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Abstract: Climate change has the potential to have many significant impacts on
aeroallergens such as pollen and mould spores, and therefore related diseases such as
asthma and allergic rhinitis. This paper critically reviews this topic, with a focus on the
potential adaptation measures that have been identified to date. These are aeroallergen
monitoring; aeroallergen forecasting; allergenic plant management; planting practices and
policies; urban/settlement planning; building design and heating, ventilating, and airconditioning (HVAC); access to health care and medications; education; and research.
Keywords: climate change; impacts; adaptation; human health; pollen; mould spore;
allergen; allergic disease; asthma; allergic rhinitis

1. Introduction
Although research on the physical science and impacts of climate change will continue into the
future, there is now a considerable body of research on the impacts of climate change on aeroallergens
and allergic respiratory diseases, and adaptation responses to these impacts. Although this impacts
research has been reviewed by several authors recently, an overview and critical review of the
adaptation responses has not yet been conducted. This is the aim of this paper. In the following
sections, climate change (both observed in the recent past and projected into the future) is described,
followed by a summary of the potential impacts of these changes on aeroallergens and allergic
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respiratory diseases, with the latter placed in context through a synthesis of the research on the public
health importance of these diseases. The major focus of the paper is a review of adaptation responses to
these potential impacts, including: aeroallergen monitoring; aeroallergen forecasting; allergenic plant
management; planting practices and policies; urban/settlement planning; building design and heating,
ventilating, and air-conditioning (HVAC); access to health care and medications; education; and
research.
2. Climate Change
The Intergovernmental Panel on Climate Change (IPCC) in its Fourth Assessment Report (AR4),
the most recent, states that global atmospheric concentrations of greenhouse gases such as carbon
dioxide, methane and nitrous oxide have increased markedly as a result of human activities since 1750,
and that most of the observed increase in global average temperatures since the mid-20th century is
very likely due to the observed increase in anthropogenic greenhouse gas concentrations [1]. The
global atmospheric carbon dioxide concentration ([CO2]) has increased from a pre-industrial value of
about 280 parts per million (ppm) to 386.30 ppm in 2009 [2]. The 100-year linear trend (1906–2005) in
global average surface temperature is 0.74 °C (0.56 °C to 0.92 °C) [1].
Future increases in emissions and atmospheric concentrations of greenhouse gases, and resulting
increases in surface temperature are projected [1]. Global atmospheric carbon dioxide concentration is
projected to increase from its current level to anywhere between about 500 ppm and over 1,100 ppm by
the year 2100 [3]. Global average surface warming is projected to range from 1.1 °C to 6.4 °C at
2,090–2,099 relative to 1,980–1,999, depending on which greenhouse gas emissions scenario is
followed [1]. Changes in many other aspects of the climate system are also projected. These include
increases in the amount of precipitation in high latitudes, and decreases in most subtropical land
regions; more intense tropical cyclones (typhoons and hurricanes), with larger peak wind speeds and
more heavy precipitation; and poleward movement of extratropical storm tracks, with consequent
changes in wind, precipitation and temperature patterns [1].
3. Climate Change Impacts
Climate change impacts on many physical, biological and human systems. Although human health
is clearly part of the latter system(s), many diseases are intimately related to the environment, and
therefore impacts of climate change on physical and biological systems may also result, indirectly, in
impacts on human health. Climate change has had, and will continue to have, many significant adverse
impacts on human health. The impacts of climate change on allergic respiratory diseases such as
asthma and allergic rhinitis, via impacts on aeroallergens such as pollen and mould spores, are now
emerging as one of the major indirect impacts of climate change on public health. The impacts of
climate change on aeroallergens were reviewed by Beggs [4] and more recently by
Confalonieri et al. [5], and the resulting impacts on allergic respiratory diseases have been explored
recently by Beggs and Bambrick [6] and Shea et al. [7]. Further, Schmier and Ebi [8] recently
examined the impacts of climate change and aeroallergens on children’s health (specifically asthma).
Plants, a source of many clinically important allergens, are particularly sensitive to climate change as a
result of not only their response to changes in temperature, rainfall, and other climate variables, but
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also their response to changes in [CO2]. The impacts of climate change on aeroallergens, and in
particular pollen, include impacts on pollen production and atmospheric pollen concentration, pollen
season, plant and pollen spatial distribution, pollen allergenicity, and similar impacts on mould spores.
Details of, and evidence for, these impacts is provided in the following sections.
3.1. Pollen Production and Atmospheric Pollen Concentration
There are two lines of evidence that suggest increases in [CO2] and temperature can result in
increases in pollen production and atmospheric pollen concentrations. Experimental research where
ragweed (Ambrosia artemisiifolia) has been grown at pre-industrial, current, and potential future
[CO2]s has found that pollen production in this species is significantly increased at current compared to
pre-industrial [CO2] and also at potential future compared to current [CO2] (e.g., Ziska and
Caulfield [9]). Similar research, comparing pollen production in ragweed grown in the higher
temperature and [CO2] of an urban environment to that grown in the adjacent rural environment, also
found increased production in this species in the conditions of the urban environment: analogous to a
future global atmosphere [10].
Atmospheric pollen concentrations have been monitored at many locations around the world, and
records extending over one or more decades during the last half century or so exist for locations in
Europe, Japan, and North America. Many of these records show an increasing trend in pollen
concentration for important allergenic species such as birch (Betula) (e.g., Yli-Panula et al. [11]), alder
(Alnus) (e.g., Bortenschlager and Bortenschlager [12]), and Japanese cedar (Cryptomeria
japonica) [13]. In some cases, the increasing trend has been associated with increasing regional
temperatures (e.g., Yli-Panula et al. [11]). These records therefore suggest that climate change may
already be having an impact on atmospheric pollen concentrations.
3.2. Pollen Season
The extended monitoring of atmospheric pollen concentrations referred to above has also enabled
changes in the timing and length of the pollen season to be examined. Such studies have generally
found that the start of the pollen season is getting earlier. For example, van Vliet et al. [14] analysed
daily pollen counts for 14 plant species or families from 1,969 to 2,000 in the western part of the
Netherlands, and found an advance of the mean start of the pollen season of 3 to 22 days for the decade
of the 1990s compared to the decade of the 1970s. The results also indicated that there was a strong
correlation between temperature and the start of the pollen season. This finding of a trend to earlier
pollen season starts is consistent with phenological research showing that timing of many other plant
(and animal) phenomena, such as flowering, is also getting earlier in response to increasing
atmospheric temperatures [15].
A clear trend in the timing of the end of the pollen season, and therefore the overall length of the
pollen season, has not been found. Some studies have found that the end of the pollen season has either
remained constant or got later, so when combined with an earlier start resulting in a longer overall
pollen season [5], while other studies have found that just like the start of the pollen season, the end of
the pollen season is occurring earlier, resulting in little or no overall change in the length of the pollen
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season [5]. In terms of projected future changes in the timing of the pollen season, several modelling
studies indicate a continuation of the trend to an earlier pollen season [16].
3.3. Plant and Pollen Spatial Distribution
Relatively few studies have directly examined the impacts of climate change on the spatial
distribution of allergenic plants or the dispersion of their pollen. However, based on the most recent
assessment of the IPCC [17], that there is very high confidence that recent warming is resulting in
poleward and upward shifts in ranges in plant species, such shifts are likely to be occurring in plant
species that produce clinically important pollen. Emberlin [18] has suggested such shifts in the range of
Betula in the Northern Hemisphere are likely with future climate change. For future increases in global
average temperature exceeding 1.5–2.5 °C, there are projected to be major changes in species’
geographical ranges [17]. The implications of these changes are that pollen exposure may change over
time, with the potential for a decrease or disappearance of some pollen types, and an increase or
appearance of other pollen types.
In addition to these changes in plant ranges, changes in atmospheric circulation patterns may have
an impact on the dispersion of pollen [18]. D’Amato et al. [19] have described the potential for
changes in atmospheric circulation patterns to contribute to episodes of long distance transport of
allergenic pollen. It has also been suggested that increasing air temperature may enhance atmospheric
instability, thereby altering the turbulent airflow that transports pollen [20]. Climate change may also
have an impact on allergic respiratory diseases through impacts of extreme events on aeroallergens,
including thunderstorms and tropical cyclones [21].
3.4. Pollen Allergenicity
There may also be impacts of climate change on pollen allergenicity (here defined as the allergen
content or concentration of the pollen grain). Research by Singer et al. [22] found that ragweed grown
at a potential future [CO2] produced pollen that was significantly more allergenic than pollen produced
by plants grown at both current and pre-industrial [CO2]. There is also some evidence to suggest that
higher air temperature can increase birch pollen allergenicity [23,24]. This is supported by more-recent
research by Tashpulatov et al. [25].
3.5. Mould Spores
Although the body of research on the impacts of climate change on mould spores is much smaller
than that on pollen, there are several important studies that indicate similar impacts on mould spore
production and atmospheric mould spore concentration, mould spore season, and mould spore
allergenicity. Two of these aspects have just been studied experimentally by Wolf et al. [26] who found
Alternaria alternata (a ubiquitous allergenic fungus) grown on timothy plants grown at potential future
[CO2]s, produced nearly three times more spores and more than twice the total antigenic protein per
plant than at lower [CO2]s. Earlier observational research by Corden and Millington [27] has also
shown long-term trends of Alternaria mould spores in Derby, United Kingdom (UK). From the early
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1970s to the late 1990s, spore concentrations increased and the spore season started earlier and
increased in duration, trends that were associated with increases in local temperature.
4. Public Health Implications
Pollen and mould spore allergens are significant to human health. The prevalence of pollen allergy
in asthmatics varies by location and age, with, for example, recent research finding 7% of a large
sample of children with allergic disease in the Netherlands sensitised to grass pollen [28]; almost 40%
of 1- to 3-year old children with asthma in a United States of America (US) sample showing
IgE-mediated sensitivity to outdoor pollen allergens [29]; and another study suggesting ―Pollen allergy
has been found in 80–90% of childhood asthmatics and 40–50% of adult-onset asthmatics‖ [30], and
pollen allergenic fragments are respirable and are likely correlated with the asthmatic response in
allergic asthmatics [30]. The associated mechanisms and pathophysiology are complex and have been
the subject of a growing body of literature. Common ragweed is the principal source of pollen
associated with seasonal allergic rhinitis in the US, and is spreading in other parts of the world [5]. The
results of the above mentioned experimental studies therefore have important public health
implications. The clinical importance of Alternaria exposure in children in rural towns has been
demonstrated by Downs et al. [31], who concluded that Alternaria allergens contribute to severe
asthma in regions where exposure to the fungus is high. Consistent with this is the research suggesting
that exposure to environmental moulds may play a role in asthma-related mortality [32].
Asthma is the most common chronic disease among children, with recent ―International Study of
Asthma and Allergies in Childhood‖ results showing the global total prevalence of asthma symptoms
in the past 12 months (current wheeze) in 13–14 year olds at 14.1%, with the prevalence in some
locations more than double this [33]. Australia is one such location, and it is research from there (and
elsewhere) that has also shown that at least some indigenous populations may be particularly
vulnerable to the impacts of climate change on this disease. For example, research suggests that
Australian Aboriginal and Torres Strait Islander children have more recent wheeze and parent-reported
asthma than non-indigenous children [34]; and that the risk of reattendance at hospital for asthma
within 28 days of an initial attendance is significantly higher among Australian indigenous
people [35]. Asthma is also an important contributor to the burden of impaired quality of life. Again, as
an example, recent research in the Australian community has found the presence of asthma in 18–64
year olds accounts for relatively large percentages of the people reporting poor life satisfaction, poor
health status, high psychological distress, and any reduced activity days [36].
Allergic rhinoconjunctivitis is another disease likely to be impacted by future changes in
aeroallergens. Recent international research on Europe, the US, Australia and New Zealand, shows that
the prevalence of this disease, at least in adults, is even higher than that for asthma, with
11.8–46.0% (and median 24.8%) of 20–44 year olds with nasal allergy [37]. Allergic
rhinoconjunctivitis, like asthma, has substantial impacts on quality of life and considerable economic
and societal burden. For example, a recent review of published data pertaining to the impact of rhinitis
on work disability showed that while there was a rather modest effect on absenteeism; rhinitis is
associated with impairment in at-work performance and lost productivity attributable to reduced onthe-job effectiveness of 11–40% [38]. Finally, while not a focus of this review, it is important to note
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that aeroallergens such as pollen are now being associated with other important diseases such as
stroke [39].
Perhaps the most recent and most profound assessment of and response to this issue comes from the
US Environmental Protection Agency’s (EPA’s) ―Endangerment and Cause or Contribute Findings for
Greenhouse Gases under the Clean Air Act‖ of 7 December 2009. As one of only seven key health
effects that support EPA’s determination that current and future concentrations of greenhouse gases
endanger public health, is that ―Climate change could impact the production, distribution, dispersion
and allergenicity of aeroallergens and the growth and distribution of weeds, grasses, and trees that
produce them. These changes in aeroallergens and subsequent human exposures could affect the
prevalence and severity of allergy symptoms‖ [40]. The impacts of climate change on pollen and
mould spores described above are therefore an important public health concern that requires
development and implementation of appropriate response strategies now.
5. Adaptation
From a climate change perspective, two basic responses to the potential impacts on aeroallergens
and allergic respiratory diseases exist: mitigation and adaptation. Mitigation, as defined by the IPCC, is
―An anthropogenic intervention to reduce the anthropogenic forcing of the climate system; it includes
strategies to reduce greenhouse gas sources and emissions and enhancing greenhouse gas sinks‖ [41].
While mitigation efforts must continue, adaptation is also required as a result of inevitable climate
change. Whereas mitigation focuses on greenhouse gas concentration reductions, adaptation in the
context of climate change is simply defined as ―Adjustment in natural or human systems in response to
actual or expected climatic stimuli or their effects, which moderates harm or exploits beneficial
opportunities‖ [41].
Shea et al. [7] have recently expressed climate change adaptation and mitigation from a clinical
perspective, stating that ―For clinicians caring for atopic patients and patients with asthma, … both
adaptation to disease linked to inevitable climate change (secondary prevention) and mitigation of the
drivers that will worsen climate change (primary prevention) are important strategies to employ to
minimize disease burden‖. Indeed, one of the intentions of the review by Shea et al. [7] is to ―stimulate
action on the part of health care providers to become involved in adaptation and mitigation strategies to
help minimize the ultimate disease burden related to climate change‖. Similarly, Ayres et al. [42] have
stated that public health professionals, like others in the health and medical system, have an advocacy
role in persuading governments at all levels around the world to maintain awareness and appropriate
actions with respect to climate change.
There are likely to be both limits and barriers or challenges to adaptation as a response to climate
change [43]. These include ―physical and ecological‖, and technological limits; and financial,
―informational and cognitive‖, and ―social and cultural‖ barriers [43]. Adger et al. [44] have recently
expanded on the social limits to adaptation to climate change, concluding that the issues of values and
ethics, risk, knowledge and culture construct societal limits to adaptation, but that these limits are
mutable. There are challenges of designing and implementing adaptation measures, including the
potential complexity of such measures. There needs to be full consideration of an adaptation response
before implementation. For example, opportunities for co-benefits as well as the potential for
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unintended adverse consequences should be considered. Assessment of climate change adaptation will
continue over the coming years and decades, with, for example, the IPCC’s Working Group II
contribution to the Fifth Assessment Report (AR5), due for publication in 2014, to include chapters on
―Adaptation needs and options‖, ―Adaptation planning and implementation‖, ―Adaptation
opportunities, constraints, and limits‖, ―Economics of adaptation‖, and ―Climate-resilient pathways:
adaptation, mitigation, and sustainable development‖ [45].
Perhaps a reflection of the relative infancy of the climate change adaptation field, some diversity in
adaptation terminology exists. In particular, the literature refers to adaptation responses, adaptation
strategies, adaptation options, adaptation measures, adaptation policies, and sometimes simply just
adaptations. While a full assessment of each of these terms is not the purpose of this review, some
clarification is justified here. Climate change adaptation ―policies, generally speaking, refer to
objectives, together with the means of implementation. In an adaptation context, a policy objective
might be drawn from the overall policy goals of a country‖ [46] or for the purposes of this paper,
sector. Climate change adaptation ―Measures can be individual interventions or they can consist of
packages of related measures. Specific measures might include actions that promote the chosen policy
direction‖ [46]. And finally, a climate change adaptation ―Strategy—refers to a broad plan of action
that is implemented through policies and measures. A climate change adaptation strategy for a country
refers to a general plan of action for addressing the impacts of climate change, including climate
variability and extremes. It may include a mix of policies and measures, selected to meet the
overarching objective of reducing the country’s vulnerability. Depending on the circumstances, the
strategy can be comprehensive at a national level, addressing adaptation across sectors, regions and
vulnerable populations, or it can be more limited, focusing on just one or two sectors or regions‖ [46].
Markandya and Chiabai [47] have recently examined climate change impacts on human health,
including classification of these impacts into direct and indirect, and consideration of these impacts by
region and development status. The major focus of the research, however, is the investigation of the
costs of climate change impacts on human health and the costs of planned adaptation in the health
context. While this is an important contribution to our understanding of adaptation for impacts of
climate change on human health, and a wide range of diseases and health impacts are considered, there
is no mention of the impacts of climate change on aeroallergens and allergic respiratory diseases.
The following sections review the research on adaptation for the potential impacts of climate change
on aeroallergens and allergic respiratory diseases. Nine categories of adaptation in this area have been
identified: aeroallergen monitoring; aeroallergen forecasting; allergenic plant management; planting
practices and policies; urban/settlement planning; building design and HVAC; access to health care
and medications; education; and research. These are examined in turn.
5.1. Aeroallergen Monitoring
Several authors have emphasised the need for improved surveillance or monitoring of atmospheric
pollen and mould spore concentrations [21,48,49]. For example, English et al. [48] have recently
identified pollen as one of only six environmental health indicators of climate change for the US,
stating that the spatial coverage of the pollen-monitoring stations in the US is sparse, and that it would
be preferable to increase the number of pollen-monitoring stations. This is significant given the
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relatively well-established network that currently exists in the US. Specifically, the American Academy
of Allergy, Asthma and Immunology’s (AAAAI’s) Aeroallergen Network and National Allergy
Bureau™ (NAB™) (that is responsible for reporting current pollen and mould spore levels to the
public) currently has no less than approximately 78 counting stations throughout the US, two counting
stations in Canada, and two counting stations in Argentina [50]. Similarly, the recent European
Respiratory Society position statement on climate change and respiratory disease, which identifies gaps
in knowledge and recommendations for research, includes the need for systems to be put in place to
monitor changes in aeroallergen concentrations [42]. Again, this is with existing well-established
networks such as the European Aeroallergen Network (EAN) ―polleninfo.org‖, and atmospheric
allergen quantification techniques such as those currently being trialled in the UK and Europe through
the European Union ―Health Impacts of Airborne Allergen Information Network‖ (HIALINE) Project.
English et al. [48] also state that ―To obtain more complete coverage of pollen levels for the United
States, either modeling or the use of satellite imagery to generate detailed land use coverage (to project
the distribution of ragweed) would be necessary‖. With respect to aeroallergen observation, remote
sensing such as the use of satellite imagery is very much an emerging technology. Integration and
coordination of ground and space-based (and possibly other) observation instruments, systems and
networks will become increasingly important, with assessments such as the current Group on Earth
Observations (GEO) Task US-09-01a to identify critical earth observation priorities for Societal
Benefit Areas (one of which is Human Health through Aeroallergens) [51] a vital step towards this.
However, English et al. [48] note that more complete coverage of pollen levels via remote sensing
―would not provide real-time airborne pollen data, so it would be preferable to increase the number of
pollen-monitoring stations‖.
Although there is relatively good aeroallergen monitoring in some parts of the world, in others such
monitoring is sparse or absent. Enhanced aeroallergen monitoring is particularly required in the latter
areas, including in many rural locations.
5.2. Aeroallergen Forecasting
Similarly, aeroallergen forecasting currently occurs in some locations, but is limited or absent in
many other locations around the world. Enhancement of such forecasting will enable both individuals
with allergic respiratory diseases and their carers (parents, teachers, and health professionals) in more
locations to better manage within-season variability of aeroallergen levels. Sofiev et al. [52] have
recently examined, in depth, plant-induced human allergy and adaptation to impacts of climate change
on it via short-to-mid-term forecasts of atmospheric pollen concentrations and following pre-emptive
and preparatory measures. Local aeroallergen monitoring and forecasting potential is required so that
management and prevention of allergic respiratory symptoms can occur, otherwise there exists the
danger that increased adverse health impacts will result into the future.
5.3. Allergenic Plant Management
Allergenic plant management is used effectively in some countries as a defence strategy against
important allergenic plants and the diseases with which they are associated. For example, Rybníček and
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Jäger [53] have documented government-led eradication campaigns for ragweed in Europe. Therefore,
another adaptive measure would be tighter management of allergenic plant species.
5.4. Planting Practices and Policies
Government authorities could consider more carefully which plant species are used in populated
areas [4]. Species selection is also important to avoid aeroallergen from climate change mitigation tree
planting and urban reforestation. Younger et al. [54] have examined the nexus between the built
environment, public health, and climate change mitigation and adaptation, stating that ―Working across
sectors to incorporate a health promotion approach in the design and development of built environment
components may mitigate climate change, promote adaptation, and improve public health‖. As an
example of this, they list specific improved land-use planning approaches for reducing greenhouse gas
emissions, including ―creating new green spaces (e.g., on roofs and along streets and railroad lines), …
maintaining existing green spaces, conserving natural lands through controlled development, and
planting trees with high growth rates for additional green cover‖. The aeroallergen potential of all the
species to be used in these approaches must be carefully considered. ―Similarly, private individuals
could transform their gardens into low allergen gardens by planting low or non allergenic species‖ [21].
Plants that are pollinated by birds and insects rather than wind are preferable for the purposes of
aeroallergen exposure reduction.
The intended outcome of better allergenic plant management and planting practices and policies
would be a long-term reduction in the ambient pollen allergen concentration, which would contribute
to a reduction of allergic respiratory disease burden.
5.5. Urban/Settlement Planning
There are aspects of urban or settlement planning that can play a role in the link between climate,
aeroallergens and allergic respiratory disease. Greater consideration of these aspects is therefore
another way in which to adapt to the potential impacts of climate change on aeroallergens and related
diseases. For example, ―Greater awareness of the impacts of indoor moisture on molds and associated
respiratory diseases should provide additional incentive to shift housing development away from
flood-prone areas‖ [49].
One of the challenges of the planting practices and policies and urban/settlement planning
adaptation measures described above will be to ensure that a related adaptation measure for another
important human health impact of climate change is compatible. Schmidt [55], for example, has stated
that one adaptation measure targeting human health (specifically heat-related disease) is ―optimal land
use designs—such as more use of undeveloped ―green space‖ and shade trees—to help keep
city-dwellers cool‖. While such undeveloped ―green space‖ and shade trees are to be encouraged, the
plant species used for these should be selected to minimise aeroallergen concentrations.
The opportunity exists to design or modify communities such that they promote overall health by
increasing opportunities for physical activity. Increased physical activity potentially reduces the risk of
being obese or overweight and related risk of type II diabetes—which are increasingly recognised as
risk factors for onset or exacerbation of childhood and adult onset asthma (and allergic airways
disease) [56].
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5.6. Building Design and HVAC
There is a large body of literature and knowledge about healthy buildings. Building design and
heating, ventilating and air-conditioning can be used to control both indoor allergen production and
exchange of allergens between the indoor and outdoor environments (e.g., Fisk et al. 2002 [57];
Mendell et al. 2008 [58]). For the purposes of climate change adaptation, Kinney [49] has stated that
―Use of innovative air handling and filtration equipment for reducing the penetration of outdoor
pollens into indoor spaces may also be valuable‖. Aeroallergens produced outdoors can also be carried
indoors via shoes, clothes, and in pet furs etc. [59,60]. Washing clothing with water and a detergent
eliminates a majority of the pollen from the fabric [59], and leaving shoes at the entry to buildings
would reduce the spread of aeroallergens on them indoors.
Indoor aeroallergen sources include indoor mould, house dust mites, and allergens from
cockroaches, rodents, and other pests. Although the impacts of climate change on indoor aeroallergens
have received far less attention than those on outdoor aeroallergens, a recent report [61] has focused on
this topic as part of a broader examination of the impacts of climate change on indoor environments
and resulting public health consequences. The report highlights the issue of climate change, moisture
and indoor mould, stating that: ―Increased relative humidity from climate change will increase the
moisture content of materials indoors and thus increase the risk for mold growth. These conditions will
be exacerbated by heavy periodic rainfalls that will likely stress the ability of buildings of all types to
adequately manage excess water flow‖ [61]. Associated adaptation measures suggested in the report
are that ―A careful analysis of regional vulnerabilities to moisture intrusion into existing buildings, and
to building practices to prevent such intrusions in new building construction, would be worthwhile. In
addition, widespread dissemination of guidelines for remediating dampness and mold in buildings,
integrated pest management techniques, and revised specifications for temporary housing could help
mitigate moisture-related public health consequences of climate change in buildings‖ [61].
5.7. Access to Health Care and Medications
Access to appropriate health care and medications is central to the management of allergic
respiratory diseases such as asthma. For example, every asthmatic should have a written Asthma
Action Plan prepared in partnership with their doctor that assists them to manage their asthma at
different times by recognising changes in their symptoms and knowing what action to take in response
to those changes in symptoms. In the case of aeroallergens, ensuring complete and equitable access to
available medications will be increasingly important with climate change [49].
5.8. Education
Many aspects of allergic respiratory disease education may become increasingly important into the
future. In the case of aeroallergens, stronger education programs directed at allergen avoidance will be
important [49]. The trend to earlier pollen season starts should also be clearly communicated to those
with allergic respiratory disease and their carers and related health care professionals.
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5.9. Research
Continued research is required. This includes further climate model studies of future changes in
thunderstorms, which can lead to short-term outbreaks of asthma symptoms [21]. Continuation of
research involving long-term aeroallergen monitoring is particularly important, so that future trends in
aeroallergen concentrations and seasonality are monitored. Much more experimental research on
impacts of elevated [CO2] and temperature on pollen and allergen production of more plant species is
required. Similarly, modelling and surveillance of future changes in allergenic plant ranges is required.
Finally, more research into adaptation in this area is required [21]. This is because knowledge of
adaptation strategies in many systems and sectors, including human health, and regions, is relatively
limited. This is particularly the case for adaptation strategies specific to the potential adverse impacts
of climate change on aeroallergens and allergic respiratory diseases. As such, adaptation is a
particularly active area of climate change research at present, and this is likely to continue into
the future.
6. Conclusions
Climate change has the potential to impact on aeroallergens such as pollen and mould spores,
including increases in production and atmospheric concentrations, earlier pollen and mould spore
season starts, increased allergenicity, and changes in at least plant and pollen spatial distribution. These
biological impacts of climate change will likely have significant adverse impacts on allergic respiratory
diseases such as asthma and allergic rhinitis unless appropriate adaptation measures are implemented.
A range of such adaptation measures have now been identified. The outcomes of some of these
measures, such as modified planting practices and policies, would not eventuate for many years, and
they should therefore be implemented as soon as possible.
Acknowledgements
The author thanks two anonymous reviewers for their useful comments on the manuscript.
References
1.

2.

IPCC. Summary for policymakers. In Climate Change 2007: The Physical Science Basis,
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B.,
Tignor, M.M.B., Miller Jr, H.L., Eds.; Cambridge University Press: Cambridge, UK/New York,
NY, USA, 2007; pp. 1-18.
Tans, P. Trends in Atmospheric Carbon Dioxide. Globally Averaged Marine Surface Annual
Mean Data. U.S. Department of Commerce, National Oceanic and Atmospheric Administration
(NOAA), Earth System Research Laboratory (ESRL), Global Monitoring Division. 8 April 2010.
Available online: www.esrl.noaa.gov/gmd/ccgg/trends/ (Accessed on 29 April 2010)

Int. J. Environ. Res. Public Health 2010, 7
3.

4.
5.

6.
7.
8.
9.

10.

11.
12.

13.

14.

3017

Meehl, G.A.; Stocker, T.F.; Collins, W.D.; Friedlingstein, P.; Gaye, A.T.; Gregory, J.M.;
Kitoh, A.; Knutti, R.; Murphy, J.M.; Noda, A.; Raper, S.C.B.; Watterson, I.G.; Weaver, A.J.;
Zhao, Z.C. Global climate projections. In Climate Change 2007: The Physical Science Basis,
Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B.,
Tignor, M.M.B., Miller Jr, H.L., Eds.; Cambridge University Press: Cambridge, UK/ New York,
NY, USA, 2007; pp. 747-845.
Beggs, P.J. Impacts of climate change on aeroallergens: past and future. Clin. Exp. Allergy 2004,
34, 1507-1513.
Confalonieri, U.; Menne, B.; Akhtar, R.; Ebi, K.L.; Hauengue, M.; Kovats, R.S.; Revich, B.;
Woodward, A.; Abeku, T.; Alam, M.; Beggs, P.; Clot, B.; Furgal, C.; Hales, S.; Hutton, G.;
Islam, S.; Kjellstrom, T.; Lewis, N.; Markandya, A.; McGregor, G.; Smith, K.R.; Tirado, C.;
Thomson, M.; Wolf, T. Human health. In Climate Change 2007: Impacts, Adaptation and
Vulnerability, Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change; Parry, M.L., Canziani, O.F., Palutikof, J.P.,
van der Linden, P.J., Hanson, C.E., Eds.; Cambridge University Press: Cambridge, UK, 2007;
pp. 391-431.
Beggs, P.J.; Bambrick, H.J. Is the global rise of asthma an early impact of anthropogenic climate
change? Environ. Health Perspect. 2005, 113, 915-919.
Shea, K.M.; Truckner, R.T.; Weber, R.W.; Peden, D.B. Climate change and allergic disease. J.
Allergy Clin. Immunol. 2008, 122, 443-453.
Schmier, J.K.; Ebi, K.L. The impact of climate change and aeroallergens on children's health.
Allergy Asthma Proc. 2009, 30, 229-237.
Ziska, L.H.; Caulfield, F.A. Rising CO2 and pollen production of common ragweed (Ambrosia
artemisiifolia), a known allergy-inducing species: implications for public health. Aust. J. Plant
Physiol. 2000, 27, 893-898.
Ziska, L.H.; Gebhard, D.E.; Frenz, D.A.; Faulkner, S.; Singer, B.D.; Straka, J.G. Cities as
harbingers of climate change: common ragweed, urbanization, and public health. J. Allergy Clin.
Immunol. 2003, 111, 290-295.
Yli-Panula, E.; Fekedulegn, D.B.; Green, B.J.; Ranta, H. Analysis of airborne Betula pollen in
Finland; a 31-year perspective. Int. J. Environ. Res. Public Health 2009, 6, 1706-1723.
Bortenschlager, S.; Bortenschlager, I. Altering airborne pollen concentrations due to the Global
Warming. A comparative analysis of airborne pollen records from Innsbruck and Obergurgl
(Austria) for the period 1980–2001. Grana 2005, 44, 172-180.
Teranishi, H.; Kenda, Y.; Katoh, T.; Kasuya, M.; Oura, E.; Taira, H. Possible role of climate
change in the pollen scatter of Japanese cedar Cryptomeria japonica in Japan. Clim. Res. 2000,
14, 65-70.
van Vliet, A.J.H.; Overeem, A.; de Groot, R.S.; Jacobs, A.F.G.; Spieksma, F.T.M. The influence
of temperature and climate change on the timing of pollen release in the Netherlands. Int. J.
Climatol. 2002, 22, 1757-1767.

Int. J. Environ. Res. Public Health 2010, 7

3018

15. Cleland, E.E.; Chuine, I.; Menzel, A.; Mooney, H.A.; Schwartz, M.D. Shifting plant phenology in
response to global change. Trends Ecol. Evol. 2007, 22, 357-365.
16. García-Mozo, H.; Galán, C.; Jato, V.; Belmonte, J.; de la Guardia, C.D.; Fernández, D.; Gutiérrez, M.;
Aira, M.J.; Roure, J.M.; Ruiz, L.; Trigo, M.M.; Domínguez-Vilches, E. Quercus pollen season
dynamics in the Iberian Peninsula: response to meteorological parameters and possible
consequences of climate change. Ann. Agr. Env. Med. 2006, 13, 209-224.
17. IPCC. Summary for policymakers. In Climate Change 2007: Impacts, Adaptation and
Vulnerability, Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change; Parry, M.L., Canziani, O.F., Palutikof, J.P.,
van der Linden, P.J., Hanson, C.E., Eds.; Cambridge University Press: Cambridge, UK, 2007;
pp. 7-22.
18. Emberlin, J. The effects of patterns in climate and pollen abundance on allergy. Allergy 1994, 49,
15-20.
19. D'Amato, G.; Cecchi, L.; Bonini, S.; Nunes, C.; Annesi-Maesano, I.; Behrendt, H.; Liccardi, G.;
Popov, T.; van Cauwenberge, P. Allergenic pollen and pollen allergy in Europe. Allergy 2007,
62, 976-990.
20. Kuparinen, A.; Katul, G.; Nathan, R.; Schurr, F.M. Increases in air temperature can promote
wind-driven dispersal and spread of plants. Proc. R. Soc. B-Biol. Sci. 2009, 276, 3081-3087.
21. Beggs, P.J. Impacts of climate change on aeroallergens and allergic respiratory diseases in children
in rural areas. Int. Public Health J. 2010, 2, in press.
22. Singer, B.D.; Ziska, L.H.; Frenz, D.A.; Gebhard, D.E.; Straka, J.G. Increasing Amb a 1 content in
common ragweed (Ambrosia artemisiifolia) pollen as a function of rising atmospheric CO2
concentration. Funct. Plant Biol. 2005, 32, 667-670.
23. Ahlholm, J.U.; Helander, M.L.; Savolainen, J. Genetic and environmental factors affecting the
allergenicity of birch (Betula pubescens ssp. czerepanovii [Orl.] Hämet-Ahti) pollen. Clin. Exp.
Allergy 1998, 28, 1384-1388.
24. Hjelmroos, M.; Schumacher, M.J.; van Hage-Hamsten, M. Heterogeneity of pollen proteins within
individual Betula pendula trees. Int. Arch. Allergy Immunol. 1995, 108, 368-376.
25. Tashpulatov, A.S.; Clement, P.; Akimcheva, S.A.; Belogradova, K.A.; Barinova, I.; Rakhmawaty,
F.D.; Heberle-Bors, E.; Touraev, A. A model system to study the environment-dependent
expression of the Bet v 1a gene encoding the major birch pollen allergen. Int. Arch. Allergy
Immunol. 2004, 134, 1-9.
26. Wolf, J.; O’Neill, N.R.; Rogers, C.A.; Muilenberg, M.L.; Ziska, L.H. Elevated atmospheric carbon
dioxide concentrations amplify Alternaria alternata sporulation and total antigen production.
Environ. Health Perspect. 2010, doi:10.1289/ehp.0901867.
27. Corden, J.M.; Millington, W.M. The long-term trends and seasonal variation of the aeroallergen
Alternaria in Derby, UK. Aerobiologia 2001, 17, 127-136.
28. Baatenburg de Jong, A.; Dikkeschei, L.D.; Brand, P.L.P. High prevalence of sensitization to
aeroallergens in children 4 yrs of age or younger with symptoms of allergic disease. Pediatr.
Allergy Immunol. 2009, 20, 735-740.

Int. J. Environ. Res. Public Health 2010, 7

3019

29. Ogershok, P.R.; Warner, D.J.; Hogan, M.B.; Wilson, N.W. Prevalence of pollen sensitization in
younger children who have asthma. Allergy Asthma Proc. 2007, 28, 654-658.
30. Taylor, P.E.; Jacobson, K.W.; House, J.M.; Glovsky, M.M. Links between pollen, atopy and the
asthma epidemic. Int. Arch. Allergy Immunol. 2007, 144, 162-170.
31. Downs, S.H.; Mitakakis, T.Z.; Marks, G.B.; Car, N.G.; Belousova, E.G.; Leüppi, J.D.; Xuan, W.;
Downie, S.R.; Tobias, A.; Peat, J.K. Clinical importance of Alternaria exposure in children. Am.
J. Respir. Crit. Care Med. 2001, 164, 455-459.
32. Targonski, P.V.; Persky, V.W.; Ramekrishnan, V. Effect of environmental molds on risk of death
from asthma during the pollen season. J. Allergy Clin. Immunol. 1995, 95, 955-961.
33. Lai, C.K.W.; Beasley, R.; Crane, J.; Foliaki, S.; Shah, J.; Weiland, S.; the ISAAC Phase Three
Study Group. Global Variation in the Prevalence and Severity of Asthma Symptoms: Phase Three
of the International Study of Asthma and Allergies in Childhood (ISAAC). Thorax 2009, 64,
476-483.
34. Glasgow, N.J.; Goodchild, E.A.; Yates, R.; Ponsonby, A.L. Respiratory health in Aboriginal and
Torres Strait Islander children in the Australian Capital Territory. J. Paediatr. Child Health
2003, 39, 534-539.
35. Correll, P.K.; Xuan, W.; Williamson, M.; Sundararajan, V.; Ringland, C.; Marks, G.B.
Reattendance at hospital for asthma in two Australian states, 2000–2003. Respirology 2007, 12,
220-226.
36. Ampon, R.D.; Williamson, M.; Correll, P.K.; Marks, G.B. Impact of asthma on self-reported
health status and quality of life: A population based study of Australians aged 18–64. Thorax
2005, 60, 735-739.
37. Bousquet, P.J.; Leynaert, B.; Neukirch, F.; Sunyer, J.; Janson, C.M.; Anto, J.; Jarvis, D.; Burney, P.
Geographical distribution of atopic rhinitis in the European Community Respiratory Health
Survey I. Allergy 2008, 63, 1301-1309.
38. Vandenplas, O.; D’Alpaos, V.; van Brussel, P. Rhinitis and its impact on work. Curr. Opin.
Allergy Clin. Immunol. 2008, 8, 145-149.
39. Low, R.B.; Bielory, L.; Qureshi, A.I.; Dunn, V.; Stuhlmiller, D.F.E.; Dickey, D.A. The relation of
stroke admissions to recent weather, airborne allergens, air pollution, seasons, upper respiratory
infections, and asthma incidence, September 11, 2001, and day of the week. Stroke 2006, 37,
951-957.
40. United States Environmental Protection Agency. EPA’s Endangerment Finding: Health Effects; 4
December 2009. Available online: http://www.epa.gov/adminweb/files/Endangerment/
Finding_Health.pdf (accessed on 18 May 2010)
41. IPCC. Glossary. In Climate Change 2007: Impacts, Adaptation and Vulnerability, Contribution of
Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change; Parry, M.L., Canziani, O.F., Palutikof, J.P., van der Linden, P.J., Hanson, C.E., Eds.;
Cambridge University Press: Cambridge, UK, 2007; pp. 869-883.

Int. J. Environ. Res. Public Health 2010, 7

3020

42. Ayres, J.G.; Forsberg, B.; Annesi-Maesano, I.; Dey, R.; Ebi, K.L.; Helms, P.J.; Medina-Ramón, M.;
Windt, M.; Forastiere, F. On behalf of the Environment and Health Committee of the European
Respiratory Society. Climate change and respiratory disease: European Respiratory Society
position statement. Eur. Resp. J. 2009, 34, 295-302.
43. Adger, W.N.; Agrawala, S.; Mirza, M.M.Q.; Conde, C.; O’Brien, K.; Pulhin, J.; Pulwarty, R.;
Smit, B.; Takahashi, K. Assessment of adaptation practices, options, constraints and capacity. In
Climate Change 2007: Impacts, Adaptation and Vulnerability, Contribution of Working Group II
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Parry, M.L.,
Canziani, O.F., Palutikof, J.P., van der Linden, P.J., Hanson, C.E., Eds.; Cambridge University
Press: Cambridge, UK, 2007; pp. 717-743.
44. Adger, W.N.; Dessai, S.; Goulden, M.; Hulme, M.; Lorenzoni, I.; Nelson, D.R.; Naess, L.O.;
Wolf, J.; Wreford, A. Are there social limits to adaptation to climate change? Climatic Change
2009, 93, 335-354.
45. IPCC. Agreed Reference Material for the IPCC Fifth Assessment Report; 8 July 2010. Available
Online: http://www.ipcc.ch/pdf/ar5/ar5-outline-compilation.pdf (accessed on 19 July 2010).
46. Niang-Diop, I.; Bosch, H.; Burton, I.; Khan, S.R.; Lim, B.; North, N.; Smith, J.; Spanger-Siegfried,
E. Formulating an adaptation strategy. In Adaptation Policy Frameworks for Climate Change:
Developing Strategies, Policies and Measures; Lim, B., Spanger-Siegfried, E., Burton, I.,
Malone, E., Huq, S., Eds.; United Nations Development Programme (UNDP) and Cambridge
University Press: Cambridge, UK, 2004; pp. 183-204.
47. Markandya, A.; Chiabai, A. Valuing climate change impacts on human health: Empirical evidence
from the literature. Int. J. Environ. Res. Public Health 2009, 6, 759-786.
48. English, P.B.; Sinclair, A.H.; Ross, Z.; Anderson, H.; Boothe, V.; Davis, C.; Ebi, K.; Kagey, B.;
Malecki, K.; Shultz, R.; Simms, E. Environmental health indicators of climate change for the
United States: Findings from the State Environmental Health Indicator Collaborative. Environ.
Health Perspect. 2009, 117, 1673-1681.
49. Kinney, P.L. Climate change, air quality, and human health. Am. J. Prev. Med. 2008, 35, 459-467.
50. American Academy of Allergy Asthma & Immunology. National Allergy Bureau. Available
online: http://www.aaaai.org/nab/index.cfm (accessed on 30 April 2010).
51. National Aeronautics and Space Administration (NASA), Group on Earth Observations (GEO).
GEO Task US-09-01a: Human Health Societal Benefit Area; NASA, 16 January 2010. Available
online: http://sbageotask.larc.nasa.gov/aeroallergens.html (accessed on 20 May 2010)
52. Sofiev, M.; Bousquet, J.; Linkosalo, T.; Ranta, H.; Rantio-Lehtimaki, A.; Siljamo, P.; Valovirta, E.;
Damialis, A. Pollen, allergies and adaptation. In Biometeorology for Adaptation to Climate
Variability and Change; Ebi, K.L., Burton, I., McGregor, G.R., Eds.; Springer: Doetinchem,
Netherlands, 2009; Biometeorology Series Volume 1, pp. 75-106.
53. Rybníček, O.; Jäger, S. Ambrosia (Ragweed) in Europe. Allergy Clin. Immunol. Int. 2001, 13,
60-66.
54. Younger, M.; Morrow-Almeida, H.R.; Vindigni, S.M.; Dannenberg, A.L. The built environment,
climate change, and health: opportunities for co-benefits. Am. J. Prev. Med. 2008, 35, 517-526.

Int. J. Environ. Res. Public Health 2010, 7

3021

55. Schmidt, C.W. Beyond mitigation: Planning for climate change adaptation. Environ. Health
Perspect. 2009, 117, A306-A309.
56. Guh, D.P.; Zhang, W.; Bansback, N.; Amarsi, Z.; Birmingham, C.L.; Anis, A.H. The incidence of
co-morbidities related to obesity and overweight: A systematic review and meta-analysis. BMC
Public Health 2009, 9, 88:1-88:20.
57. Fisk, W.J.; Faulkner, D.; Palonen, J.; Seppanen, O. Performance and costs of particle air filtration
technologies. Indoor Air 2002, 12, 223-234.
58. Mendell, M.J.; Lei-Gomez, Q.; Mirer, A.G.; Seppänen, O.; Brunner, G. Risk factors in heating,
ventilating, and air-conditioning systems for occupant symptoms in US office buildings: The US
EPA BASE study. Indoor Air 2008, 18, 301-316.
59. Zavada, M.S.; McGraw, S.M.; Miller, M.A. The role of clothing fabrics as passive pollen
collectors in the northeastern United States. Grana 2007, 46, 285-291.
60. Yli-Panula, E.; Rantio-Lehtimäki, A. Birch-pollen antigenic activity of settled dust in rural and
urban homes. Allergy 1995, 50, 303-307.
61. Mudarri, D. Public Health Consequences and Cost of Climate Change Impacts on Indoor
Environments; Prepared for: The Indoor Environments Division, Office of Radiation and Indoor
Air, U.S. Environmental Protection Agency: Washington, DC, USA, 2010.
© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

