to climate
change requires multiple steps, taking into account that natural
climate variability and anthropogenic climate change jointly contribute to the occurrence and intensity of a heatwave. Event attribution is a growing ﬁeld in climatology that determines whether
(and to what extent) an individual event was inﬂuenced by
anthropogenic forcing of the climate system (Easterling et al.
2016; NAS 2016; Stott et al. 2016). Primary approaches include
using the observational record to determine the change in probability or magnitude of an event (e.g., Stott et al. 2004; Schär et al.
2004) and using model simulations to compare the the probability
of an event occurring with and without anthropogenic climate
change (e.g., Hoerling et al. 2013). These provide slightly diﬀerent information for use in estimating the number of deaths during
a heatwave that could be attributed to climate change.
Without using event attribution, a simple approach to attributing heatwave-related deaths to climate change would be to estimate the shift in the distribution of heatwaves over the last few
decades by intensity, duration, or frequency (Murray and Ebi
2012). All deaths occurring in heatwaves above an a priori
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threshold, such as the top 5% or 1%, could then be attributed to
climate change.
A more conservative approach that could be based on event
attribution would be to assume that climate change increased ambient temperature during a heatwave (e.g., that the heatwave
would have occurred anyway, but the temperature was higher
than would have happened without climate change). Then the attributable deaths would be those due to the additional temperature. However, estimating this fraction is not straightforward.
Questions include how to estimate the temperature increase due
to climate change; one approach is to assume the temperature
increase during the heatwave is the same as the increase in regional mean temperature. Sensitivity analyses can be used to estimate uncertainty around the numbers of deaths attributed to
climate change. There is no standard approach to estimating the
number of deaths at the tail of the distribution, in part because
there are few data points to allow robust quantiﬁcation. Deaths
could be estimated assuming a linear relationship between temperature and mortality, or it could be assumed that the increase in
mortality per degree is greater with extreme temperature; the
approach taken will yield very diﬀerent results (Rocklöv and Ebi
2012).
As the ﬁeld of event attribution advances, estimates of heatrelated mortality could be based on the degree to which the event
showed a ﬁngerprint of climate change.
Two recent eﬀorts took diﬀerent approaches to heat-related
D&A, not based on event attribution. A study in Stockholm,
Sweden estimated the extent to which mortality due to temperature extremes during the period 1980–2009 could be attributed
to climate change based on 1900–1929 baseline temperatures
(Astrom et al. 2013). There was an increase in the number of
heat extremes (days with temperatures above the 98th percentile
of the 1900–1929 distribution) between the reference period
(n = 220) and the study period (n = 381). The increase in daily
mean temperatures suggested the increased number of heatwaves
were due to climate change. The study concluded that mortality
from heat extremes was double what would have occurred without climate change, adjusting for urbanization and the urban heat
island eﬀect.
Mitchell et al. estimated the number of deaths during the
European heatwave of 2003 that could be attributed to climate change
(D. Mitchell, M. Allen, K.L. Ebi, A. Gasparrini, L. Harrington, C.
Heaviside, et al., unpublished data, 2015). Thousands of climate simulations of a high-resolution regional climate change generated a
comprehensive description of the 2003 heatwave and the role of
human inﬂuence. Climate change had a highly signiﬁcant inﬂuence on large-scale modes of atmospheric variability. A health
impact assessment approach was used to estimate the number of
deaths attributed to anthropogenic climate change, using a percent increase in mortality per 1°C increase in maximum apparent
temperature (includes temperature and humidity) above cityspeciﬁc thresholds. The study estimated the risk of heat-related
mortality increased about 70% in Central Paris and about 20% in
London because of anthropogenic climate change.

Detection of Lyme Disease Emergence in Canada
and Its Attribution to Climate Change
Background
The biologies of arthropod vectors and the dynamics of associated vector-borne diseases are intrinsically sensitive to weather,
climate, and potentially, climate change (Githeko et al. 2000).
Whether or not climate change will have a major impact on the
frequency of vector-borne diseases depends on the role of other,
climate-independent factors on distribution, abundance, and
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activity of the vectors (Reiter 2001). This case study focuses on
Lyme disease, a tick-transmitted zoonotic disease caused by the
bacterium Borrelia burgdorferi, and in particular its emergence
in Canada. The natural hosts of both the tick vector and bacterium are wild mammals and birds, and occasionally other taxa,
with humans being accidental hosts for the vector and accidental
and likely dead-end hosts for the bacterium. In theory, climate
can impact Lyme disease risk at three levels, aﬀecting a) tick
vector distributions and abundance, b) B. burgdorferi transmission cycle occurrence and eﬃciency (and thus the proportion of
ticks infected), and c) the likelihood of transmission to humans.
Lyme disease emerged in North America in the 1970s, and it
is thought that this emergence was associated with landscape
change driven by socioeconomic factors (migration of rural communities to cities with reforestation of farmland) that in turn
allowed abundance of a key animal host of the tick vector of
Lyme disease (white-tailed deer) to rebound (Barbour and Fish
1993). This then allowed the tick vector, Ixodes scapularis, to
expand out of refuges in the northeast (particularly the New
England town of Lyme from which Lyme disease gets its name)
and the upper Midwest. Lyme disease risk continued to increase
and expand its geographic range in the northern United States.
Until the early 2000s there was only one known I. scapularis
population in Canada (at Long Point on the north shore of Lake
Erie in Ontario); prior to this time, this was considered the
extreme northern outpost of the species. In the early 2000s, studies undertaken to explore what factors may limit the northward
geographic spread of the tick (and Lyme disease risk) into
Canada revealed that the habitat appeared suitable (Ogden et al.
2006a), with ticks being regularly dispersed into Canada (Ogden
et al. 2006c) likely by migratory birds (Ogden et al. 2008a), but
that temperature conditions were likely too cold for the ticks in
most of Canada (Ogden et al. 2005). For I. scapularis in southern
Canada, “too cold” essentially means that the temperature conditions across the 2- to 3-y lifecycle of the ticks are too low to
allow completion of the lifecycle due to cold temperatures slowing rates of development from one tick lifecycle to the next,
rather than direct eﬀects of cold winter temperatures on tick survival. The tick’s woodland habitat to some extent protects refuges
from the extremes of temperature that limit survival (reviewed by
Ogden and Lindsay 2016).
A population model of I. scapularis that incorporated known
impacts of temperature on the tick was used to predict the geographic occurrence of current climatic suitability, as well as project future climatic suitability in Canada (Ogden et al. 2006b).
These tended to corroborate projections based on a statistical
“environmental niche” model for this tick (Brownstein et al.
2005). Field studies in 2007 to validate the model predictions
detected that incursion of the tick had begun (Ogden et al.
2008b).

Detection and Evidence of Climate Associations:
The Spatial Pattern
Cramer et al. (2014) concluded that changes in the latitudinal and
altitudinal distribution of disease-carrying ticks in North America
is consistent with observed warming trends, but evidence was
lacking of any associated changes in the distribution of Lyme disease (Cramer et al. 2014).
The evidence for associations of Lyme disease risk in eastern
Canada with climate comes from studies of the spatial patterns of
tick, pathogen, and human Lyme disease case occurrence. These
also served to “detect” the phenomenon of Lyme disease emergence in southern Canada. Temperature increase was considered
a key driver of emergence, with this temperature change attributed to climate change (Vincent et al. 2012), while other possible
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drivers of emergence such as habitat change were ruled out over
most of the aﬀected area (Ogden et al. 2014).
The ﬁrst studies to detect a signiﬁcant expansion of the range
of I. scapularis were conducted in 2007 and 2008 (Ogden et al.
2008b; Ogden et al. 2010) and found low abundance of I. scapularis at a number of sites in southern Quebec and low prevalence
of B. burgdorferi in ticks at some of these sites. The spatial pattern of these tick-positive sites at a subprovincial scale was
strongly and statistically signiﬁcantly associated with the predicted numbers for the site based on the site temperature conditions obtained using a simulation model of the tick populations.
This analysis accounted for other possible drivers for the emergence of the tick populations including estimated numbers of
immigrating ticks, tick host abundance, and clustering/spatial
autocorrelation issues. Other studies using the same sites or sampling sites in the region found consistent positive associations
between the presence and abundance of I. scapularis ticks on animal hosts (rodents and deer) and temperature, accounting for a
range of alternative potential drivers for tick occurrence including
habitat, rodent host abundance, rodent host species diversity,
animal-level variables (e.g., age, sex, reproductive status), deer
density, rainfall, and the possibility of spatial autocorrelation
(Bouchard et al. 2013a; Bouchard et al. 2013b). Further ﬁeld surveillance data in eastern Canada supported the importance of
temperature in determining the spatial pattern of establishment of
I. scapularis at a multiprovince geographic scale in eastern
Canada (Gabriele-Rivet et al. 2015).
Leighton et al. used passive tick surveillance data (adjusted to
improve the geographic speciﬁcity in terms of detection of
emerging tick populations) (Leighton et al. 2012; Koﬃ et al.
2012) to identify strong associations between the spatial occurrence of tick populations as well as the speed with which tick
populations become established with temperature at a subnational
scale. This analysis also accounted for land cover/habitat, rainfall,
tick dispersion, and regional variations that may confound associations between the presence of tick populations and temperature.
Evolution of infection prevalence from low to high in tick
populations detected in Canada in recent years (Ogden et al.
2010; Ogden et al. 2013a), and patterns of B. burgdorferi strain
and tick haplotype diversity that suggest population founder
events (Ogden et al. 2013b), also support the idea that the establishment of ticks and B. burgdorferi transmission cycles are an
ongoing, dynamic emergence event.
Studies by Simon et al. suggested that temperature may also
determine the geographic pattern of Lyme disease risk in eastern
Canada by determining environments suitable for the whitefooted mouse (Simon et al. 2014), which is an important reservoir
of B. burgdorferi in general (Jones et al. 1998), and for strains
that cause severe Lyme disease in particular (Mechai et al. 2016).
Together these studies detected the emergence of tick vector
populations and Lyme disease risk in Canada in a spatial pattern
that was strongly associated with climate—tick populations were
more likely to be found in locations with a warmer climate across
the multiyear lifecycle of the tick vector. This association
accounted for a very wide range of alternative determinants of
the observed spatial patterns.

Association of Emergence of Lyme Disease in Canada with
Climate Change
There is one long-term passive tick surveillance data set of Lyme
disease in Canada, established in the late 1990s between the
National Microbiology Laboratory of the Public Health Agency
of Canada and provincial public health organization partners.
This program involves the voluntary submission of ticks from
participating veterinary and medical clinics that obtain the ticks
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by examination of, or presentation by, their clients (Ogden et al.
2006c). By careful analysis to relate the number of ticks submitted per unit population to the occurrence of tick populations
(Koﬃ et al. 2012), Leighton et al. estimated how many locations
(census subdivisions) in eastern and central Canada contained a
tick population in each year from 1991 to 2008 (Leighton et al.
2012). The emergence of tick populations was temporally coincident with warming temperatures in southern Canada and, in particular, temperatures rising above model-derived thresholds for
the basic reproductive number (R0 ) of greater than 1, that is,
above the predicted climatic threshold for tick population persistence (Ogden et al. 2014). Gabriel-Rivet et al. using cumulative
ﬁeld surveillance data from 467 ﬁeld sites in eastern Canada,
showed that this temperature threshold was highly predictive
(with a sensitivity of up to 97%) of whether and where tick populations were found in surveillance at a multiprovince scale in
eastern Canada (Gabriele-Rivet et al. 2015).
In the second step in the D&A of the emergence of Lyme disease in Canada to climate change, Vincent et al. (2012) showed
that climate change was responsible for a warming climate in
southern Canada. The emergence of tick populations in all
regions appeared subsequent to warming increasing temperature
conditions such that predicted R0 is >1, in fact >1:5–2:0 (Ogden
et al. 2014; McPherson et al. 2017), which is perhaps more biologically plausible given the likelihood of stochastic fade out of
populations when R0 is close to 1 (Anderson et al. 1992).
Even so, it could be argued that warming in southern Canada
and emergence of I. scapularis tick populations was just coincidence, and that the process of northward spread of I. scapularis
tick populations was simply a matter of the tick continuing to
more completely ﬁll its ecological niche in North America.
However, Leighton et al. provided empirical evidence that during
the period of warming, locations acquired tick populations faster
the warmer they were, over and above other possible determinants of tick population establishment (dispersal, spatial spread
from neighboring locations, habitat, etc.) (Leighton et al. 2012).
This empirical information is therefore key to identifying the importance of rising temperatures in the region to the emergence of
vector tick populations, as was recognized in (Cramer et al.
2014).
More recently it has become clear that the changing geographic distribution of I. scapularis populations is reﬂected in the
geographic pattern in occurrence of Lyme disease cases in eastern
and central Canada (Ogden et al. 2015). Furthermore, over recent
years the spread of the tick vector has been associated with steadily increasing numbers of Lyme disease cases, conﬁrming that
the ecological phenomenon of climate change-driven spread of
the tick, accompanied by B. burgdorferi transmission cycles, has
had clear public health consequences in Canada (Ogden et al.
2014b; Ogden et al. 2015).
The impact of climate change appears to be region-speciﬁc
(i.e., aﬀecting the northern limit of the range of the tick and
pathogen); farther south in the United States, there are more possible alternative drivers for the continued emergence of Lyme
disease (Eisen et al. 2015).

Detection of Vibrio Emergence in the Baltic Sea
and Its Attribution to Climate Change
Background
Vibrio bacteria are typically found in marine environments and
can cause foodborne outbreaks and wound infections (Semenza
et al. 2012a). Brackish saltwater and elevated sea surface temperature (SST) are ideal environmental growth conditions for certain
Vibrio species (Semenza et al. 2012b). These conditions can be
Environmental Health Perspectives

found during the summer months in estuaries and enclosed water
bodies with moderate salinity. Vibrio infections seem to be on the
increase, particularly in the Baltic Sea in Northern Europe, in line
with a projected rise in sea surface temperature (SST) due to climate change (Levy 2015; Vezzulli et al. 2016).
Several species of Vibrio are pathogenic, including Vibrio
cholera (the causative agent of cholera) and noncholera Vibrio
spp. that includes V. parahaemolyticus and V. vulniﬁcus (Semenza
et al. 2012a). Contamination of raw or undercooked seafood, typically oysters, is the predominant cause the acute gastroenteritis
caused by V. parahaemolyticus. Although wound infections with
V. parahaemolyticus also occur, they are less frequent than
seafood-borne infections. In fact, V. parahaemolyticus outbreaks
tend to be clustered along coastal areas in late summer and early
fall when SSTs surpassed the threshold of 15°C that favors bacterial replication (Semenza et al. 2012a). Besides oysters and clams,
other seafood associated with these outbreaks includes shrimp,
crab, squid, mackerel, tuna, and sardines. Recreational water use
in areas with high bacterial load or working in aﬀected areas can
also result in infections of the eyes, ears, or open cuts and wounds.
Subsequent to Hurricane Katrina, 22 Vibrio wound infections
were reported, 3 caused by V. parahaemolyticus and 2 of which
were fatal.
V. vulniﬁcus is an even more virulent bacterium that can cause
three types of infections (Heymann 2015): a) acute gastroenteritis
from consuming raw or undercooked shellﬁsh, including oysters;
b) necrotizing wound infections due to exposure of skin lesions to
contaminated marine water (case fatality rate 25%); and c) invasive septicemia due to exposure to contaminated food or infection
of an open wound (50% case fatality rate). Immunocompromised
individuals with chronic liver disease are particularly at risk for
developing fatal septic shock from V. vulniﬁcus infections.
In the United States, infection with other Vibrio species,
besides V. cholera, became nationally notiﬁable in January 2007.
A total of 1,252 Vibrio infections (excluding toxigenic V. cholerae O1 and O139) were reported to CDC in 2014, of which 326
(27%) resulted in hospitalizations, and 34 (4%) in death (CDC
2014). V. parahaemolyticus was responsible for almost half of all
cases but only 1% of deaths, and V. vulniﬁcus was isolated from
10% of the patients, 18% of whom died. Of all these Vibrio cases,
a third was reported from Paciﬁc Coast states, a quarter from
Gulf Coast states, a quarter from Atlantic Coast states and the
remaining from noncoastal states. Of the domestically acquired
vibriosis cases, a third (402) were non-foodborne (conﬁrmed or
probable); of these 79% reported having skin exposure to a body
of water within 7 d before illness began, 17% reported contact
with marine wildlife, and 17% reported handling seafood (CDC
2014).
In Europe, however, vibriosis is not a notiﬁable disease
(Semenza et al. 2012a). Vibrio infections do occur, particularly
along the coast of the Baltic Sea, one of the largest brackish
inland seas by surface. Open ocean environments do not oﬀer
appropriate growth conditions for these bacteria due to the high
salt content, low temperature, and limited nutrient content. The
salinity of the water in the Baltic Sea is much lower than that of
ocean water, due to freshwater runoﬀ from the surrounding
shoreline, and due to the shallowness of the sea itself. The Baltic
Sea discharges through the Danish straits but a subsurface layer
of more saline water moves in the opposite direction. It mixes
very slowly with the upper layer, creating a salinity gradient from
top to bottom. Thus, the brackish zone of recreational water use
constitutes an area of ideal growth conditions for Vibrio species
during periods of elevated SST. Historically, SST was determined by dipping a thermometer into a container of water that
was manually pulled from the sea surface. However, SST
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measurements can also be made with satellite by sensing the
ocean radiation in two or more wavelengths within the infrared
part of the electromagnetic spectrum that can then be empirically
related to SST. The rate of SST increase has accelerated over the
decades: the warming rate from 1980 to 2010 increased to
approximately 5°C (6°C for summer months) per century, a 6fold increase from the 1854 to 2010 rate (Baker-Austin et al.
2013). The most recent warming seems to represent the fastest
warming of a marine environment and can be attributed to global
climate change.

Detection and Evidence of Climate Associations
Vibrio bacteria can be analyzed by examining zooplankton from
a Continuous Plankton Recorder, an instrument that, when tugged
behind ocean vessels, ﬁlters plankton over vast areas of ocean.
Vibrio bacteria attach to such plankton samples and can be
tracked over time and space. Over the past six decades, the concentrations of these diﬀerent Vibrio species have increased along
with increasing SST (Vezzulli et al. 2016). This experimental
evidence not only links multidecadal climatic variability with
Vibrio abundance, but also with Vibrio cases in humans along the
coast of the North Atlantic and North Sea. Based on generalized
additive models, the SST warming trend is responsible for the
long-term increase in Vibrio concentration in this large oceanic
area, as well as the unprecedented increase in Vibrio cases in
humans reported from Northern Europe and along the U.S.
Atlantic coast (Vezzulli et al. 2016).
Based on a review of the peer-reviewed literature, gray literature, and microbiology laboratories in the Baltic Sea region, 283
Vibrio cases were identiﬁed in the Baltic Sea region and the
Eastern North Sea area between 1977 and 2010 (Baker-Austin
et al. 2013). Of these, 272 cases (96%) were from the Baltic Sea
area, and most cases reported were V. vulniﬁcus and V. cholerae
(non-O1/O139) wound infections. The vast majority of cases
were reported from 1997 onward (234 cases, 85%). The number
of cases over this period increased in correlation with temperature
increases, with periods of reported infections in close association
with the areas of maximum warming. For example, during the
summers of 1994, 2003, 2006, and 2010, signiﬁcant and sustained warm water anomalies were evident across much of the
Baltic Sea area and these years corresponded with increases in
reported Vibrio-associated illness. The relationship between the
annual number of human cases of vibriosis and mean summer
SST was examined using a generalized linear model. It showed a
highly signiﬁcant association between a mean summer temperature increase and the number of reported human cases of vibriosis: For every increase in the maximum annual SST, the number
of observed cases increased 1.93 times (Baker-Austin et al.
2013). Thus, Vibrio cases can be attributed to SST increase.
When plotted, the number of cases occurring each year was
highly aggregated, with only a few cases observed in the majority
of years, and only a few years (2003, 2006, and 2010) with an
exceptional number of cases.

Association of Emergence of Vibrio Infections in the
Baltic Sea with Climate Change: The Spatial and
Temporal Pattern
Land and ocean surface temperatures have increased globally by
approximately 0.85°C since the late 19th century due to climate
change (Hansen et al. 2010). The European marine temperate
regions have been disproportionally aﬀected and experienced a
disproportionate warming at a rate of 4- to 7-fold the global rate
(Reid et al. 2011). Indeed, over the last decades, northern Europe
experienced a series of heatwaves, notably in 1994, 1997, 2003,
Environmental Health Perspectives

2006, 2010, and 2014, all of which were associated with a spike
of domestic Vibrio cases. Of these heatwave years, 2014 was the
hottest year in Sweden since observations began in 1860, with a
mean annual temperature 0.18°C higher than the preceding record in 1934 (Swedish Meteorological and Hydrological Institute
2014). The highest temperature this century in Sweden was
recorded in August 2014. In Finland, 2014 was the second warmest year on record and 1.6°C warmer than the long-term average
for the period 1981–2010 (Finnish Meteorological Institute
2015). In July and August 2014, the SST in the northern part of
the Baltic exceeded historic records; indeed, in some areas the
SST exceeded the long-term average by approximately 10°C.
Vibrio infections during the summer and autumn of 2014 in
Sweden and Finland exceeded the number previously recorded
(Baker-Austin et al. 2016). Across the Baltic Sea, 89 cases of
Vibrio infections were recorded in these two countries alone.
Cases were also detected in the north of Scandinavia in the subarctic region that was aﬀected by the 2014 heatwave. The SST
anomalies correlated with the spatial and temporal distribution of
Vibrio cases in Sweden and Finland. A generalized linear model
of these data indicated that maximum SST explained a signiﬁcant
amount of the variability in Vibrio infections: an increase in the
maximum SST resulted in a signiﬁcant increase in Vibrio cases
(Baker-Austin et al. 2016).
Based on the expected warming of the Baltic Sea under climate change scenarios the risk of Vibrio infection can be projected into the future (Baker-Austin et al. 2013). Based on the
risk model constructed for the summer 2006, projections of temperature were applied to estimate the risk of infection for 2050.
Based on these models, areas in the Baltic with an elevated risk
are projected to enlarge; moreover, the risk of infection is projected to expand farther north and engulf coastal areas with high
population densities in the middle and southern part of the Baltic
Sea.

Conclusions
The three case studies show it is plausible, in our judgment, that
a proportion of the current burden of climate-sensitive health outcomes can be attributed to climate change. The case studies also
demonstrate there is at present no standard practice for climate
change attribution for health outcomes.
While some deaths during heatwaves are undoubtedly attributable to climate change based on climate change increasing the
probability of these events, diﬀerent approaches can be used to
estimate the exact proportion. Attributing deaths above a threshold related to the degree to which climate change increased ambient temperature over recent decades would be a conservative and
defensible approach. Sensitivity analyses and assumptions of the
linearity of the relationship between temperature and mortality
could be used to provide an uncertainty range around the estimated impact.
There is strong evidence that the emergence of tick vectors of
Lyme disease in Canada is occurring in a pattern that is determined by climate. There is evidence of a qualitative, indirect nature for an impact of climate change as a driver of this process:
tick populations emerged during a time when temperatures rose
above biologically relevant thresholds. There is also empirical
evidence that during this time, higher temperatures were associated with faster tick population establishment accounting for
other possible processes involved in tick population establishment. Therefore, there is indirect evidence that warming in southern Canada, likely associated with climate change, has been one
of the forces leading to the emergence of I. scapularis populations and this has resulted in a signiﬁcant public health problem
for Canada. More detailed analyses of longer-term surveillance
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data are needed to quantify relationships between a warming climate and tick population range spread.
The observed increase in cases of Vibrio infections in the
Baltic Sea can be attributed to an increase in SST, which in turn
can be attributed to global climate change. SST projections into
the future indicate that an enlargement of coastal areas that can
sustain large Vibrio populations also translates into an elevated
risk of Vibrio infections in this region.
Evidence that climate change is aﬀecting the burden of
climate-sensitive health outcomes will continue to emerge as climate change unfolds. How can we gain a better understanding of
the size, timing, and distribution of the climate change burden of
disease and injury? Reliable long-run data sets, more knowledge
about the factors that confound and modify the eﬀects of climate
on health, and reﬁnement of analytic techniques for detection and
attribution, including greater sharing of knowledge from other sectors, will all be important. So will recognition that signiﬁcant
advances can be made in the absence of complete data and statistical certainty: there is a place for well-informed judgments, based
on understanding of underlying processes and close matching of
patterns of health, climate, and other determinants of human wellbeing. This evidence can be used to modify health system policies
and programs, to ensure adequate protection for population health
today, and can inform iterative risk management to prepare for
and more eﬀectively manage future burdens of climate-sensitive
health outcomes.

References
Anderson RM, May RM, Anderson B. 1992. Infectious Diseases of Humans:
Dynamics and Control. Oxford, UK:Wiley Online Library.
Astrom C, Orru H, Rocklov J, Strandberg G, Ebi KL, Forsberg B. 2013. Heat-related
respiratory hospital admissions in Europe in a changing climate: a health
impact assessment. BMJ Open 3:e001842, https://doi.org/10.1136/bmjopen2012-001842.
Åström DO, Tornevi A, Ebi KL, Rocklöv J, Forsberg B. 2016. Evolution of minimum
mortality temperature in Stockholm, Sweden, 1901–2009. Environ Health
Perspect 124:740–744, https://doi.org/10.1289/ehp.1509692.
Baker-Austin C, Trinanes JA, Salmenlinna S, Löfdahl M, Siitonen A, Taylor NG,
et al. 2016. Heat wave–associated vibriosis, Sweden and Finland, 2014. Emerg
Infect Dis 22:1216–1220, PMID: 27314874, https://doi.org/10.3201/eid2207.151996.
Baker-Austin C, Trinanes JA, Taylor NG, Hartnell R, Siitonen A, Martinez-Urtaza J.
2013. Emerging Vibrio risk at high latitudes in response to ocean warming. Nat
Clim Chang 3:73–77, https://doi.org/10.1038/nclimate1628.
Barbour AG, Fish D. 1993. The biological and social phenomenon of Lyme disease.
Science 260:1610–1616, PMID: 8503006.
Bennett CM, Dear KBG, McMichael AJ. 2014. Shifts in the seasonal distribution of
deaths in Australia, 1968–2007. Int J Biometeorol 58:835–842, PMID: 23609900,
https://doi.org/10.1007/s00484-013-0663-x.
Bernard SM, Ebi KL. 2001. Comments on the process and product of the health
impacts assessment component of the national assessment of the potential
consequences of climate variability and change for the United States. Environ
Health Perspect 109 (suppl 2):177–184, https://doi.org/10.2307/3435007.
Bouchard C et al. 2013b. Harvested white-tailed deer as sentinel hosts for early
establishing Ixodes scapularis populations and risk from vector-borne zoonoses in southeastern Canada. J Med Entomol 50:384–393.
Bouchard C, Leighton P, Beauchamp G, Lindsay L, Bélanger D, Ogden N. 2013a.
Does biodiversity reduce the risk of Lyme disease invasion? Parasit Vectors
6:195, PMID: 23816142, https://doi.org/10.1186/1756-3305-6-195.
Brownstein JS, Holford TR, Fish D. 2005. Effect of climate change on Lyme disease
risk in North America. Ecohealth 2:38–46, PMID: 19008966, https://doi.org/10.
1007/s10393-004-0139-x.
CDC (Centers for Disease Control and Prevention). 2014. National Enteric Disease
Surveillance: COVIS Annual Summary, 2014. https://www.cdc.gov/nationalsurveillance/
pdfs/covis-annual-summary-2014-508c.pdf [accessed 23 June 2017].
Cramer W, Yohe GW, Auffhammer M, Huggel C, Molau U, Dias MAFdS, et al. 2014.
Detection and attribution of observed impacts. In: Climate Change 2014:
Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects
Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Field CB, Barros VR, Dokken DJ,
Mach KJ, Mastrandrea MD, Bilir TE, et al., eds. New York, NY:Cambridge
University Press, 979–1037.

Environmental Health Perspectives

Eisen RJ, Eisen L, Ogden NH, Beard CB. 2015. Linkages of weather and climate
with Ixodes scapularis and Ixodes pacificus (Acari: Ixodidae), enzootic transmission of Borrelia burgdorferi, and Lyme disease in North America. J Med
Entomol 53(2):250–261.
Easterling DR, Kunkel KE, Wehner MF, Sun L. 2016. Detection and attribution of
climate extremes in the observed record. Weather and Climate Extremes
11:17–27.
Finnish Meteorological Institute. 2015. 2014 Was Finland’s Second Warmest Year
on Record. http://en.ilmatieteenlaitos.fi/press-release/42503751 [accessed 23 June
2017].
Gabriele-Rivet V, Arsenault J, Badcock J, Cheng A, Edsall J, Goltz J, et al. 2015.
Different ecological niches for ticks of public health significance in Canada. PloS
One 10:e0131282, PMID: 26131550, https://doi.org/10.1371/journal.pone.0131282.
Gasparrini A, Guo Y, Hashizume M, Lavigne E, Zanobetti A, Schwartz J, et al. 2015.
Mortality risk attributable to high and low ambient temperature: a multicountry
observational study. Lancet 386:369–375, PMID: 26003380, https://doi.org/10.
1016/S0140-6736(14)62114-0.
Githeko AK, Lindsay SW, Confalonieri UE, Patz JA. 2000. Climate change and
vector-borne diseases: a regional analysis. Bull World Health Organ 78:1136–
1147, PMID: 11019462.
Hansen J, Ruedy R, Sato M, Lo K. 2010. Global surface temperature change. Rev
Geophys 48:RG4004, https://doi.org/10.1029/2010RG000345.
Hegerl G, Zwiers F. 2011. Use of models in detection and attribution of climate
change. Wiley Interdiscip Rev Clim Change 2:570–591, https://doi.org/10.1002/
wcc.121.
Heymann DL. 2015. Control of Communicable Diseases Manual 20th edition,
An Official Report of the American Public Health Association. American
Public Health Association. New York. http://ajph.aphapublications.org/doi/
book/10.2105/CCDM.2745 [accessed 23 June 2017].
Hoerling M, Kumar A, Dole R, Nielsen-Gammon JW, Eischeid J, Perlwitz J, et al.
2013. Anatomy of an extreme event. Journal of Climate, 26(9), https://doi.org/10.
1175/JCLI-D-12-00270.1.
IPCC (Intergovernmental Panel on Climate Change). 2013. Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change.
Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, et al., eds.
New York, NY:Cambridge University Press 1:531–535.
Jones CG, Ostfeld RS, Richard MP, Schauber EM, Wolff JO. 1998. Chain reactions
linking acorns to gypsy moth outbreaks and Lyme disease risk. Science
279:1023–1026, PMID: 9461433.
Koffi JK, Leighton PA, Pelcat Y, Trudel L, Lindsay LR, Milord F, et al. 2012. Passive
surveillance for I. scapularis ticks: enhanced analysis for early detection of
emerging Lyme disease risk. J Med Entomol 49:400–409, PMID: 22493860.
Leighton PA, Koffi JK, Pelcat Y, Lindsay LR, Ogden NH. 2012. Predicting the speed
of tick invasion: an empirical model of range expansion for the Lyme disease
vector Ixodes scapularis in Canada. J Appl Ecol 49:457–464, https://doi.org/10.
1111/j.1365-2664.2012.02112.x.
Levy S. 2015. Warming trend: how climate shapes Vibrio ecology. Environ Health
Perspect 123:A82–A89, PMID: 25831488, https://doi.org/10.1289/ehp.123-A82.
McPherson M, García-García A, Cuesta-Valero FJ, Belltrami H, Hansen-Ketchum
P, MacDougall D, Ogden NH. 2017. Expansion of the Lyme disease vector
Ixodes scapularis in Canada inferred from CMIP5 climate projections. Environ
Health Perspec 125(5):057008, PMID: 28599266, https://doi.org/10.1289/EHP57.
Mechai S, Margos G, Feil EJ, Barairo N, Lindsay LR, Michel P, et al. 2016.
Evidence for host-genotype associations of Borrelia burgdorferi sensu
stricto. PloS One 11:e0149345, PMID: 26901761, https://doi.org/10.1371/
journal.pone.0149345.
Murray V, Ebi KL. 2012. IPCC special report on managing the risks of extreme events
and disasters to advance climate change adaptation (SREX). J Epidemiol
Community Health 66:759–760, https://doi.org/10.1136/jech-2012-201045.
NAS (National Academies of Sciences, Engineering, and Medicine). 2016.
Attribution of Extreme Weather Events in the Context of Climate Change.
Washington, DC: National Academies Press, Washington DC, USA. pp 187.
https://doi.org/10.17226/21852.
Ogden NH, Barker IK, Beauchamp G, Brazeau S, Charron DF, Maarouf A, et al.
2006a. Investigation of ground level and remote-sensed data for habitat classification and prediction of survival of Ixodes scapularis in habitats of southeastern Canada. J Med Entomol 43:403–414.
Ogden NH, Bigras-Poulin M, O’Callaghan CJ, Barker IK, Lindsay LR, Maarouf A,
et al. 2005. A dynamic population model to investigate effects of climate on geographic range and seasonality of the tick Ixodes scapularis. Int J Parasitol
35:375–389, PMID: 15777914, https://doi.org/10.1016/j.ijpara.2004.12.013.
Ogden NH, Bouchard C, Kurtenbach K, Margos G, Lindsay LR, Trudel L, et al. 2010.
Active and passive surveillance and phylogenetic analysis of Borrelia burgdorferi elucidate the process of Lyme disease risk emergence in Canada. Environ
Health Perspect 118:909–914, https://doi.org/10.1289/ehp.0901766.

085004-7

Ogden NH, Koffi JK, Lindsay LR, Fleming S, Mombourquette DC, Sanford C, et al.
2015. Surveillance for Lyme disease in Canada, 2009 to 2012. Canada
Communicable Disease Report 41:132.
Ogden NH, Lindsay LR. 2016. Effects of climate and climate change on vectors and
vector-borne diseases: ticks are different. Trend Parasitol. 2(8):646–656.
Ogden NH, Lindsay LR, Hanincová K, Barker IK, Bigras-Poulin M, Charron DF, et al.
2008a. Role of migratory birds in introduction and range expansion of Ixodes
scapularis ticks and of Borrelia burgdorferi and Anaplasma phagocytophilum
in Canada. Appl Environ Microbiol 74:1780–1790.
Ogden NH, Lindsay LR, Leighton PA. 2013a. Predicting the rate of invasion of the
agent of Lyme disease Borrelia burgdorferi. J Appl Ecol 50:510–518,
https://doi.org/10.1111/1365-2664.12050.
Ogden NH, Maarouf A, Barker IK, Bigras-Poulin M, Lindsay LR, Morshed MG, et al.
2006b. Climate change and the potential for range expansion of the Lyme disease vector Ixodes scapularis in Canada. Int J Parasitol 36:63–70.
Ogden NH, Mechai S, Margos G. 2013b. Changing geographic ranges of ticks and
tick-borne pathogens: drivers, mechanisms and consequences for pathogen diversity. Front Cell Infect Microbiol 3:46, https://doi.org/10.3389/fcimb.2013.00046.
Ogden NH, Radojevic M, Wu X, Duvvuri VR, Leighton PA, Wu J. 2014. Estimated
effects of projected climate change on the basic reproductive number of the
Lyme disease vector Ixodes scapularis. Environ Health Perspect 122:631–638,
https://doi.org/10.1289/ehp.1307799.
Ogden NH, St-Onge L, Barker IK, Brazeau S, Bigras-Poulin M, Charron DF, et al.
2008b. Risk maps for range expansion of the Lyme disease vector, Ixodes
scapularis, in Canada now and with climate change. Int J Health Geogr 7:24,
https://doi.org/10.1186/1476-072X-7-24.
Ogden NH, Trudel L, Artsob H, Barker IK, Beauchamp G, Charron DF, et al. 2006c.
Ixodes scapularis ticks collected by passive surveillance in Canada: analysis
of geographic distribution and infection with Lyme borreliosis agent Borrelia
burgdorferi. J Med Entomol 43:600–609.
Parmesan C, Yohe G. 2003. A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421(6918):37–42, PMID: 12511946,
https://doi.org/10.1038/nature01286.
Prüss-Üstün A, Corvalán C. 2006. Preventing Disease through Healthy Environments.
Towards an Estimate of the Environmental Burden of Disease. Geneva,
Switzerland:World Health Organization.
Prüss-Üstün A, Wolf J, Corvalán C, Neville T, Bos R, Neira M. 2016. Diseases due
to unhealthy environments: an updated estimate of the global burden of disease attributable to environmental determinants of health. J Public Health
(Oxf), https://doi.org/10.1093/pubmed/fdw085.
Reid CE, O’Neill MS, Gronlund CJ, Brines SJ, Brown DG, Diez-Roux AV, et al. 2009.
Mapping community determinants of heat vulnerability. Environ Health
Perspect 117:1730–1736, PMID: 20049125, https://doi.org/10.1289/ehp.0900683.
Reid PC, Gorick G, Edwards M. 2011. Climate change and European Marine Ecosystem
Research. Plymouth UK:Sir Alister Hardy Foundation for Ocean Science, https://
www.sahfos.ac.uk/media/1057/ecostat2011.pdf [accessed 23 June 2017].
Reiter P. 2001. Climate change and mosquito-borne disease. Environ Health
Perspect 109(suppl 1):141–161, https://doi.org/10.2307/3434853.
Robine JM, Cheung SL, Le Roy S, Van Oyen H, Griffiths C, Michel JP, et al. 2008.
Death toll exceeded 70,000 in Europe during the summer of 2003. C R Biol
331:171–178, PMID: 18241810, https://doi.org/10.1016/j.crvi.2007.12.001.
Rocklöv J, Ebi KL. 2012. High dose extrapolation in climate change projections of
heat-related mortality. J Agric Biol Environ Stat 17:461–475, https://doi.org/10.
1007/s13253-012-0104-z.
Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA. 2003.
Fingerprints of global warming on wild animals and plants. Nature 421(6918):57–
60, PMID: 12511952, https://doi.org/10.1038/nature01333.
Rosenzweig C, Karoly D, Vicarelli M, Neofotis P, Wu Q, Casassa G, et al. 2008.
Attributing physical and biological impacts to anthropogenic climate change.
Nature 453:353–357, PMID: 18480817, https://doi.org/10.1038/nature06937.

Environmental Health Perspectives

Schär C, Vidale PL, Lüthi D, Frei C, Häberli C, Liniger MA, et al. 2004. The role of
increasing temperature variability in European summer heatwaves. Nature
427:332–336, PMID: 14716318, https://doi.org/10.1038/nature02300.
Semenza JC, Herbst S, Rechenburg A, Suk JE, Höser C, Schreiber C, et al. 2012a.
Climate change impact assessment of food- and waterborne diseases. Crit Rev
Environ Sci Technol 42:857–890.
Semenza JC, Höuser C, Herbst S, Rechenburg A, Suk JE, Frechen T, et al. 2012b.
Knowledge mapping for climate change and food- and waterborne diseases.
Crit Rev Environ Sci Technol 42:378–411.
Semenza JC, Lindgren E, Balkanyi L, Espinosa L, Almqvist MS, Penttinen P, et al.
2016. Determinants and drivers of infectious disease threat events in Europe.
Emerging Infect Dis 22:581–589, PMID: 26982104, https://doi.org/10.3201/eid2204.
Semenza JC, Menne B. 2009. Climate change and infectious diseases in Europe.
Lancet Infect Dis 9:365–375, PMID: 19467476, https://doi.org/10.1016/S1473-3099
(09)70104-5.
Shaposhnikov D, Revich B, Bellander T, Bedada GB, Bottai M, Kharkova T, et al.
2014. Mortality related to air pollution with the Moscow heat wave and wildfire
of 2010. Epidemiology 25:359–364, PMID: 24598414, https://doi.org/10.1097/EDE.
0000000000000090.
Simon JA, Marrotte RR, Desrosiers N, Fiset J, Gaitan J, Gonzalez A, et al. 2014.
Climate change and habitat fragmentation drive the occurrence of Borrelia
burgdorferi, the agent of Lyme disease, at the northeastern limit of its distribution. Evol Appl 7:750–764, PMID: 25469157, https://doi.org/10.1111/eva.12165.
Smith KR, Woodward A, Campbell-Lendrum D, Chadee DD, Honda Y, Liu Q, et al.
2014. Human health: impacts, adaptation, and co-benefits. In: Climate Change
2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. Field CB, Barros VR, Dokken
DJ, Mach KJ, Mastrandrea MD, Bilir TE, eds. New York, NY:Cambridge
University Press.
Stocker TF, Field CB, Qin D, Barros V, Plattner GK, Tignor M, et al. 2010. Meeting
Report of the Intergovernmental Panel on Climate Change Expert Meeting on
Detection and Attribution Related to Anthropogenic Climate Change. Bern,
Switzerland:University of Bern:55.
Stone D, Auffhammer M, Carey M, Hansen G, Huggel C, Cramer W, et al. 2013. The
challenge to detect and attribute effects of climate change on human and natural systems. Climatic Change 121(2):381–395, https://doi.org/10.1007/s10584013-0873-6.
Stott PA, Christidis N, Otto FEL, Sun Y, Vanderlinden JP, van Oldenborgh GJ, et al.
2016. Attribution of extreme weather and climate-related events. WIREs
Climate Change 7(1):23–41, PMID: 2687771, https://doi.org/10.1002/wcc.380.
Stott PA, Stone DA, Allen MR. 2004. Human contribution to the European heatwave of 2003. Nature 432:610–614, PMID: 15577907, https://doi.org/10.1038/
nature03089.
Swedish Meteorological and Hydrological Institute. 2014. Swedish Weather
Summary for the Year 2014. http://www.smhi.se/en/news-archive/swedishweather-summary-for-the-year-2014-1.83987 [accessed 7 October 2016].
Todd N, Valleron AJ. 2015. Space–time covariation of mortality with temperature: a
systematic study of deaths in France, 1968–2009. Environ Health Perspect
123:659–664, https://doi.org/10.1289/ehp.1307771.
United Nations Framework Convention on Climate Change. 1992. United Nations.
http://unfccc.int/files/essential_background/background_publications_htmlpdf/
application/pdf/conveng.pdf. 33 pgs. [accessed 23 June 2017].
Vezzulli L, Grande C, Reid PC, Hélaouët P, Edwards M, Höfle MG, et al. 2016.
Climate influence on Vibrio and associated human diseases during the past
half-century in the coastal North Atlantic. Proc Natl Acad Sci U S A 13(34):
E5062–E5071, https://doi.org/10.1073/pnas.1609157113.
Vincent LA, Wang XL, Milewska EJ, Wan H, Yang F, Swail V. 2012. A second generation of homogenized Canadian monthly surface air temperature for climate trend
analysis. J Geophys Res 117:D18110, https://doi.org/10.1029/2012JD017859.

085004-8

