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a b s t r a c t
Climate change induced by anthropogenic warming of the earth's atmosphere is a daunting problem. This review
examines one of the consequences of climate change that has only recently attracted attention: namely, the effects
of climate change on the environmental distribution and toxicity of chemical pollutants. A review was undertaken
of the scientiﬁc literature (original research articles, reviews, government and intergovernmental reports)
focusing on the interactions of toxicants with the environmental parameters, temperature, precipitation, and
salinity, as altered by climate change. Three broad classes of chemical toxicants of global signiﬁcance were the
focus: air pollutants, persistent organic pollutants (POPs), including some organochlorine pesticides, and other
classes of pesticides. Generally, increases in temperature will enhance the toxicity of contaminants and increase
concentrations of tropospheric ozone regionally, but will also likely increase rates of chemical degradation. While
further research is needed, climate change coupled with air pollutant exposures may have potentially serious
adverse consequences for human health in urban and polluted regions. Climate change producing alterations in:
food webs, lipid dynamics, ice and snow melt, and organic carbon cycling could result in increased POP levels in
water, soil, and biota. There is also compelling evidence that increasing temperatures could be deleterious to
pollutant-exposed wildlife. For example, elevated water temperatures may alter the biotransformation of
contaminants to more bioactive metabolites and impair homeostasis. The complex interactions between climate
change and pollutants may be particularly problematic for species living at the edge of their physiological tolerance
range where acclimation capacity may be limited. In addition to temperature increases, regional precipitation
patterns are projected to be altered with climate change. Regions subject to decreases in precipitation may
experience enhanced volatilization of POPs and pesticides to the atmosphere. Reduced precipitation will also
increase air pollution in urbanized regions resulting in negative health effects, which may be exacerbated by
temperature increases. Regions subject to increased precipitation will have lower levels of air pollution, but will
likely experience enhanced surface deposition of airborne POPs and increased run-off of pesticides. Moreover,
increases in the intensity and frequency of storm events linked to climate change could lead to more severe
episodes of chemical contamination of water bodies and surrounding watersheds. Changes in salinity may affect
aquatic organisms as an independent stressor as well as by altering the bioavailability and in some instances
increasing the toxicity of chemicals. A paramount issue will be to identify species and populations especially
vulnerable to climate–pollutant interactions, in the context of the many other physical, chemical, and biological
stressors that will be altered with climate change. Moreover, it will be important to predict tipping points that
might trigger or accelerate synergistic interactions between climate change and contaminant exposures.
© 2009 Published by Elsevier Ltd.
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1. Introduction
Climate change is an increasingly urgent problem with potentially
far-reaching consequences for life on earth. Humans and wildlife are also
exposed to an array of chemical, physical, and biological stressors that
arise largely from anthropogenic activity, but also from natural sources.
One of the consequences of climate change that has recently attracted
attention is its potential to alter the environmental distribution and
biological effects of chemical toxicants. There is growing awareness of
the importance of anticipating the effects of chemical pollution in the
rapidly changing environment, and identifying and mitigating effects in
those humans and ecosystems most vulnerable.
The U.N. Intergovernmental Panel on Climate Change (IPCC) has
completed four assessments covering the evidence, impacts, and
mitigation of climate change (IPCC, 2007a,b,c,d,e). They report
unequivocal global warming with evidence of increases in global
mean air and ocean temperatures, widespread snow and ice melt, and
rising global sea level. Temperature is projected to increase 1.8–4.0 °C
by the end of the century under a range of probable greenhouse gas
emission scenarios with the greatest warming expected at high
latitudes. In addition to global warming, some regions, such as North
and South America, northern Europe, and northern and central Asia
are projected to experience increased precipitation, while others,
including southern Africa and Asia and the Mediterranean, are
expected to experience substantial droughts. Heat waves, precipitation and storm events are predicted to be more frequent and intense.
Oceanic acidiﬁcation linked to increasing atmospheric carbon dioxide
levels is a growing threat to marine organisms and ecosystems.
This article examines how the environmental parameters, temperature, precipitation, and salinity, as altered by climate change, could affect
the environmental distribution and biological effects of chemical
toxicants. It is intended to provide a broad perspective on the
interactions of climate change and chemical behavior/toxicity based
on available research, which in some cases continues to be limited. For
example, key aspects of climate change and pollutant interactions that
merit further study involve describing effects on vulnerable species and
populations and revealing the nature of thresholds that might trigger
adverse events. While climate change will affect the environmental
distribution and toxicity of numerous chemical toxicants, we focus
primarily on three major classes of global signiﬁcance: air pollutants,
persistent organic pollutants (POPs), and other pesticides. Air pollution
is a global problem, and here we focus on two compounds, tropospheric
ozone and particulate matter (PM), as they are potent toxicants of
human health concern. POPs are persistent, bioaccumulative, and toxic
(PBT) contaminants found ubiquitously in the environment, humans,
and wildlife. At present, twelve chlorinated organic chemicals are listed
as POPs under the U.N. Stockholm Convention, including several
organochlorine pesticides, such as dichlorodiphenyltrichloroethane
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(DDT) and toxaphene, as well as the polychlorinated biphenyls (PCBs),
dioxins, and furans (UNEP, 2005). Other pesticides, such as atrazine,
aldicarb, and chlorpyrifos are of special interest as they are applied in
large quantities over a broad area and have a range of toxicological
effects. Moreover, pesticide use patterns may change as agriculture and
pest species shift in response to climate change.
2. Effects of climate change on contaminant environmental fate
and behavior
Climate change will have a powerful effect on the environmental
fate and behavior of chemical toxicants by altering physical, chemical,
and biological drivers of partitioning between the atmosphere, water,
soil/sediment, and biota, including: air-surface exchange, wet/dry
deposition, and reaction rates (e.g., photolysis, biodegradation,
oxidation in air). Temperature and precipitation, as altered by climate
change, are expected to have the largest inﬂuence on the partitioning
of chemical toxicants. In addition, an array of important processes,
such as snow and ice melt, biota lipid dynamics, and organic carbon
cycling, will be altered by climate change potentially producing
signiﬁcant increases in fugacity (thermodynamic measure of substance tendency to prefer one phase over another) and contaminant
concentrations (MacDonald et al., 2002).
2.1. Altered fate and behavior of air pollutants
It is widely recognized that air quality and climate change are
strongly interconnected (IPCC, 2007c,e). Climate change is projected
to generally degrade air quality, but for tropospheric ozone and PM,
there continues to be uncertainty as to the direction and magnitude of
changes in environmental distribution patterns (Aw and Kleeman,
2003; Ebi et al., 2006; IPCC, 2007c,e; Racherla and Adams, 2006).
Tropospheric ozone is generally short-lived and forms in the lower
atmosphere from the nitrogen oxide (NOx)-dependent photochemical oxidation of volatile organic compounds (VOCs), carbon monoxide
(CO), and sulfur dioxide (SO2) (Forster et al., 2007). Ozone levels are
dictated by emissions of ozone precursors, temperature, water vapor
levels, atmospheric circulation patterns, and stratospheric inputs
(Denman et al., 2007; Forster et al., 2007; Stevenson et al., 2006).
Elevated temperatures generally lead to increased formation of ozone,
while increased water vapor generally leads to increased breakdown
of ozone. As such, climate change impacts on regional ozone levels
will largely be determined by the extent to which temperature, water
vapor levels, and air circulation patterns are altered. The interplay of
these factors is depicted in Fig. 1, Legend Item A.
While ozone concentrations are projected to increase for many regions,
climate change, on a global scale, is expected to generally accelerate
tropospheric ozone destruction due to catalyzed photodegradation in the
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Fig. 1. Effects of climate change effects on the environmental distribution of contaminants. Figure legend: A. Temperature increases coupled with ozone precursors, sunlight, and
weak/stagnant circulation will increase the rate of formation of ozone, whereas water vapor will increase ozone destruction. B. Temperature increases may promote the formation of
secondary PM. C. Temperature increases may lead to increased photodegradation of POPs. D. Climate change producing increases in precipitation will increase the wet deposition of
PM, POPs, and pesticides. E. Declining precipitation coupled with weak/stagnant circulation may increase PM regionally. F. Melting snow, ice, and glaciers will release and remobilize
POPs sequestered in these once frozen matrices. G. Temperature increases will enhance the volatility of POPs and other pesticides from soils to the atmosphere. H. Temperature
increases will enhance microbial degradation of POPs and pesticides in soils and sediments. I. Enhanced soil moisture will increase hydrolytic degradation of pesticides, but may not
affect POPs since they are relatively resistant to hydrolysis. J. Precipitation increases will enhance the potential for pesticide and POP runoff into aquatic system, whereas decreases in
precipitation will ameliorate chemical runoff but may increase persistence. K. Water temperature increases will enhance the volatility of POPs and other pesticides from water to the
atmosphere. L. Water temperature increases will increase the solubility of POPs making them more apt to be retained in water. M. Water temperature increases will enhance
microbial activity increasing the degradation of POPs and pesticides in soils and sediments. N. Water temperature increases will increase the hydrolysis of pesticides to less or more
bioactive degradates. 2°PM = Secondary PM; CO = Carbon monoxide; HOx = HO2 + OH; NOx = Nitrogen oxides; O3 = Ozone; P = Precipitation; PM = Particulate Matter; POP =
Persistent Organic Pollutant; SM = Soil Moisture; T = Temperature; VOCs = Volatile organic compounds.

presence of increased atmospheric water vapor. For example, Racherla
and Adams (2006) project a 5% decline in global tropospheric ozone
concentrations in the 2050s from 1990s levels using present day
pollutant emission scenarios. Dentener et al. (2006) and Stevenson et al.
(2006) estimated future ozone concentrations for 2030 based on
current levels of emissions. They calculated that climate change could
reduce global ozone by 0.5–1.0 ppb over the continents and 1–2 ppb
over the oceans.
However, despite estimates of net global declines, several studies
project regional scale increases in ozone pollution linked to climate change
(Aw and Kleeman, 2003; Cheng et al., 2007; Hogrefe et al., 2004; Langner
et al., 2005; Stevenson et al., 2006). For example, tropospheric ozone
concentrations are predicted to increase in Southern California as a result
of accelerated gas phase reaction rates associated with rising temperatures
(Aw and Kleeman, 2003). Similarly, using the IPCC A2 high CO2 emission
scenario, Hogrefe et al. (2004) estimate increases in summertime average
daily maximum 8-hour ozone concentrations over the eastern U.S. of
2.7 ppb by the 2020s, 4.2 ppb by the 2050s, and 5.0 ppb by the 2080s.
Models of the New York metropolitan area have been used to estimate
average summertime ozone increases from 0.3 ppb in the 1990s to 4.3 ppb
by the 2050s (Knowlton et al., 2004). Cheng et al. (2007) modeled future
concentrations of various air pollutants (ozone, NOx, SO2, and suspended
particulates) in four south-central Canadian cities (Montreal, Ottawa,
Toronto, Windsor) using end of 20th century emission scenarios. They

found that a warming climate would increase the number of days in the
high ozone category (concentrations ≥81 ppb) by 40–100% by the 2050s
and 70–200% by the 2080s, from the current average of eight days. In
Europe, increases in tropospheric ozone are projected over central and
southern regions predicted to experience precipitation declines (Langner
et al., 2005). In contrast, ozone decreases are projected to occur over
northern Europe due to increased precipitation.
Climate change-induced shifts in precipitation patterns will also
affect PM fate and behavior (Aw and Kleeman, 2003; Forster et al.,
2007; Racherla and Adams, 2006). PM consists of both natural and
anthropogenic sources of soils, dusts, acids, organic chemicals, and
metals. It enters the atmosphere through direct emissions or is formed
as secondary particles through atmospheric chemical reactions
(Forster et al., 2007). Much of the research on PM fate and behavior
focuses on PM10 (particles with an aerodynamic diameter ≤10 µm)
and more recently on PM2.5 (ﬁne particles with an aerodynamic
diameter of ≤2.5 µm) as these particle sizes are inhalable and have
been shown to be potent toxicants (Forster et al., 2007; USEPA, 2004).
Decreased concentrations of atmospheric ﬁne PM are projected in
regions that experience increases in precipitation due to enhanced
scavenging of PM by water molecules. Racherla and Adams (2006)
estimate that increases in precipitation and wet deposition loss rates
could decrease the global burdens and atmospheric residence times of
PM2.5 by 2–18% by the 2050s (Fig.1, Legend Item E). However, changes in
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other climate variables may also affect PM concentrations. Global
warming could increase the formation of secondary PM by catalyzing in
situ gas phase reactions (Fig. 1, Legend Item B). Aw and Kleeman (2003)
modeling of PM interactions with climate change in the Southern
California region indicate that non-volatile secondary PM may increase
with rising temperatures, but that semi-volatile secondary PM could
increase or decrease.
PM concentrations are highly affected by regional emissions, and
atmospheric transport of these pollutants can be driven by synopticscale (i.e., low or high pressure systems of the lower atmosphere that
range on the order of 1000 to 2500 km) weather patterns. For example,
Buchanan et al. (2002) investigated the inﬂuence of regional weather
patterns on PM10 concentrations in Edinburgh, Scotland and demonstrated that PM can move well beyond its point source due to these large
area dynamics. As climate change is predicted to affect synoptic-scale
weather patterns, regional distribution of air pollutants may be affected.
In contrast, increases in the frequency of stagnant air events in polluted
urban, rural, or industrial settings could enhance the intensity of air
pollution (Fig. 1, Legend Item D) (Denman et al., 2007).
2.2. Altered fate and behavior of POPs
Climate change will inﬂuence the environmental fate and behavior
of POPs by altering the fundamental mechanisms of solvent switching
and solvent depletion, and by enhancing contaminant degradation
(Brubaker and Hites, 1998; Ma et al., 2004; MacDonald et al., 2002;
Meyer and Wania, 2008; Sinkkonen and Paasivirta, 2000; Sweetman
et al., 2005; Wania, 1999). Solvent switching involves contaminants
partitioning into different chemical phases (solid, liquid, gas) in the
direction of thermodynamic equilibrium. While this process can increase concentrations of a contaminant in an environmental compartment (water, sediment, biota, etc.), it cannot produce contaminant
concentrations that exceed the thermodynamic equilibrium (MacDonald et al., 2002; Wania, 1999). The effects of global warming on
solvent switching can be predicted by considering temperaturedriven changes in partitioning constants of POPs, such as Henry's Law
Constants (HLC).
In contrast to solvent switching, solvent depletion is a complex
process that requires energy and increases fugacity and often
contaminant concentrations as solvent concentrations continually
decline. Thus, contaminant concentrations in a given environmental
compartment can exceed the thermodynamic equilibrium (MacDonald et al., 2002). Examples of solvent depletion processes that may be
inﬂuenced by climate change include contaminant biomagniﬁcation,
trophic structure alterations, hydrological processes, and organic
carbon cycling. Many transport processes and spatial and temporal
variables can inﬂuence solvent depletion processes making them
difﬁcult to predict (Macdonald et al., 2003; Wania, 1999).
Enhanced volatility and partitioning of POPs to the atmosphere by
solvent switching is likely with global warming, as are increases in the
rate of contaminant degradation. The warming climate may produce a
minor reduction in POP exposure to aquatic biota because of enhanced
partitioning from water to the atmosphere as contaminant HLCs rise
with increasing water temperatures (Ma et al., 2004; Macdonald et al.,
2003). Supporting this hypothesis, elevated air temperatures from
1990–2000 linked to ﬂuctuations of the North Atlantic Oscillation, El
Niño-Southern Oscillation, and Paciﬁc North American patterns
increased the volatility and atmospheric concentrations of the POPs,
hexachlorobenzene (HCB), and PCBs, in the Great Lakes Region, USA
(Ma et al., 2004).
Observed temperature increases due to climate change are most
pronounced at higher latitudes. The IPCC reports that average arctic
temperatures have increased at nearly twice the global average rate in
the past 100 years (IPCC, 2007e). POPs are unique in that they can
move thousands of miles from their point of release and are often
observed at higher latitudes. This observation is explained by the

concept of global fractionation (Braune et al., 2005; Breivik et al.,
2004; Wania and Mackay, 1996). Most POPs are semi-volatile enough
to evaporate at temperate or tropical latitudes, existing as gases or
adsorbed to aerosols in the atmosphere. Global atmospheric circulation transports these air masses, containing POPs, to higher latitudes
in short jumps coinciding with the seasons. As temperature gradients
between high and low latitudes become less pronounced, the
temperature-induced global fractionation of POPs to high latitudes
could decline (Beyer et al., 2003).
In addition, a decline in atmospheric partitioning and transport of
POPs to the poles may result from temperature- and precipitationaccelerated increases in degradation, particularly in the atmosphere
and soil (Dalla Valle et al., 2007; Macdonald et al., 2005; Sinkkonen
and Paasivirta, 2000; Sweetman et al., 2005; Wania and Mackay,
1996). Dalla Valle et al. (2007) predict that increasing temperatures in
Venice Lagoon, Italy will accelerate the degradation of PCB 118 and
PCB 180 congeners, 2,3,7,8-tetrachlorodibenzofuran, and 1,2,3,4,7,8hexachlorodibenzofuran in most environmental compartments. However, these authors note that while elevated temperatures are
expected to decrease the fugacity capacity (i.e., indicator of compartment capacity to store a chemical) of most environmental compartments, the fugacity capacity of the air compartment is projected to
decline only negligibly. Thus, enhanced atmospheric mobility and
long-range transport is predicted in this study. Global warming,
however, may also accelerate atmospheric photodegradation of POPs,
counter-balancing this atmospheric partitioning (Brubaker and Hites,
1998; Sinkkonen and Paasivirta, 2000).
While atmospheric partitioning of POPs and enhanced degradation
are generally predicted with climate change, regional patterns of
increased precipitation and ice/snow melt are expected to enhance
wet deposition of POPs to aquatic and terrestrial ecosystems (Macdonald et al., 2003; Meyer and Wania, 2008; Wania and Mackay, 1996).
Macdonald et al. (2003) note that increases in precipitation will be an
important variable driving the distribution of some POPs, such as
hexachlorocyclohexane (HCH) and toxaphene, to aquatic systems. Both
HCH and toxaphene have HLCs that favor water partitioning. Moreover,
snow and snowmelt are powerful drivers in solvent switching and
solvent depletion processes that may increase contaminant levels
(Macdonald et al., 2003; Meyer and Wania, 2008). Falling snow provides
a solvent switching condition under which contaminants can be readily
adsorbed to snow surfaces and transported to the ground. As the climate
warms and snow melts or sinters, the loss of surface area results in a
solvent depleting condition that increases the concentration of
contaminant in meltwater. Macdonald et al. (2003) estimate that this
process might result in a loss of 105 to 106 m2 of surface area for every
1000 kg of snow, which may lead to a substantial increase of POPs in
meltwater.
Melting sea ice coupled with expanded open water may also
accelerate the rate of exchange of some POPs from air to water.
Macdonald et al. (2005) provide a summed PCB congener budget of
gas exchange into the Arctic Ocean of 20 metric tons/year, and estimate that reduced Arctic sea ice cover of 50% could result in a
proportionate doubling of PCB air to sea exchange. Glaciers have also
acted as long-term sinks for POPs and melting of this ice is expected to
remobilize these archived pollutants (Fig. 1, Legend Item F) (Blais
et al., 2001). However, pollutant remobilization from glaciers may not
be a major inﬂuence on the overall POP budget in Arctic ecosystems.
One exception is DDT, for which Arctic glacial melt is projected to be a
signiﬁcant climate-modulated source (Blais et al., 2001).
Organic carbon cycles in terrestrial and aquatic systems will also be
altered by climate change, which will in turn alter POP distributions
(Macdonald et al., 2003; Magnuson et al., 1997; Schindler et al., 1997).
Declines in dissolved organic carbon (DOC) were observed between
1970 and 1990 in boreal lakes in northwestern Ontario during an
extended period of climate warming and drought coupled with
increased forest ﬁres (Schindler et al., 1997). The declines in DOC were
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attributed to decreased stream ﬂow to lakes caused by drought and
increased evaporation from warming. POPs will readily partition from
water to carbon-rich particles, such as DOC. Thus, reduced DOC levels
due to climate change could reduce the capacity of waters to bind
these contaminants thereby making them more bioavailable for
uptake by aquatic species (Magnuson et al., 1997; Schindler et al.,
1997).
Temperature-induced acceleration of organic carbon metabolism
by soil and sediment biota could also increase contaminant concentrations and promote partitioning to water and aquatic biota
(Macdonald et al., 2003). However, biodegradation rates of POPs
will also increase with rising soil and sediment temperature (Fig. 1,
Legend Items H, M), which may ameliorate POP increases from this
solvent depleting process (Sinkkonen and Paasivirta, 2000; Sweetman
et al., 2005). Increased temperatures will also increase the volatilization of POPs from soils to air (Fig. 1, Legend Items G, K) where they will
be subject to photodegradation and transport (Fig. 1, Legend Item C)
(Beyer et al., 2003; Brubaker and Hites, 1998; Ma et al., 2004; Scheyer
et al., 2005). For example, the loss of permafrost associated with rising
temperatures will re-release pollutants from these once frozen soils
making them available for atmospheric partitioning or runoff to
aquatic systems (Macdonald et al., 2005).
In addition to the many abiotic factors that can inﬂuence contaminant behavior, altered species migration patterns linked to
climate change could be an important factor modulating the transport
of POPs (Blais et al., 2007). Migratory species, particularly ﬁsh, birds,
and marine mammals, may be exposed to contaminants in one
location and transport these contaminants in substantial quantities to
other locations. This biotic transport of contaminants may be similar
in magnitude to atmospheric and oceanic transport (Burek et al.,
2008). There is evidence, for example, that Arctic and Antarctic birds
may act as vectors transporting persistent contaminants from oceans
to terrestrial systems via their guano (Blais et al., 2005). In Canadian
coastal ponds under the nesting cliffs of northern fulmars (Fulmarus
glacialis), concentrations of HCB, DDT, and mercury were 10 to 60
times higher than contaminant concentrations in sediments from
unaffected ponds. Similar results have been observed for Antarctic
seabirds, whereby elevated DDT and HCH levels have been measured in
sediments at locations where penguins historically migrated (Blais
et al., 2007). These studies provide some evidence that climateinduced ﬂuctuations in the migratory patterns of birds could play an
important role in altering the local and global transport of POPs (Burek
et al., 2008). In addition, PCB ﬂuxes are up to eight times higher in subArctic lakes receiving the greatest sockeye salmon (Oncorhynchus
nerkus) returns than in lakes receiving atmospheric inputs of PCBs
alone (Krummel et al., 2003). Since temperature is an important
controller of anadromous and freshwater ﬁsh migrations, temperature
increases linked to climate change could alter POP fate through
changes in ﬁsh spawning behavior (Wrona et al., 2005).
2.3. Altered fate and behavior of pesticides
Like the POPs, climate change will inﬂuence the environmental
fate and behavior of pesticides by altering fundamental mechanisms
of environmental partitioning primarily through mechanisms of
increased volatility, wet deposition, and enhanced degradation.
While additional research is needed, many pesticides may prove to
be less susceptible to solvent depleting processes than POPs since
they are generally less persistent and more likely to degrade with
climate change. Speciﬁcally, global warming may reduce soil and
aquatic concentrations of pesticides due to a combination of
increased volatilization and degradation (Bailey, 2004; Benitez et
al., 2006; Van den Berg et al., 1999) (Fig. 1, Legend Items G, H, I, K, M,
N). Conversely, increases in the intensity and frequency of rain and
storm events will promote the wet deposition of pesticides to
terrestrial and aquatic systems (Bollmohr et al., 2007; Burgoa and
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Wauchope, 1995; Chiovarou and Siewicki, 2007; Dabrowski et al.,
2002; Presley et al., 2006; Vu et al., 2006). Independent of these
distribution processes, climate change may alter the frequency and
amount of pesticides used as agriculture shifts in response to the
rapidly changing climate (Chen and McCarl, 2001; Reilly et al., 2001,
2003).
Volatilization is a key factor in the environmental partitioning of
pesticides, and global warming could lead to enhanced volatilization
of pesticides relative to soil and water. Van den Berg et al. (1999)
notes that volatilization processes may be responsible for the loss of
up to 50% of the applied dose of a pesticide, depending on the
properties of the pesticide, application technique used and environmental conditions. With this atmospheric partitioning, pesticides may
be dispersed from areas of high concentrations to areas of lower
concentrations, possibly exposing new populations to the toxic effects
of the pesticides (Beyer et al., 2003). In addition to enhanced
volatility, climate change could have an important effect on accelerating pesticide degradation (Bailey, 2004; Benitez et al., 2006;
Bloomﬁeld et al., 2006). Bailey (2004) examined residues of the
pesticide isoproturon in soils over a twenty-year period and found
that from 1997–2001 increased degradation in warmer soils caused
pesticide concentrations to fall too low to control weed growth
30 days earlier than in years before 1997. Additionally, increased
water temperature was found to increase the photodegradation rate
of several phenyl-urea pesticides (Benitez et al., 2006). Given the
potential increase in the loss of applied pesticides due to enhanced
volatility and degradation, a compensatory increase in pesticide
applications may be necessary to be efﬁcacious against target pests.
Bloomﬁeld et al. (2006) report on the ﬁndings of the European Food
Safety Authority's 2005 Scientiﬁc Panel that for every 10 °C increase in
temperature, it is predicted that the half-life of pesticides in soils may
decrease by 60%.
The IPCC (2007e) reports that precipitation events and extremes
are very likely to become more frequent, widespread, and intense
during the 21st century. Moreover, a range of climate models
supports a likely increase in the intensity of typhoons and hurricanes
with heavier precipitation and higher peak wind speeds (IPCC,
2007e). Precipitation scavenges gases and aerosols, with adsorbed
chemical particles, from the atmosphere and deposits them to
surfaces (Fig. 1, Legend Item E). As storms and rainfall events become
more intense and frequent, increasing amounts of contaminants will
be deposited to surfaces and lost in runoff, predominantly as pulse
releases, exposing humans and wildlife to these chemicals (Fig. 1,
Legend Item J) (Bollmohr et al., 2007; Burgoa and Wauchope, 1995;
Chiovarou and Siewicki, 2007; Presley et al., 2006; Vu et al., 2006).
Bollmohr et al. (2007) examined the exposure and toxicity of a
variety of pesticides, including chlorpyrifos and endosulfan, in
arthropods and ﬁsh in the Lourens River and estuary in Western
Cape, South Africa. No detectable amounts of the pyrethroids
cypermethrin and fenvalerate were measured in the upper Lourens
River, but these pesticides were found in the estuary at levels likely to
pose acute and chronic risk to aquatic life. Pesticide concentrations in
a rice paddy watershed at the Sakura river basin in Japan were
monitored for 3 years starting in 2002 (Vu et al., 2006). Sixteen
different herbicides were detected in the stream water, and surface
drainage signiﬁcantly increased during rainfall events greater than
1.5 cm per day. Elevated soil moisture associated with increased
precipitation could also enhance the degradation of pesticides to
differentially toxic and environmentally mobile degradates (Fig. 1,
Legend Item I) (Van den Berg et al., 1999). Conversely, the hydrolytic
degradation of these chemicals may be limited in regions with
reduced precipitation and lower soil moisture levels (Bailey, 2004;
Van den Berg et al., 1999).
In terms of the links between storm intensity and chemical contamination of aquatic systems, Chiovarou and Siewicki (2007)
modeled the transport and fate of the six pesticides, atrazine, carbaryl,
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diquat dibromide, imidacloprid, and ﬁpronil, in water bodies in
Volusia County, Florida and Portland, Oregon under different storm
intensities. Concentrations of all six contaminants were found to
increase with increasing storm intensity. Consistent with these
results, Presley et al. (2006) investigated pollutant and pathogen
levels in New Orleans, Louisiana shortly following Hurricane Katrina.
They measured soil and sediment concentrations of several contaminants, including the POP aldrin and other semi-volatile organic
pollutants, as well as several metals, and found levels that exceeded
U.S. EPA human health soil screening levels, which are used to identify
hazardous waste sites that merit further evaluation under Superfund
law. Burgoa and Wauchope (1995) also found a ﬁve-fold increase in
applied pesticide loss to runoff during extreme rainfall events.
These studies provide evidence that the inﬂuence of climate change
on increasing storm intensity and frequency could lead to episodes
of heightened contamination of water bodies and surrounding
watersheds.
It is not possible to fully consider the effects of climate change on
pesticide distributions in the environment without also considering
anticipated shifts in agriculture. Climate change is likely to affect
agriculture by shifting the location and type of crops grown and the
range and magnitude of crop pests. Pesticide use will shift in response
to these altered cropping patterns and crop pest distributions.
Although most investigations have focused on the U.S. and Europe,
growers are expected to be able to expand crop production to higher
latitudes and altitudes not currently suitable for farming (Bloomﬁeld
et al., 2006; MAFF, 2000; Reilly et al., 2003; Tubiello et al., 2002).
Tubiello et al. (2002) predict that both wheat and corn production
will migrate north in the U.S. due to increased temperature and
precipitation, while hotter and drier climates in the south will
experience decreased crop production. Warmer temperatures in
northern regions will also lead to longer growing seasons, potentially
allowing increased farming and increased pesticide use. Farmers will
also be able to grow new crops in areas currently under cultivation
with other crops. Increased temperatures may make the currently
temperate south of England favorable for growing sunﬂower, grapes,
peaches (Fuller et al., 2001), and grain maize (Bloomﬁeld et al., 2006).
These types of expanded cropping patterns will likely result in new
pesticide uses on naïve ecosystems, as well as potential increases in
the volume and array of pesticides used.
Another route by which climate change is likely to affect pesticide
use is by altering the distribution and abundance of crop pests.
Climate change may inﬂuence crop pest populations by reducing
generation times and over-wintering mortality, increasing the
number of generations and population growth rates, and altering
crop–pest synchrony (Cannon, 1998; Olfert and Weiss, 2006;
Patterson et al., 1999; Porter et al., 1991). Studies show that the
main drivers of pest distribution and abundance are temperature,
rainfall, and CO2, all of which are being altered with climate change
(Gutierrez et al., 2006; Porter et al., 1991; Rafoss and Saethre, 2003).
One early study modeled the potential distribution of the
European corn borer (Ostrinia nubilalis) and found an estimated
northward shift in the pest's European range of up to 1220 km with a
temperature increase of 3–6 °C (Porter et al., 1991). Olfert and Weiss
(2006) made a similar prediction for three pest species of beetles in
Canada. In a more regionally based analysis, Gutierrez et al. (2006)
examined the distribution and abundance of pink bollworm
(Pectinophora gossypiella) in cotton in Arizona and California. Their
model predicts that the bollworm is currently unlikely to reach pest
status in the Central Valley of California, but that its range is likely to
expand into the Central Valley with temperature increases of 1.5–
2.5 °C. Rafoss and Saethre (2003) predict that the codling moth
(Cydia pomonella) will extend its range and abundance in Norway
with increasing temperatures, and that the Colorado potato beetle
could migrate into Norway where it is not currently established. In
contrast to the studies described above, Newman (2005) predicted

that climate change would reduce the abundance of aphid species in
southern Britain. These varied results demonstrate that while pests
may generally increase in number and distribution, changes are
likely to be species and region speciﬁc.
Some studies have examined how pesticide use could shift in
response to these expected climate change-induced alterations in pest
distributions and intensity (Chen and McCarl, 2001; Reilly et al., 2001,
2003). For example, Reilly et al. (2003) focus modeling on the decades
of the 2030s and 2090s and assess climate change impacts on
pesticide use by measuring pesticide expenditures. They project
climate-linked increases in pesticide expenditures in the U.S. ranging
from 10–20% on corn, 5–15% on potatoes, and 2–5% on soybeans and
cotton, but variable shifts in pesticide expenditures on wheat of ±15%
depending on the region and climate change scenario. No delineation
is provided concerning the difference in pesticide expenditures
between the decades studied. In addition, this modeling applies the
IPCC's IS92A emissions scenario, which has since been updated by the
IPCC under its “Special Report on Emission Scenarios” (IPCC, 2000).
Despite these limitations, the results from this study are generally
consistent with ﬁndings by Chen and McCarl (2001) in which
increases in U.S. pesticide expenditures are projected in 2090 for
corn, cotton, potatoes, and soybeans pests, with variable changes in
wheat-related pesticide expenditures.
Expanded cropping patterns and increased pest pressures are
expected to increase the variety and amount of pesticides used. Moreover, increased pesticide usage may be necessitated as climate change
enhances chemical volatilization, degradation, and runoff. Taken
together, these climate change-induced shifts in agriculture may
increase human and wildlife exposures to pesticides.
3. Effects of climate change on contaminant-linked human health
effects
The IPCC projects that climate change is likely to affect the health of
millions of people, and that the effects will be mostly negative
(Confalonieri et al., 2007). The elderly, infants, children, and urban
poor are expected to be most vulnerable to the rapidly changing
climate (Confalonieri et al., 2007; Ebi et al., 2006; Patz et al., 2000a,
2005). Notable adverse consequences of climate change on human
health include increased death and injury associated with more severe
and frequent heat waves, extreme weather events, and enhanced
vector-borne and allergic disease transmission. While adverse health
outcomes are projected to be greatest in low-income countries, more
severe, frequent, and widespread heat waves and storm events will
also impact developed countries unprepared to cope with these events
(Confalonieri et al., 2007).
There continues to be a lack of data describing the effects of contaminant exposures on human health and vulnerable subpopulations
under projected climate change scenarios. However, a number of studies
suggest that the toxicity of ozone and PM will be exacerbated with global
warming, and some of these data support that older adults will be
especially vulnerable (Bell et al., 2007; Confalonieri et al., 2007;
Dominici et al., 2006; Fiala et al., 2003; IPCC, 2007c; Katsouyanni
et al., 1993; Knowlton et al., 2004; Koken et al., 2003; Mauzerall et al.,
2005; Ordonez et al., 2005; Rainham and Smoyer-Tomic, 2003; Ren and
Tong, 2006). Other potential interactions between climate change and
toxicant exposure include increased susceptibility to pathogens (Abadin
et al., 2007; Nagayama et al., 2007; Smialowicz et al., 2001) and
aeroallergens (D'Amato et al., 2002; Diaz-Sanchez et al., 2003; Epstein,
2005; Janssen et al., 2003). Table 1 summarizes important interactions
between climate change, toxicant exposures, and human health.
3.1. Vulnerable subpopulations
Elucidating the relationship between humans and the climate is
complicated by the interactive nature of the many environmental,
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Table 1
Climate change-induced effects of contaminants on human health.
Climate change-induced effect

Relationships/Interactions

References

Increased cardio-respiratory
disease

▪ ↑ temperature exacerbates the adverse effects of ozone and PM
▪ The elderly and individuals with pre-existing cardio-respiratory
disease may be more vulnerable to these effects

Altered exposure and risk

▪ Some populations may experience increases or decreases in
POP exposures and health risks depending on the region and
diet of exposed individuals
▪ Pesticides may impair mechanisms of temperature regulation
especially during times of thermal stress
▪ Toxicants can suppress immune function, and climate-induced
shifts in disease vector range will result in novel pathogen exposure
▪ Immune system impairment linked to toxicants may increase
human vulnerability to climate shifts in pathogens
▪ Low-income populations, infants, children, and the chronically ill
may be more susceptible
▪ Air pollution and allergen exposures linked to climate change can
exacerbate allergic disease and asthma incidences
▪ Climate change enhanced allergen production coupled with POP
exposures may sensitize individuals to allergic disease
▪ Low-income populations, infants, children, and the chronically ill
may be more susceptible

(Bell et al., 2007; Confalonieri et al., 2007; Dominici et al., 2006; Fiala
et al., 2003; IPCC, 2007a; Katsouyanni et al., 1993; Knowlton et al., 2004;
Koken et al., 2003; Mauzerall et al., 2005; Ordonez et al., 2005; Rainham
and Smoyer-Tomic, 2003; Ren and Tong, 2006)
(Bard, 1999; Gordon, 1997; McKone et al., 1996; Watkinson et al., 2003)

Increased susceptibility to
pathogens

Increased allergenicity
potential

biological, and socioeconomic conditions that can inﬂuence human
health (Epstein, 2005; Haines et al., 2006; McMichael et al., 2006; Patz
et al., 2005). The nature of negative health outcomes linked to climate
change and the ability of populations to acclimate will depend on
many conditions. These conditions include the age distribution and
prevalence of inherited disease across the population, the surrounding
physical and biological environment, and the many social and
economic variables that inﬂuence population health (e.g., education,
health care infrastructure, economic development) (Haines et al.,
2006; McMichael et al., 2006).
Assessments of the U.S. population have identiﬁed the very young
(b1 year), older adults (N65 years), and immuno-compromised individuals as more vulnerable to climate change because they have a
reduced capacity to acclimatize to extreme heat and are also more
vulnerable to vector-, food-, and water-borne disease (Ebi et al., 2006;
Patz et al., 2000b). Ebi et al. (2006) note that there will be 100 million
more Americans that are aged 65 or older in 2100 than in 2000, leading to
generally increased vulnerability of the U.S. population to climate
sensitive health outcomes. The effects of contaminants on vulnerable
subpopulations warrant further study, although there is evidence that
older individuals will be more susceptible to climate–air pollutant
interactions (Fiala et al., 2003; Koken et al., 2003; Ordonez et al., 2005).
In addition, low-income populations, infants, children, and chronically ill
individuals may be especially susceptible to climate sensitive outcomes
linked to interactions between pollutant exposures and changes in
vector-borne and allergic disease (D'Amato et al., 2002; Diaz-Sanchez
et al., 2003; Epstein, 2005; Haines et al., 2006; Janssen et al., 2003).
3.2. Air pollutants and cardio-respiratory disease
Studies examining interactions between climate change, air
pollution, and human health have focused largely on tropospheric
ozone and PM (Confalonieri et al., 2007; IPCC, 2007c). Generally, heat
appears to render people more vulnerable to the adverse effects of air
pollution. Climate change-induced increases in tropospheric ozone
and PM, as is projected for many regions, coupled with global
warming may exacerbate human vulnerability to cardio-respiratory
disease especially among older adults.
Rising temperatures appear to increase susceptibility to cardiorespiratory disease linked to air pollution exposures. Epidemiological
evidence suggests that heat exacerbates mortality and morbidity from
cardio-respiratory disease in humans exposed to ozone and PM (Fiala

(Abadin et al., 2007; Haines et al., 2006; Lipp et al., 2002; Nagayama
et al., 2007; Patz et al., 2005; Rogers and Randolph, 2000;
Smialowicz et al., 2001)

(D'Amato et al., 2002; Diaz-Sanchez et al., 2003; Epstein, 2005;
Janssen et al., 2003)

et al., 2003; IPCC, 2007c; Koken et al., 2003; Ordonez et al., 2005;
Rainham and Smoyer-Tomic, 2003). During the European heat wave of
2003, there was a surge in respiratory illnesses that was associated
with increased concentrations of particulates and ozone especially
among the elderly (Fiala et al., 2003; Ordonez et al., 2005). In another
study illustrating the effects of climate sensitive outcomes on
vulnerable older populations, males in Denver, Colorado aged 65
and older were found to be at increased risk for hospitalization for
acute myocardial infarction, coronary arteriosclerosis, and pulmonary
heart disease when co-exposed to higher temperatures and ozone
(Koken et al., 2003). More recently, Bell et al. (2008) examined
confounding factors, including air pollution levels, on heat-related
mortality in three Latin American cities: Mexico City, Mexico, Sao
Paulo, Brazil, and Santiago, Chile. They found that ozone and PM10
enhanced heat-related mortality, and that susceptibility was associated with increasing age in all three cities.
Modeling studies also show increased mortality and morbidity with
increased ozone exposure coupled with global warming (Bell et al.,
2007; Knowlton et al., 2004; Mauzerall et al., 2005; Rainham and
Smoyer-Tomic, 2003). For example, using the IPCC A2 climate scenario
(i.e., high growth of CO2), a 4.5% increase in ozone-related deaths in the
U.S. from climate change was modeled for the mid 2050s compared to
the 1990s (Knowlton et al., 2004). Similarly, Bell et al. (2007) estimated
elevated ozone in 50 U.S. cities applying the IPCC A2 climate scenario
and found a corresponding increase in daily total mortality of 0.11% to
0.27%. By examining cardio-respiratory mortality in Toronto, Canada
from 1980 to 1996, Rainham et al. (2003) detected a small, but
consistent effect of air pollution (ozone, NOx, SO2, CO, and PM10) on
temperature/humidity-related mortality. Recently, Ren et al. (2008)
modeled the modulating effects of temperature and ozone interactions
on mortality from 1987 to 2000 in 60 large eastern U.S. cities, and found
that temperature had a synergistic effect on ozone-related mortality in
the northeast. Speciﬁcally, for each 10 ppb increase in ozone, low,
medium, and high temperatures increased mortality by 2.22%, 3.06%,
and 6.22%, respectively. However, in the southeast U.S., the effects of
temperature on ozone mortality were less robust than in the northeast.
This suggests that regional differences (e.g., geography, population age
structure, culture) may contribute to altering the effects of climate
change and air pollution on adverse health outcomes.
Increasing temperatures may also modify the associations between
PM and cardio-respiratory disease. Qian et al. (2008) found a synergistic
effect of PM10 and high temperatures on daily cardio-respiratory
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mortality in Wuhan, China. The PM10 effects were strongest on extremely high temperature days (daily average temperature 33.1 °C) and
weakest during normal temperature days (daily average temperature
18 °C). Epidemiological data collected in Brisbane, Australia from 1996 to
2001 shows that respiratory- and cardiovascular-related hospital
admissions and mortality were elevated when both temperature and
PM concentrations increased (Ren and Tong, 2006). Katsouyanni et al.
(1993) examined the interaction of smoke (PM), SO2, and ozone with
deaths in Athens, Greece during a July 1987 heat wave versus deaths in
the 6 previous Julys (1981–1986). They found a signiﬁcant positive
association between SO2 concentrations and temperature on the
number of deaths when the average daily temperature was at or
above a threshold of 30 °C. Dominici et al. (2006) constructed a database
of hospital admission rates from 1999 to 2002 using U.S. Medicare data
for cardiovascular and respiratory outcomes and injuries, ambient PM2.5
concentrations, and temperature. They identiﬁed an association
between PM2.5 and hospital admission rates for respiratory outcomes
that was positively correlated with temperature. Moreover, a comparison of regions with average temperatures that differed by 1 °C showed
that the warmer regions had an additional nine hospital admissions per
10,000 individuals for respiratory tract infections per 10 µg/m3 increase
in PM2.5. In contrast to the body of evidence showing positive associations between temperature and air pollution on death and disease,
Samet et al. (1998) found little relationship between temperature and
particulate matter on mortality upon examination of mortality data for
Philadelphia, U.S. from 1973–1980.
3.3. Altered effects of POPs and pesticides
Questions concerning climate change impacts on the toxicity and
risks to humans exposed to POPs and pesticides has received scant
attention. McKone et al. (1996) conducted a study to model the effects
of a 5 °C increase in temperature on human health risks in western U.S.
populations exposed to HCB. Their analysis concluded that this global
warming scenario would have little negative impact on health risk
associated with HCB among these populations. In fact, exposures to
humans might decline because of enhanced environmental degradation and the tendency of HCB to partition to the atmosphere with rising
temperature (Ma et al., 2004). This atmospheric partitioning would
remove it from water, thereby reducing exposures to aquatic biota, and
in turn, potentially reducing human dietary exposures (Macdonald
et al., 2005). However, under this scenario, this compound could then
be subject to atmospheric transport to northern latitudes, where wet
deposition to aquatic systems may lead to potentially elevated dietary
exposures and health risks among exposed northern and indigenous
communities (Bard, 1999).
Chemical toxicant exposures may also affect homeostatic temperature regulation in humans and other endotherms. Organophosphate and carbamate insecticides are known to elicit a fever in
humans. Conversely, acute exposures in the rat lead to an acute
reduction in core temperature followed by a delayed elevation in the
core temperature (Gordon, 1997; Watkinson et al., 2003). In
additional experiments, rats have been chronically exposed to dietary
chlorpyrifos, and then subsequently challenged with a larger dose of
chlorpyrifos (Gordon and Padnos, 2002). The ensuing hypothermic
response was observed to be greater than for a normal acute dose,
indicating that chronic exposure may sensitize the thermoregulatory
response. Intoxication by these classes of pesticides may make it even
more difﬁcult for humans (and other endotherms) to maintain normal
core temperatures, especially during times of thermal stress, such as
heat waves.
3.4. Increased vulnerability to disease vectors
The potential for adverse human health impacts extends beyond
those direct effects linking climate change to augmented exposures

and toxicity. Climate change-induced shifts in disease vector range
and severity coupled with contaminant exposures could increase
human vulnerability to disease by impinging on the ability of
individuals to mount an effective immune response to new pathogen
exposures.
The distribution and emergence of vector-borne diseases, such as
malaria and cholera, are predicted to be dependent on temperature,
humidity, and precipitation (Lipp et al., 2002; Patz et al., 1996, 2005;
Rogers and Randolph, 2000). As such, climate change is predicted to
facilitate the reemergence or expansion of endemic vector-borne
diseases or might promote the migration of these diseases to new
regions. For example, cholera incidences in south Asia are linked to
weather patterns (Patz et al., 2000a) and are predicted to increase
with shifts in precipitation patterns (IPCC, 2007c). Likewise, malaria is
predicted to migrate into higher latitudes and altitudes, particularly in
Africa and South America, where it is endemic, although regions of
Africa are also predicted to see declines due to high temperatures and
desertiﬁcation (IPCC, 2007b).
Evidence supports a link between contaminant exposures and
suppressed immune system function (Abadin et al., 2007; Nagayama
et al., 2007; Smialowicz et al., 2001). Immunotoxicity is a sensitive
endpoint for several POPs, including heptachlor, PCBs, and 2,3,7,8tetrachlorodibenzo-p-dioxin. Exposures to POPs may decrease the
ability of humans (and other animals) to ﬁght infection (Abadin et al.,
2007). Young rats exposed to heptachlor were observed to have
suppressed antibody-mediated immune response as adults (Smialowicz et al., 2001). A study of Japanese infants found that perinatal
exposure to dioxins, PCBs, and organochlorine pesticides altered the
ratios of lymphocyte subsets, potentially leading to increased
autoimmune disease and immune suppression later in life (Nagayama
et al., 2007). While further study is need, immune system impairment
linked to toxicant exposures may increase human vulnerability to
climate-induced shifts in vector borne and infectious diseases.
Populations living in lower income countries may be especially
vulnerable to these pathogen–pollutant interactions as they may lack
the resources to prevent and manage disease (Haines et al., 2006).
3.5. Allergenicity
In addition to changes in vector-borne disease, the incidences and
severity of allergic disease are rising, especially in industrialized
countries (D'Amato et al., 2002; Diaz-Sanchez et al., 2003). Asthma
prevalence has quadrupled in the United States since 1980. Air
pollution and higher concentrations of CO2-induced allergens linked
to climate change may be contributing to increased rates of allergic
disease and asthma (Epstein, 2005; Shea et al., 2008).
Shifts in plant populations have already been documented as a
result of climate change (Rogers et al., 2006; Root et al., 2003; Singer
et al., 2005). For example, studies show that increasing concentrations
of CO2 enhance the production of Amb a 1 allergen and pollen from
ragweed (Ambrosia artemisiifolia L.) (Rogers et al., 2006; Singer et al.,
2005). In addition, diesel exhaust, which contains numerous
pollutants, including PM, NOx, VOCs, CO, and polycyclic aromatic
hydrocarbons (PAHs), has been shown to enhance allergenicity and
asthma symptoms in adults and children by acting synergistically with
allergens (D'Amato et al., 2002; Diaz-Sanchez et al., 2003; Janssen
et al., 2003). For example, Janssen et al. (2003) found that Dutch
children aged 7–12 from 24 schools within 400 m of a major roadway
had increased sensitization to outdoor allergens. This relationship
between adverse symptoms and trafﬁc-related air pollution was
largely restricted to children with pre-existing bronchial hyperresponsiveness (common among asthmatics) and allergen sensitivity.
Thus, the combination of enhanced air pollution and allergen
production linked to climate change may exacerbate allergic disease
and asthma incidences in vulnerable individuals, especially children,
infants, and asthmatics (Epstein, 2005).
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4. Effects of climate change on contaminant toxicity to wildlife

4.1. Altered uptake and elimination

There is substantial evidence that climate change is affecting the
phenology of organisms, the range and distribution of species, and the
composition and dynamics of communities (Lovejoy and Hannah, 2005;
Penuelas and Filella, 2001; Root et al., 2003; Walther et al., 2001). While
species have historically acclimated or adapted to changes in climate, the
rapid rate of current climate change coupled with increasingly
fragmented and impaired habitats present unprecedented challenges
for modern species (Boone et al., 2007; Fisk et al., 2005; OcchipintiAmbrogi, 2007; Rohr et al., 2004; Schiedek et al., 2007).
The bioavailability and toxicity of POPs and pesticides in wildlife is
likely to increase in response to rising temperatures and salinity (Boone
and Bridges, 1999; Capkin et al., 2006; Gaunt and Barker, 2000; Heugens
et al., 2001; Moore et al., 2003; Schiedek et al., 2007; Silbergeld, 1973;
Song and Brown, 1998; Tachikawa and Sawamura, 1994; Wang et al.,
2001; Waring and Moore, 2004). An underlying mechanism of this
interactive toxicity is that temperature alters the toxicokinetics of chemical pollutants in exposed biota (Buchwalter et al., 2003; Lydy et al., 1999;
Maruya et al., 2005). Another mechanism probably inﬂuencing this
enhanced toxicity is that increasing temperature can alter homeostasis
and other key physiological mechanisms, thereby exacerbating the
adverse effects of contaminants (Anderson and Peterson, 1969; Broomhall, 2002, 2004; Gordon, 2003; Heath et al., 1994; Patra et al., 2007).
Some populations, particularly those living at the edge of their
homeostatic or physiological tolerance range, may be more vulnerable
to the to the dual stresses of climate change and contaminant exposures
(Anderson and Peterson, 1969; Gordon, 2003; Heath et al., 1994; Patra
et al., 2007). Moreover, the rapidity of climate change-induced shifts in
habitats and trophic food webs could affect contaminant toxicity by
altering exposure pathways and increasing susceptibility of some
populations, especially those already under stress (AMAP, 2004; Breivik
et al., 2004; Brook and Richardson, 2002; Gaston et al., 2003; Gilbertson
et al., 2003; Macdonald et al., 2005; Olafsdottir et al.,1998; Sagerup et al.,
2000). A limitation of studies investigating the interactive toxicity of
climate change and contaminant exposures is that observed biological
effects may prove to have a non-linear relationship to the stressors. That
is, an incremental increase in temperature or contaminant may be less
important than thresholds or tipping points that trigger potentially
major synergisms in adverse effects across species, populations, and
communities. Table 2 summarizes important climate change–contaminant interactions in wildlife.

Increasing temperatures will generally increase the uptake and
excretion of toxicants. For example, Buchwalter et al. (2003) observed
enhanced uptake of the organophosphate (OP) pesticide chlorpyrifos
with increasing temperatures among three aquatic insect species:
Notonecta kirvyi, Pteronarcys californica, and Dicosmoecus gilvipes.
Likewise, uptake of the pesticides chlorpyrifos and methyl-parathion,
and the POP pentachlorobenzene, increased at 20 °C and 30 °C
compared to 10 °C in the midge, Chironomus tentans (Lydy et al., 1999).
Decreased body burdens of chlorpyrifos and methyl-parathion were
also observed at higher temperatures, indicating increased metabolism and excretion. Yet, body burdens did not change for pentachlorobenzene at any of the three temperatures tested. In the estuarine ﬁsh,
Fundulus heteroclitus, warmer temperatures (25 °C) contributed to a
rate of elimination of toxaphene congeners that was two-fold higher
than in cooler water (15 °C) (Maruya et al., 2005). Similarly, Paterson
et al. (2007) monitored elimination of 72 PCB congeners in perch
under typical northern latitude annual temperature cycles, and found
that elimination occurred only during the spring and summer months
when water temperatures were near or above 20 °C.
4.2. Increased toxicity
The toxicity of contaminants may be enhanced with increasing
temperatures (Boone and Bridges, 1999; Capkin et al., 2006; Gaunt
and Barker, 2000; Silbergeld, 1973). While the exact mechanisms
underlying this relationship are not fully understood and the majority
of research focuses on aquatic species, studies indicate that temperature-induced shifts in metabolism are one controlling factor (Buckman et al., 2007; Lydy et al., 1999; Monserrat and Bianchini, 1995).
The lethality of the POP dieldrin to the freshwater darter (Etheostoma
nigrum) increased with increasing temperatures (Silbergeld, 1973). In
the green frog (Rana clamitans), the toxicity of the insecticide carbaryl
increased with temperature increases from 17 °C to 22 °C to 27 °C (Boone
and Bridges, 1999). Gaunt and Barker (2000) found that the toxicity of
the herbicide atrazine to catﬁsh (Ictalurus punctatus) increased with
increasing temperature or decreasing dissolved oxygen. They predicted
that changes in these two parameters, which would likely occur
simultaneously in climate change scenarios, could greatly enhance the
toxicity of atrazine to some aquatic species. Capkin et al. (2006)
observed increased mortality in juvenile rainbow trout (Oncorhynchus

Table 2
Climate change-induced toxicological effects of contaminants on wildlife.
Climate changeinduced effect

Relationships/Interactions

References

Altered uptake and
elimination

▪
▪
▪
▪
▪
▪

(Buchwalter et al., 2003; Lydy et al., 1999; Maruya et al., 2005)

Increased toxicity

Altered environmental
salinity

Altered ecosystems

↑ temperature = ↑ uptake of toxicants
↑ temperature = ↑ elimination
↑ temperature = remobilization of bioaccumulated POPs
↑ temperature = ↑ toxicity
↑ temperature = ↑ metabolism and potentially altered metabolite proﬁles
Toxicant exposure may limit capacity of species and populations to
acclimate to altered temperatures.
▪ Pollutant-exposed ectotherms and species at the edge of their physiological
tolerance range may be especially sensitive to temperature increases.
▪ ↓ solubility and ↑ bioavailability of pesticides/POPs (“salting out effect”)
▪ ↑ salinity + ↑ POP/pesticide exposure may alter osmoregulation due to
altered enzymatic pathways
▪ Altered POP sequestration and/or remobilization through shifts in food
sources and starvation events
▪ Shifts in disease vector range and severity coupled with toxicant exposure
inhibiting immune response may leave wildlife more susceptible to disease
▪ Low level exposures may impair organism acclimation to ecosystem
alterations induced by climate change
▪ Climate change induced changes in trophic food webs may alter POP
bioaccumulation and biomagniﬁcation

(Anderson and Peterson, 1969; Boone and Bridges, 1999; Brian et al.,
2008; Broomhall, 2002, 2004; Buckman et al., 2007; Capkin et al., 2006;
Gaunt and Barker, 2000; Gordon, 2003; Heath et al., 1994; Lydy et al.,
1999; Monserrat and Bianchini, 1995; Patra et al., 2007; Silbergeld, 1973)

(Fortin et al., 2008; Heugens et al., 2001; Moore et al., 2003; Schiedek
et al., 2007; Schlenk and El-Alfy, 1998; Schwarzenbach et al., 2003; Song
and Brown, 1998; Tachikawa and Sawamura, 1994; Wang et al., 2001;
Waring and Moore, 2004)
(AMAP, 2004; Braune et al., 2005; Furnell and Schweinsburg, 1984;
Jenssen, 2006; Macdonald et al., 2005, 2003; Olafsdottir et al., 1998;
Ramsay and Stirling, 1982; Schiedek et al., 2007, Stirling et al., 1999)
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mykiss) exposed to the insecticide endosulfan as temperature was
increased from 13 °C to 16 °C. In contrast to these ﬁndings, pyrethroids
and DDT are generally thought to be more toxic under low temperature
conditions, which may be due to a sodium channel modulated increase
in nervous system vulnerability at lower temperatures (Narahashi,
2000). However, others have observed increased pyrethroid toxicity at
elevated temperatures in leopard frogs (Rana spp.) (Materna et al.,1995)
and water ﬂeas (Daphnia magna) (Ratushnyak et al., 2005), illustrating
the species-speciﬁc response to increased temperatures and toxicant
exposures.
Temperature-dependent changes in metabolism appear to be one
important mechanism modulating the biotransformation and
enhanced toxicity observed under elevated temperature conditions.
For example, despite the relatively high persistence of POPs in biota,
Buckman et al. (2007) observed enhanced biotransformation of PCBs
to the toxicologically active hydroxylated PCB metabolites by rainbow
trout with rising temperature (8, 12, and 16 °C). Moreover, Lydy et al.
(1999) postulate that while body burdens of the OP insecticides
decline at higher temperatures, toxicity is ultimately enhanced due to
an acceleration of the biotransformation of the OP insecticides to their
more toxic ortho-analog metabolites. Monserrat and Bianchini (1995)
suggested a similar explanation for the increased toxicity they
observed when exposing crabs (Chasmagnathus granulata) to methyl
parathion. There was an approximately ten-fold increase in acute
lethality with temperature change from 12 °C to 30 °C. The authors
suggest that the higher temperature favors enzymatic activation of the
organophosphate over degradation and excretion.
The metabolism studies demonstrate a general concept that is
likely to hold true for the effect of temperature on toxicity of many
contaminants. While the rates of uptake and excretion may generally
increase with increasing temperature, the ultimate toxicity of these
contaminants will depend on whether changes in metabolism result
in increased bio-activation or detoxiﬁcation.
4.3. Altered homeostasis and physiological responses
The ability of species and populations to tolerate elevated temperatures may be impaired with toxicant co-exposures. Alterations in
climate change parameters, predominantly temperature, will act as costressors with chemical toxicants, thereby affecting physiological
processes and the ability of wildlife to maintain homeostasis (Broomhall, 2004). Ectotherms, such as ﬁshes, amphibians, and reptiles, may be
particularly vulnerable to these temperature–contaminant interactions.
Moreover, species living at the edge of their physiological tolerance
range may be less able to cope with the dual stressors of climate change
and contaminant exposures (Anderson and Peterson, 1969; Gordon,
2003; Heath et al., 1994; Patra et al., 2007).
The generalized stress of maintaining homeostasis under increasing temperatures may potentiate the effects of some pesticides. When
eggs of the Australian frog (Limnodynastes peronii) were reared under
a high and low temperature regimen and exposed to the insecticide
endosulfan, there was a negative effect of endosulfan on predator
avoidance that was proportionally worse for the tadpoles reared at a
higher temperature (Broomhall, 2004). This same effect was observed
in a previous study with another amphibian species, Litoria citropa
(Broomhall, 2002). Upper temperature tolerance limits were also
reduced in the following four species of freshwater ﬁsh exposed to
endosulfan and chlorpyrifos: silver perch (Bidyanus bidyanus), eastern
rainbow ﬁsh (Melanotaenia duboulayi), western carp gudgeon
(Hypseleotris klunzingeri), and rainbow trout (Patra et al., 2007). The
ability of brook trout (Salvelinus fontinalis) and Atlantic salmon (Salmo
salar) to acclimate to increasing temperature is impaired by sub-lethal
doses of DDT (Anderson and Peterson, 1969). Heath et al. (1994)
found that exposure of fathead minnows (Pimephales promelas) to low
doses of the pyrethroid insecticide cyﬂuthrin could reduce their zone
of temperature tolerance by 30%. Cyﬂuthrin exposure caused a

maximum decrease of 3.3 °C below median heat tolerance levels
and a 5.6 °C increase in median cold tolerance levels. They observed
effects at concentrations as low as 170 parts per trillion.
Another important consideration for climate change and pollutant
interactions is the timing of exposures at sensitive life stages inducing responses that in turn alter physiological processes. Brian et al.
(2008) measured a transient increase of the yolk precursor protein,
vitellogenin (VTG), in male fathead minnows at higher temperatures (30 °C vs. 20 °C) upon exposure to a mixture of endogenous
steroidal estrogen, 17β-estradiol, synthetic steroidal estrogen, 17αethinylestradiol, and other estrogenic chemicals (4-tertnonylphenol,
4-tertoctylphenol, and bisphenol-A). The temperature-dependent
increase in VTG was observed only during the ﬁrst 24 h of exposure,
demonstrating that the effects of elevated temperature were more
pronounced early in the exposure period. Increased storm intensity
and frequency associated with climate change could lead to episodes
of high contaminant exposures due to chemical runoff. High exposure
episodes that coincide with sensitive life stages, such as during maturation, spawning, and development, may be detrimental to aquatic
species ﬁtness and survival.
4.4. Altered environmental salinity
In addition to global warming, climate change-induced shifts in
precipitation and evaporation patterns have resulted in increased
salinity in subtropical and tropical oceans and a freshening of mid and
high latitude waters (IPCC, 2007e). Sea level rise linked to climate
change is projected to lead to salt water intrusion into previously
freshwater habitats (IPCC, 2007e). However, salinity could decrease in
waters receiving elevated inputs of freshwater due to increases in
precipitation or snow and ice melt. In sum, the effects of climate change
on salinity patterns are complex and may vary by region as a number of
factors can inﬂuence this parameter. For example, in brackish water
ecosystems, like the Chesapeake Bay, salinity patterns contribute to
species distributions and are predicted to shift in response to climate
change (Pyke et al., 2008; Rogers and McCarty, 2000). Salinity
reductions are expected during winter due to projected increases in
tributary ﬂow linked to elevated precipitation. Conversely, increased
regional drought frequency and sea level rise are predicted to lead to
saltwater intrusion events and elevated salinity for portions of the Bay
(Pyke et al., 2008; Rogers and McCarty, 2000).
Salinity–contaminant interactions are made additionally complex
because salinity can inﬂuence the chemical itself or it may modulate
toxicity and physiological functioning of species (Fortin et al., 2008;
Heugens et al., 2001; Moore et al., 2003; Schiedek et al., 2007; Schlenk
and El-Alfy, 1998; Schwarzenbach et al., 2003; Song and Brown, 1998;
Tachikawa and Sawamura, 1994; Wang et al., 2001; Waring and
Moore, 2004). Organic compounds are generally less soluble and more
bioavailable in saltwater than in freshwater due to the “salting out”
effect whereby water molecules are strongly bound by salts making
them unavailable for dissolution of organic chemicals (Schwarzenbach et al., 2003). Thus, increased contaminant bioavailability and
toxicity is possible in subtropical latitudes experiencing increased
salinity, as well as in estuaries and coastal freshwater ecosystems
subject to increased saltwater intrusion or droughts. Consistent
with this hypothesis, increased mortality to the organophosphate
pesticide dimethoate was observed in salt marsh mosquitoes (Aedes
taeniorhynchus) and brine shrimp (Artemia sp.) under hyperosmotic
conditions (i.e., 3–4 times the isoosmotic salinity) (Song and Brown,
1998). The authors concluded that the increased toxicity might be
attributable to increased dimethoate bioavailability and accumulation
at the elevated salinity levels compared to the isoosmotic conditions.
They also report that another organophosphate pesticide, malathion,
has a higher degradation half-life in seawater (3–5 days) than in
freshwater (1 day), supporting the idea of higher persistence due to
salting out effects.
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Heugens et al. (2001) attribute the increased toxicity observed at
elevated salinity to higher physiological costs for organisms to
maintain osmoregulation leading to a decline in ﬁtness and elevated
sensitivity to contaminant exposures. There is support for this
assertion as several studies show that altered salinity proﬁles coupled
with POP and pesticide exposures may alter osmoregulatory function
in aquatic organisms (Fortin et al., 2008; Hall et al., 1995; Moore et al.,
2003; Schiedek et al., 2007; Schlenk and El-Alfy, 1998; Tachikawa and
Sawamura, 1994; Wang et al., 2001; Waring and Moore, 2004).
Spikes in atrazine concentrations may occur after heavy rain
events with concentrations reported in North American rivers at up to
108 µg/L and in the Chesapeake Bay at up to 30 µg/L (Fortin et al.,
2008). A 96-hour exposure to atrazine at 5 µg/L impaired osmotic
control in F. heteroclitus larvae, with higher prevalence of dehydrated
larvae at isoosmotic (15 ppt) and extreme (35 ppt) salinities and
hyperhydrated larvae at low salinities of 3 ppt (Fortin et al., 2008). In
the absence of atrazine, salinity had no effect on the prevalence of
hyper or hypo hydrated ﬁsh. In estuarine copepods (E. afﬁnis), high
(25 ppt) and low (5 ppt) salinity levels increase mortality in response
to high doses of the atrazine (N2.6 mg/L) (Hall et al., 1995). The
authors concluded that Eurytorma might be more physiologically
effective at metabolizing atrazine at intermediate salinities, although
impaired osmotic control at these salinity extremes is probably an
important contributor to the elevated mortality. Similar results were
observed in another study exposing the copepod, Microarthridion
littorale to chlorpyrifos and DDT (Staton et al., 2002). While the
mechanism leading to the impaired osmotic control in ﬁsh and altered
toxicity in copepods is unknown, alterations in enzymatic pathways
have been observed in ﬁsh under similar exposures (Moore et al.,
2003; Tachikawa and Sawamura, 1994; Waring and Moore, 2004).
In Japanese medaka (Oryzias latipes), co-exposure to the pesticide
pentachlorophenol (PCP) and elevated salinity resulted in reductions in
PCP uptake and increases in clearance (Tachikawa and Sawamura,1994).
Decreased uptake of PCP was associated with decreased water ﬂux
across the gills and increased clearance was linked to increased Na+, K+ATPase activity and developing chloride cells. However, pre-exposing
Atlantic salmon smolts to atrazine in freshwater at concentrations
greater than 1.0 µg/L resulted in mortality upon a 24-hour seawater
challenge (Waring and Moore, 2004). Enhanced activity of ﬂavincontaining monooxygenases (FMOs) is another enzymatic pathway that
may play a role in potentiating the toxicity of some chemical toxicants
under conditions of elevated salinity (Schlenk, 1998). FMOs are induced
in the presence of salinity and play a role in maintaining cellular osmotic
pressure. Elevated salinity leads to increased FMO activity, which in turn
enhances production of a more bioactive metabolite in aldicarb-exposed
ﬁsh (Wang et al., 2001).
4.5. Altered ecosystems
There is substantial evidence of the ecological impacts of climate
change across terrestrial and aquatic environments ranging from polar
to tropical regions (Lovejoy and Hannah, 2005; Penuelas and Filella,
2001; Root et al., 2003; Walther et al., 2001). While some species and
populations may be especially vulnerable to climate change, it is
important to recognize that these impacts will be concomitant with
and in some cases exacerbated by other ecosystem stressors, notably
chemical pollution, invasive species, over-harvesting, habitat destruction, and pathogens. The superimposition of these increasingly
common ecosystem stressors with the rapidly changing climate
could further hinder wildlife acclimation and adaptation to climate
change (Cook et al., 1998; Fischlin et al., 2007; Macdonald et al., 2005;
Occhipinti-Ambrogi, 2007; Scavia et al., 2002). The IPCC projects that
ecosystem resilience in many regions is likely to be exceeded this
century by an unprecedented combination of climate change
disturbances and these many other anthropogenic and natural
stressors (Fischlin et al., 2007).
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Climate change producing alterations in trophic structures, food
sources, migratory patterns, and feeding behavior may inﬂuence
processes of bioaccumulation and biomagniﬁcation in POP-exposed
animals (AMAP, 2004; Furnell and Schweinsburg, 1984; Macdonald
et al., 2005; Olafsdottir et al., 1998; Ramsay and Stirling, 1982; Stirling
et al., 1999). Important solvent switching and solvent depletion processes involve the partitioning of POPs from water to phytoplankton
and zooplankton at the base of aquatic food chains followed by
bioaccumulation and biomagniﬁcation up the food chain (Braune
et al., 2005; Macdonald et al., 2005). Apex predators at the top of some
food webs may experience signiﬁcant biomagniﬁcation of POPs as a
result of these solvent switching and solvent depletion processes. For
example, polar bears (Ursus maritimus) generally have the highest
concentrations of POPs of any Arctic animal (Braune et al., 2005).
Stirling et al. (1999) observe that the loss of stable ice ﬂows linked to
climate warming are the major factor contributing to Hudson Bay
polar bears coming ashore for several months of fasting in
progressively poorer condition. Hudson Bay polar bears prey primarily
on ringed seals (Phoca hispida), the population of which is in decline
due to a loss of these stable ice ﬂows (Furnell and Schweinsburg, 1984;
Ramsay and Stirling, 1982; Stirling et al., 1999). Polar bears near
starvation will use stored fat as an energy source, remobilizing POPs
sequestered in these tissues and potentially resulting in the dual
stresses of starvation and chemical toxicity (Macdonald et al., 2005).
Climate change-induced POP remobilization scenarios may apply
to other species as well, such as migratory salmon, common eider
(Somateria mollissima), thick-billed murres (Uria lomvia), and Arctic
Char (Salvelinus alpinus) (AMAP, 2004; Macdonald et al., 2005;
Olafsdottir et al., 1998). For example, Arctic cod (Boreogadus saida)
are a primary, high fat forage ﬁsh for many Arctic species, and loss of
critical sea ice habitat may adversely affect Arctic cod populations and
those animals that rely on them for food. Gaston et al. (2003) analyzed
the diets of thick-billed murres from 1981–2002, and observed a
decrease in consumption of Arctic cod. This shift in diet increased the
fat burned to the fat energy gained. These types of shifts in food
sources could lead to greater relative biological burdens and remobilization of POPs. However, POP bioaccumulation may be reduced in
some predators if they are able to switch to less contaminated food
sources (Brook and Richardson, 2002; Macdonald et al., 2005).
Similar to humans, climate change-induced shifts in pathogen and
disease vector ranges coupled with toxic contaminant exposures
could render wildlife more susceptible to disease by inhibiting their
ability to mount an effective immune response (Breivik et al., 2004;
Burek et al., 2008; de Swart et al., 1996; Gilbertson et al., 2003;
Kajiwara et al., 2002; Sagerup et al., 2000). Glaucous gulls (Larus
argentatus) had a higher parasitic nematode infection level that was
correlated with PCB and organochlorine pesticide concentrations
(Sagerup et al., 2000). In laboratory and ﬁeld studies, northern
leopard frogs (Rana pipiens) exhibited immune suppression because
of DDT or dieldrin exposure (Gilbertson et al., 2003). Harbor porpoises
(Phocoena phocoena) exhibited a signiﬁcant correlation between
concentrations of PCBs, polybrominated diphenyl ethers (PBDEs),
toxaphene, DDT and its metabolites and thymic atrophy and splenic
depletion (Breivik et al., 2004). Harbor seals (Phoca vitulina) fed POPcontaminated ﬁsh collected from the Bering Sea for 2.5 years had
higher body burdens of POPs than seals fed relatively uncontaminated
ﬁsh, and displayed impaired immune responses including suppression
of natural killer cell and speciﬁc T-cell activity, (de Swart et al., 1996).
POPs, especially PCBs, DDT, dioxins, and furans, have also been
investigated as cofactors contributing to recent mass mortality
incidences attributed to morbilliviruses among several marine
mammal populations (Burek et al., 2008; Kajiwara et al., 2002; Kuiken
et al., 2006). For example, a mass mortality incident of 10,000 Caspian
seals (Phoco caspica) in the spring and summer 2000 was attributed
primarily to canine distemper virus, and like other incidences, was
preceded by an unusually mild winter. Kajiwara et al. (2002) found
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that POP levels, especially for DDT/DDE and PCBs, were higher in
animals collected during the Caspian seal epizootic incident than in
earlier collections of healthy individuals, suggesting that these contaminants made animals more susceptible to disease. More recently,
however, Kuiken et al. (2006) re-analyzed tissue from the same
incident but eliminated some specimens from evaluation because
they were diagnosed negative for the virus. After this adjustment, the
authors found that POP concentrations in diseased seals in 2000 were
comparable to concentrations found in seals sampled in previous
years. These mixed results are indicative of the need to better understand the interactions of POP body burdens, immune system suppression, and climate-induced changes in pathogenic disease transmission
among exposed populations.
In addition to a potentially diminished immune response, other
toxic effects linked to chronic, low level POP exposures may impair
organism acclimation to ecosystem alterations (Jenssen, 2006). High
blood levels of POPs, including HCB, oxychlordane, DDT metabolites,
and PCBs, have been associated with a decrease in viable offspring, a
decrease in adult yearly survival rate, and an increase in wing feather
asymmetry (Bustnes et al., 2002, 2003; Kuenzel, 2003; Leeson and
Walsh, 2004). Thyroid hormone deﬁcits during early life stages affect
neurodevelopment and subsequent behavior and cognitive ability in
vertebrates (Donahue et al., 2004; Jenssen, 2006). Studies of polar
bears have shown disrupted thyroid hormone homeostasis induced by
POP exposures (Norstrom, 2000; Skaare et al., 2001; Wiig, 1995).
Jenssen (2006) hypothesize that since hunting and survival skills are
dependent upon behavioral and cognitive abilities, altered thyroid
hormone homeostasis associated with POP exposures may be a factor
hindering polar bear acclimatization to retreating sea ice. In another
example, PCB levels in the glaucous gull (Larus hyberboreus), a top
predator in the Arctic food web, were signiﬁcantly related to the
proportion of time that adult gulls were absent from the nest (Bustnes
et al., 2001). The authors suggested that the gulls required more time
to gather food as a result of endocrine disruption or neurological
disorders due to high contamination levels.
Climate change may also alter patterns of POP bioaccumulation
and biomagniﬁcation by altering bottom-up or top-down mechanisms
controlling trophic food webs (Braune et al., 2005; Macdonald et al.,
2003; Schiedek et al., 2007). Climate change-induced alterations in
bottom-up controlling mechanisms, such as altered nutrient and
primary production, may lead to the addition or removal of trophic
levels (Macdonald et al., 2003). This in turn could shift predators
higher or lower in the aquatic food web, leading to a respective
increase or reduction of POPs. Top-down alterations in trophic
structures elicited by the changing climate, for example, could involve
the loss or diminished populations of higher trophic level species
leading to consumption further down the food chain and reduced POP
biomagniﬁcation potential.
5. Conclusions
There is a growing body of evidence that climate change will have
broad negative impacts on the distribution and toxicity of environmental contaminants (Bell et al., 2007; Buckman et al., 2007;
Confalonieri et al., 2007; Dentener et al., 2006; Fiala et al., 2003;
Hogrefe et al., 2004; Knowlton et al., 2004; Macdonald et al., 2005;
Patra et al., 2007; Schiedek et al., 2007; Stevenson et al., 2006).
However, many areas merit further examination. Direct investigation
of climate change impacts on contaminant behavior and toxicity is
needed as much of the current literature examines this issue indirectly
(e.g., focusing on temperature, salinity, etc.). Research that does focus
on climate change directly is of great beneﬁt, but has dealt mainly
with predicting pollutant behavior under different climate change
scenarios. Less work has been undertaken to describe the toxicological
consequences of these altered pollutant distribution patterns. This
review also underscores the lack of data describing the effects of

climate change and toxicant exposures on human health. While
climate change is a global phenomenon, the existing literature has
only recently started to explore contaminant interactions outside of
North America and Europe (e.g., Bell et al., 2008; Qian et al., 2008). A
greater understanding of the biological effects of climate change on
chemical toxicity continues to be needed in other parts of the world.
This data gap is of special concern since impoverished populations
may be particularly susceptible to the interactive effects of climate
change and contaminant exposures, as these groups are often exposed
to other stressors, such as malnourishment and disease.
Air pollutant concentrations are closely intertwined with climate
change, making ozone and PM particularly relevant, as they are
inﬂuenced by and act on climate change. Air pollution is projected to
increase in many regions due to climate change, especially in areas that
are urbanized, polluted, and subject to reduced precipitation and
stagnant atmospheric circulation patterns. A growing body of epidemiological and modeling evidence supports that global warming
coupled with ozone and PM exposures could exacerbate the prevalence
and severity of human cardio-respiratory disease and mortality. Given
the large segment of the population exposed to outdoor air pollutants, a
relatively modest increase in mortality and morbidity estimated from
current modeling projections could translate into a substantial number
of individuals at risk (Patz et al., 2005; Zhang et al., 2006). Certain
subpopulations, especially the elderly, infants and children, and
individuals with pre-existing health conditions, such as chronic
cardiopulmonary and immunological diseases, may be especially
susceptible to these adverse interactions (Ebi et al., 2006; Oberdörster,
2001; Patz et al., 2000a; Pope, 2000). There continues to be uncertainty,
however, including that the modeling is based usually on a single
emissions scenario and other co-stressors may obscure the interactions
between climate, air pollution, and human health. Given the potentially
serious consequences of climate–air pollutant interactions on human
health, additional research is needed to further reﬁne the modeling
projections and describe underlying mechanisms of toxicity.
For POPs and other pesticides, increases in temperature and
precipitation will inﬂuence environmental distribution through
increases in chemical volatility and degradation. Climate change
could facilitate a number of solvent depletion processes, including ice
and snow melt, altered trophic structures, bioaccumulation and
biomagniﬁcation, and organic carbon cycling, which could in turn
cause substantial POP increases in water, soil, sediment, and biota.
While these types of complex climate–POP interactions are not fully
understood, they could be more problematic than climate sensitive
outcomes leading to thermodynamic forcing and altered environmental partitioning (MacDonald et al., 2002).
Global warming will be expected to enhance partitioning of POPs
and other pesticides to the atmosphere, though the increase in
atmospheric concentrations of these pollutants may be offset by
enhanced degradation (Bailey, 2004; Benitez et al., 2006; Dalla Valle
et al., 2007; Sinkkonen and Paasivirta, 2000; Sweetman et al., 2005;
Van den Berg et al., 1999; Wania and Mackay, 1996). Moreover, regions
subject to increased storm intensity, frequency, and variability could
experience pulses of chemical releases or runoff that might present
acute risks to human health and wildlife populations (Bollmohr et al.,
2007; Burgoa and Wauchope, 1995; Chiovarou and Siewicki, 2007;
Dabrowski et al., 2002; Presley et al., 2006; Vu et al., 2006).
As for contamination at higher latitudes, some hypothesize that a
reduction of the temperature gradient across latitudes could suppress
the long-range transport of POPs (Beyer et al., 2003). Others present
evidence that accelerated polar melting of snow, ice, and permafrost,
as well as altered organic carbon cycling and metabolism, could
remobilize and increase levels of archived pollutants and enhance
their air to sea exchange (Blais et al., 2001; Macdonald et al., 2003;
Magnuson et al., 1997; Meyer and Wania, 2008; Schindler et al., 1997).
Climate change is also expected to result in the greater use of
pesticides in regions experiencing increases in arable lands and
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expansion of pest pressures (Chen and McCarl, 2001; Reilly et al.,
2001, 2003). As a result, human and wildlife pesticide exposures and
effects will shift. However, new, more efﬁcacious pesticides and
adaptive farming practices, such as altered plant varieties and planting
regimens, could offset some of the expected increase in pesticide
applications.
Increased temperature and salinity linked to climate change could
enhance the toxicity of some POPs and other pesticides in aquatic
biota. Altered biotransformation of contaminants to more bioactive
metabolites appears to be an important mechanism by which climate
change enhances chemical toxicity. Moreover, these climate change
and contaminant interactions could compromise homeostasis and
physiological responses, potentially impairing species ﬁtness, reproduction, and development (Brian et al., 2008; Heugens et al., 2001;
Schiedek et al., 2007).
The complex interactions between climate change and pollutants
may be particularly problematic for species living at the edge of their
physiological tolerance range. For most species, there are optimum
ranges of temperature, salinity, pH, moisture, etc., and organisms
living under conditions that approach their tolerance limits are often
more vulnerable to additional stressors, such as climate change and
chemical pollution (Gordon, 2003; Heath et al., 1994; Heugens et al.,
2001; Patra et al., 2007). Species with narrow ranges of tolerance to
changing environmental conditions may have difﬁculty acclimating to
climate change. Pollutant exposures may further hinder the ability of
organisms to acclimate and make them more susceptible to infectious
and vector-borne disease. In addition, species with short generational
times, such as microbes and insects, may adapt more successfully to
climate change than those species with long generational times.
Altered habitats caused by the rapidly changing climate also could
trigger species migrations that ultimately push populations into suboptimal regions where they may experience reduced overall ﬁtness
and diminished tolerance to toxicant exposures (Heugens et al., 2001;
Schiedek et al., 2007).
Improving our understanding of the effects of multiple stressors on
natural systems is an important challenge for environmental scientists.
It has taken on more urgency as climate change is not only altering the
fundamental structure and function of many ecosystems, but is
impacting the distribution and toxicity of chemical pollutants. The
vulnerability of human and wildlife populations to climate-sensitive
chemical exposures, in the context of the many other stressors that are
being altered with climate change, is the paramount question that
requires more rigorous study. In addition, the effects of climate change
on contaminant toxicity will almost certainly be non-linear, and an
important question for future research will be to elucidate thresholds or
tipping points in which contaminants as cofactors with other stressors
lead to profound effects on ecosystems.
Acknowledgements
This review is supported [in part] by the Intramural Research
Program of the NIH, National Institute of Environmental Health
Sciences. The authors would also like to give special thanks to Dr.
Windy Boyd, Dr. Christopher Portier, and Dr. Heather Stapleton for
their assistance.
References
Abadin HG, Chou CHSJ, Llados FT. Health effects classiﬁcation and its role in the
derivation of minimal risk levels: immunological effects. Regul Toxicol Pharm
2007;47(3):249–56.
AMAP (Arctic Monitoring and Assessment Program). AMAP Assessment 2002:
persistent organic pollutants in the Arctic. Oslo, Norway; 2004. Available at:
http://www.amap.no/.
Anderson JM, Peterson MR. DDT—sublethal effects on brook trout nervous system.
Science 1969;164(3878):440–1.
Aw J, Kleeman MJ. Evaluating the ﬁrst-order effect of intraannual temperature
variability on urban air pollution. J Geophys Res-Atmos 2003;108(D12):4365.

983

Bailey SW. Climate change and decreasing herbicide persistence. Pest Manag Sci
2004;60(2):158–62.
Bard SM. Global transport of anthropogenic contaminants and the consequences for the
Arctic marine ecosystem. Mar Pollut Bull 1999;38(5):356–79.
Bell ML, Goldberg R, Hogrefe C, Kinney PL, Knowlton K, Lynn B, et al. Climate change,
ambient ozone, and health in 50 US cities. Climatic Change 2007;82(1–2):61–76.
Bell ML, O'Neill MS, Ranjit N, Borja-Aburto VH, Cifuentes L. Vulnerability to heat-related
mortality in Latin America: a case-crossover study in Sao Paulo, Brazil, Santiago,
Chile and Mexico City, Mexico. Int J Epidemiol 2008;37(4):796–804.
Benitez FJ, Real FJ, Acero JL, Garcia C. Photochemical oxidation processes for the elimination
of phenyl-urea herbicides in waters. J Hazard Mater 2006;138(2):278–87.
Beyer A, Wania F, Gouin T, Mackay D, Matthies M. Temperature dependence of the
characteristic travel distance. Environ Sci Technol 2003;37:766–71.
Blais JM, Schindler DW, Muir DCG, Sharp M, Donald D, Lafreniere M, et al. A major
source of persistent organochlorines to subalpine Bow Lake in Banff National Park,
Canada. Ambio 2001;30(7):410–5.
Blais JM, Kimpe LE, McMahon D, Keatley BE, Mallory ML, Douglas MS, et al. Arctic
seabirds transport marine-derived contaminants. Science 2005;309(5733):445.
Blais JM, Macdonald RW, Mackey D, Webster E, Harvey C, Smol JP. Biologically mediated
transport of contaminants to aquatic systems. Environ Sci Technol 2007;41(4):1075–84.
Bloomﬁeld JP, Williams RJ, Gooddy DC, Cape JN, Guha P. Impacts of climate change on
the fate and behaviour of pesticides in surface and groundwater—a UK perspective.
Sci Total Environ 2006;369(1–3):163–77.
Bollmohr S, Day JA, Schulz R. Temporal variability in particle-associated pesticide
exposure in a temporarily open estuary, Western Cape, South Africa. Chemosphere
2007;68(3):479–88.
Boone MD, Bridges CM. The effect of temperature on the potency of carbaryl for survival of
tadpoles of the green frog (Rana clamitans). Environ Toxicol Chem 1999;18(7):1482–4.
Boone MD, Semlitsch RD, Little EE, Doyle MC. Multiple stressors in amphibian communities: effects of chemical contamination, bullfrogs, and ﬁsh. Ecol Appl 2007;17(1):
291–301.
Braune BM, Outridge PM, Fisk AT, Muir DCG, Helm PA, Hobbs K, et al. Persistent organic
pollutants and mercury in marine biota of the Canadian Arctic: an overview of
spatial and temporal trends. Sci Total Environ 2005;351:4-56.
Breivik K, Alcock R, Li YF, Bailey RE, Fiedler H, Pacyna JM. Primary sources of selected POPs:
regional and global scale emission inventories. Environ Pollut 2004;128(1–2):3-16.
Brian JV, Harris CA, Runnalls TJ, Fantinati A, Pojana G, Marconini A, et al. Evidence of
temperature-dependent effects on the estrogenic response of ﬁsh: implications
with regard to climate change. Sci Total Environ 2008;397:72–81.
Brook RK, Richardson ES. Observations of polar bear predatory behaviour toward
caribou. Arctic 2002;55(2):193–6.
Broomhall S. The effects of endosulfan and variable water temperature on survivorship
and subsequent vulnerability to predation in Litoria citropa tadpoles. Aquat Toxicol
2002;61(3–4):243–50.
Broomhall SD. Egg temperature modiﬁes predator avoidance and the effects of the
insecticide endosulfan on tadpoles of an Australian frog. J Appl Ecol 2004;41(1):
105–13.
Brubaker WW, Hites RA. OH reaction kinetics of polycyclic aromatic hydrocarbons and
polychlorinated dibenzo-p-dioxins and dibenzofurans. J Phys Chem A 1998;102(6):
915–21.
Buchanan CM, Beverland IJ, Heal MR. The inﬂuence of weather-type and long-range
transport on airborne particle concentrations in Edinburgh, UK. Atmos Environ
2002;36(34):5343–54.
Buchwalter DB, Jenkins JJ, Curtis LR. Temperature inﬂuences on water permeability and
chlorpyrifos uptake in aquatic insects with differing respiratory strategies. Environ
Toxicol Chem 2003;22(11):2806–12.
Buckman AH, Brown SB, Small J, Muir DCG, Parrott J, Solomon KR, et al. Role of
temperature and enzyme induction in the biotransformation of polychlorinated
biphenyls and bioformation of hydroxylated polychlorinated biphenyls by rainbow
trout (Oncorhynchus mykiss). Environ Sci Technol 2007;41:3856–63.
Burek KA, Gulland FMD, Ohara TM. Effects of climate change on Arctic marine mammal
health. Ecol Appl 2008;18(2):S126-134.
Burgoa B, Wauchope RD. Pesticides in run-off and surface waters. Environmental
behaviour of agrochemicals. Chincester, UK: John Wiley & Sons Ltd.; 1995.
Bustnes JO, Bakken V, Erikstad KE, Mehlum F, Skaare JU. Patterns of incubation and nestsite attentiveness in relation to organochlorine (PCB) contamination in Glaucous
Gulls. J Appl Ecol 2001;38(4):791–801.
Bustnes JO, Folstad I, Erikstad KE, Fjeld M, Miland OO, Skaare JU. Blood concentration of
organochlorine pollutants and wing feather asymmetry in Glaucous Gulls. Funct
Ecol 2002;16(5):617–22.
Bustnes JO, Erikstad KE, Skaare JU, Bakken V, Mehlum F. Ecological effects of
organochlorine pollutants in the Arctic: a study of the Glaucous Gull. Ecol Appl
2003;13(2):504–15.
Cannon RJC. The implications of predicted climate change for insect pests in the UK,
with emphasis on non-indigenous species. Global Change Biol 1998;4(7):785–96.
Capkin E, Altinok I, Karahan S. Water quality and ﬁsh size affect toxicity of endosulfan,
an organochlorine pesticide, to rainbow trout. Chemosphere 2006;64(10):
1793–800.
Chen CC, McCarl BA. An investigation of the relationship between pesticide usage and
climate change. Climatic Change 2001;50(4):475–87.
Cheng CSQ, Campbell M, Li Q, Li GL, Auld H, Day N, et al. A synoptic climatological
approach to assess climatic impact on air quality in South-central Canada. Part II:
Future estimates. Water Air Soil Poll 2007;182(1–4):117–30.
Chiovarou ED, Siewicki TC. Comparison of storm intensity and application timing on
modeled transport and fate of six contaminants. Sci Total Environ 2007;389(1):
87-100.

984

P.D. Noyes et al. / Environment International 35 (2009) 971–986

Confalonieri U, Menne B, Akhtar R, Ebi KL, Hauengue M, Kovats RS, et al. Human health.
Climate Change 2007: Impacts, adaptation and vulnerability contribution of
Working Group II to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, UK: Cambridge University Press; 2007.
Cook T, Folli M, Klinck J, Ford S, Miller J. The relationship between increasing sea-surface
temperature and the northward spread of Perkinsus marinus (Dermo) disease
epizootics in oysters. Estuar Coast Shelf S 1998;46(4):587–97.
D'Amato G, Liccardi G, D'Amato M, Cazzola M. Outdoor air pollution, climatic changes
and allergic bronchial asthma. Eur Respir J 2002;20:763–76.
Dabrowski JM, Peall SKC, Reinecke AJ, Liess M, Schulz R. Runoff-related pesticide input
into the Lourens River, South Africa: basic data for exposure assessment and risk
mitigation at the catchment scale. Water Air Soil Poll 2002;135:265–83.
Dalla Valle M, Codato E, Marcomini A. Climate change inﬂuence on POPs distribution
and fate: a case study. Chemosphere 2007;67(7):1287–95.
de Swart RL, Ross PS, Vos JG, Osterhause ADME. Impaired immunity in harbour seals
(Phoca vituina) exposed to bioaccumulated environmental contaminants: review of
a long-term study. Environ Health Persp 1996;104(Supp.4):823–8.
Denman KL, Brasseur G, Chidthaisong A, Ciais P, Cox PM, Dickinson RE, et al. Couplings
between changes in the climate system and biogeochemistry. Climate Change
2007: The physical science basis contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change Cambridge.
UK: Cambridge University Press; 2007.
Dentener F, Stevenson DS, Ellingsen K. The global atmospheric environment for the next
generation. Environ Sci Technol 2006;40(11):3586–94.
Diaz-Sanchez D, Proietti L, Polosa R. Diesel fumes and the rising prevalence of atopy: an
urban legend? Curr Allergy Asthm R 2003;3:146–52.
Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger SL, et al. Fine particulate air
pollution and hospital admission for cardiovascular and respiratory diseases. J Amer
Med Assoc 2006;295(10):1127–34.
Donahue DA, Dougherty EJ, Meserve LA. Inﬂuence of a combination of two tetrachlorobiphenyl congeners (PCB 47; PCB 77) on thyroid status, choline acetyltransferase
(ChAT) activity, and short- and long-term memory in 30-day-old Sprague–Dawley
rats. Toxicology 2004;203(1–3):99-107.
Ebi KL, Mills DM, Smith JB, Grambsch A. Climate change and human health impacts in
the United States: an update on the results of the U.S. national assessment. Environ
Health Persp 2006;114(9):1318–24.
Epstein PR. Climate change and human health. New Engl J Med 2005;353(14):1433–6.
Fiala J, Cernikovsky L, de Leeuw F, Kurfuerst P. Air pollution by ozone in Europe in
summer 2003. Overview of exceedances of EC ozone threshold values during the
summer season April–August 2003 and comparisons with previous years.
Copenhagen, Denmark: European Environment Agency and the European Topic
Centre on Air and Climate Change; 2003.
Fischlin A, Midgley GF, Price JT, Leemans R, Gopal B, Turley C, et al. Ecosystems, their
properties, goods and services. Climate Change 2007: Impacts, adaptation and
vulnerability contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, UK: Cambridge University
Press; 2007.
Fisk AT, de Wit CA, Wayland M, Kuzyk ZZ, Burgess N, Letcher R, et al. An assessment of
the toxicological signiﬁcance of anthropogenic contaminants in Canadian arctic
wildlife. Sci Total Environ 2005;351–352:57–93.
Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, et al. Changes in
atmospheric constituents and in radiative forcing. Climate Change 2007: The
physical science basis contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge, UK:
Cambridge University Press; 2007.
Fortin MG, Couillard CM, Pellerin J, Lebeuf M. Effects of salinity on sublethal toxicity of
atrazine to mummichog (Fundulus heteroclitus) larvae. Mar Environ Res 2008;65(2):
158–70.
Fuller M, Winter M, Hopkins A, Bol R, Forrest V. An overview of the impact of climate
change on UK agriculture. Wales, UK: Institute of Grassland and Environmental
Research; 2001.
Furnell DJ, Schweinsburg RE. Population dynamics of central Canadian Arctic island
polar bears. J Wildlife Manage 1984;48:72228.
Gaston AJ, Woo K, Hipfner JM. Trends in forage ﬁsh populations in northern Hudson Bay
since 1981, as determined from the diet of nestling thick-billed murres Uria lomvia.
Arctic 2003;56(3):227–33.
Gaunt P, Barker SA. Matrix solid phase dispersion extraction of triazines from catﬁsh
tissues; examination of the effects of temperature and dissolved oxygen on the
toxicity of atrazine. Int J Environ Pollut 2000;13(1–6):284–312.
Gilbertson MK, Haffner GD, Drouillard KG, Albert A, Dixon B. Immunosuppression in the
northern leopard frog (Rana pipiens) induced by pesticide exposure. Environ
Toxicol Chem 2003;22(1):101–10.
Gordon CJ. Behavioral thermoregulatory response to chlorpyrifos in the rat. Toxicology
1997;124(3):165–71.
Gordon CJ, Padnos BK. Dietary exposure to chlorpyrifos alters core temperature in the
rat. Toxicology 2002;177(2–3):215–26.
Gordon CJ. Role of environmental stress in the physiological response to chemical
toxicants. Environ Res 2003;92(1):1–7.
Gutierrez AP, D'Oultremont T, Ellis CK, Ponti L. Climatic limits of pink bollworm in
Arizona and California: effects of climate warming. Acta Oecol 2006;30(3):353–64.
Haines A, Kovats RS, Campbell-Lendrum D, Corvalan C. Climate change and human
health: impacts, vulnerability and public health. Public Health 2006;120(7):
585–96.
Hall LW, Ziegenfuss MC, Anderson RD, Tierney DP. The inﬂuence of salinity on the
chronic toxicity of atrazine to an estuarine copepod—implications for development
of an estuarine chronic criterion. Arch Environ Con Tox 1995;28(3):344–8.

Heath S, Bennett WA, Kennedy J, Beitinger TL. Heat and cold tolerance of the fathead
minnow, Pimephales promelas, exposed to the synthetic pyrethroid cyﬂuthrin. Can J
Fish Aquat Sci 1994;51(2):437–40.
Heugens EHW, Hendriks AJ, Dekker T, van Straalen NM, Admiraal W. A review of the
effects of multiple stressors on aquatic organisms and analysis of uncertainty
factors for use in risk assessment. Crit Rev Toxicol 2001;31(3):247–84.
Hogrefe C, Lynn B, Civerolo K, Ku JY, Rosenthal J, Rosenzweig C, et al. Simulating changes
in regional air pollution over the eastern United States due to changes in global and
regional climate and emissions. J Geophys Res-Atmos 2004;109(D22301):1-13.
IPCC (United Nations Intergovernmental Panel on Climate Change). Special report on
emissions scenarios. Cambridge, UK: Cambridge University Press; 2000. Available
at: http://www.ipcc.ch/ipccreports/special-reports.htm.
IPCC (United Nations Intergovernmental Panel on Climate Change). Climate Change
2007: Synthesis report. Cambridge, UK: Cambridge University Press; 2007a.
Available at: http://www.ipcc.ch/ipccreports/assessments-reports.htm.
IPCC (United Nations Intergovernmental Panel on Climate Change). Climate Change
2007: Mitigation. Cambridge, UK: Cambridge University Press; 2007b. Available at:
http://www.ipcc.ch/ipccreports/assessments-reports.htm.
IPCC (United Nations Intergovernmental Panel on Climate Change). Climate Change
2007: Climate change impacts, adaptation and vulnerability. Cambridge, UK:
Cambridge University Press; 2007c. Available at: http://www.ipcc.ch/ipccreports/
assessments-reports.htm.
IPCC (United Nations Intergovernmental Panel on Climate Change). Climate Change
2007: Impacts, adaptation and vulnerability. Cambridge, UK: Cambridge University
Press; 2007d. Available at: http://www.ipcc.ch/ipccreports/assessments-reports.
htm.
IPCC (United Nations Intergovernmental Panel on Climate Change). Climate Change
2007: The physical science basis. Cambridge, UK: Cambridge University Press;
2007e. Available at: http://www.ipcc.ch/ipccreports/assessments-reports.htm.
Janssen NAH, Brunekreef B, van Vliet P, Aarts F, Meliefste K, Harssema H, et al. The
relationship between air pollution from heavy trafﬁc and allergic sensitization,
bronchial hyperresponsiveness, and respiratory symptoms in Dutch schoolchildren.
Environmental Health Perspectives 2003;111(12):1512–8.
Jenssen BM. Endocrine-disrupting chemicals and climate change: a worse-case
combination for arctic marine mammals and seabirds? Environ Health Persp
2006;114(Supp.1):76–80.
Kajiwara N, Niimi S, Watanabe M, Ito Y, Takahashi S, Tanabe S, et al. Organochlorine and
organotin compounds in Caspian seals (Phoca caspica) collected during an unusual
mortality event in the Caspian Sea in 2000. Environ Pollut 2002;117(3):391–402.
Katsouyanni K, Pantazopoulou A, Touloumi G, Tselepidaki I, Moustris K, Asimakopoulos
D, et al. Evidence for interaction between air-pollution and high-temperature in the
causation of excess mortality. Arch Environ Health 1993;48(4):235–42.
Knowlton JER, Hogrefe C, Lynn B, Gaffon S, Goldberg RA, Rosenzweig C, et al. Assessing
ozone-related health impacts under a changing climate. Environ Health Persp
2004;112(15):1157–563.
Koken PJM, Piver WT, Ye F, Elixhauser A, Olsen LM, Portier CJ. Temperature, air pollution,
and hospitalization for cardiovascular diseases among elderly people in Denver.
Environ Health Persp 2003;111(10):1312–7.
Krummel EM, Macdonald RW, Kimpe LE, Gregory-Eaves I, Demers MJ, Smol JP, et al.
Delivery of pollutants by spawning salmon—ﬁsh dump toxic industrial compounds
in Alaskan lakes on their return from the ocean. Nature 2003;425(6955):255–6.
Kuenzel WJ. Neurobiology of molt in avian species. Poultry Sci 2003;82:981–91.
Kuiken T, Kennedy S, Barrett T, Van de Bildt MWG, Borgsteede FH, Brew SD, et al. The
2000 canine distemper epidemic in Caspian seals (Phoca caspica): pathology and
analysis of contributory factors. Vet Pathol 2006;43(3):321–38.
Langner J, Bergstrom R, Foltescu V. Impact of climate change on surface ozone and
deposition of sulphur and nitrogen in Europe. Atmos Environ 2005;39(6):1129–41.
Leeson S, Walsh T. Feathering in commercial poultry—II. Factors inﬂuencing feather
growth and feather loss. World Poultry Sci J 2004;60(1):52–63.
Lipp EK, Huq A, Colwell RR. Effects of global climate on infectious disease: the cholera
model. Clin Microbiol Rev 2002;15(4):757–70.
Lovejoy TE, Hannah L. Climate change and biodiversity. New Haven, CT: Yale University
Press; 2005.
Lydy MJ, Belden JB, Ternes MA. Effects of temperature on the toxicity of M-parathion,
chlorpyrifos, and pentachlorobenzene to Chironomus tentans. Arch Environ Con Tox
1999;37(4):542–7.
Ma J, Hung H, Blanchard P. How do climate ﬂuctuations affect persistent organic
pollutant distribution in North America? Evidence from a decade of air monitoring.
Environ Sci Technol 2004;38(9):2538–43.
MacDonald RW, MacKay D, Hickie B. Contaminant ampliﬁcation in the environment.
Environ Sci Technol 2002;36(23):456A–62A.
Macdonald RW, Mackay D, Li YF, Hickie B. How will global climate change affect risks
from long-range transport of persistent organic pollutants? Human Ecol Risk Assess
2003;9(3):643–60.
Macdonald RW, Harner T, Fyfe J. Recent climate change in the Arctic and its impact on
contaminant pathways and interpretation of temporal trend data. Sci Total Environ
2005;342(1–3):5-86.
MAFF (Ministry of Agriculture, Fisheries and Food). Climate change and agriculture in
the United Kingdom. London, UK: Her Majesty's Stationary Ofﬁce; 2000. Available
at: http://www.defra.gov.uk/corporate/publications/pubcat/env.htm#climate.
Magnuson JJ, Webster KE, Assel RA, Bowser CJ, Dillon PJ, Eaton JG, et al. Potential effects
of climate changes on aquatic systems: Laurentian Great Lakes and Precambrian
Shield region. Hydrol Process 1997;11:825–71.
Maruya KA, Smalling KL, Vetter W. Temperature and congener structure affect the
enantioselectivity of toxaphene elimination by ﬁsh. Environ Sci Technol 2005;39(11):
3999–4004.

P.D. Noyes et al. / Environment International 35 (2009) 971–986
Materna EJ, Rabeni CF, Lapoint TW. Effects of the synthetic pyrethroid insecticide,
esfenvalerate, on larval leopard frogs (Rana spp.). Environ Toxicol Chem 1995;14(4):
613–22.
Mauzerall DL, Sultan B, Kim N, Bradford DF. NOx emissions from large point sources:
variability in ozone production, resulting health damages and economic costs.
Atmos Environ 2005;39(16):2851–66.
McKone TE, Daniels JI, Goldman M. Uncertainties in the link between global climate
change and predicted health risks from pollution: hexachlorobenzene (HCB) case
study using a fugacity model. Risk Anal 1996;16(3):377–93.
McMichael AJ, Woodruff RE, Hales S. Climate change and human health: present and
future risks. Lancet 2006;367:859–69.
Meyer T, Wania F. Organic contaminant ampliﬁcation during snowmelt. Water Res
2008;42:1847–65.
Monserrat J, Bianchini A. Effects of temperature and salinity on the toxicity of a
commercial formulation of methyl parathion to Chasmagnathusgranulata (Decapoda, Grapsidae). Braz J Med Biol Res 1995;28(1):74–8.
Moore A, Scott AP, Lower N, Katsiadaki I, Greenwood L. The effects of 4-nonylphenol and
atrazine on Atlantic salmon (Salmo salar L) smolts. Aquaculture 2003;222(1–4):
253–63.
Nagayama J, Tsuji H, Iida T, Nakagawa R, Matsueda T, Hirakawa H, et al. Immunologic
effects of perinatal exposure to dioxins, PCBs and organochlorine pesticides in
Japanese infants. Chemosphere 2007;67(9):S393–8.
Narahashi T. Neuroreceptors and ion channels as the basis for drug action: past, present,
and future. J Pharmacol Exp Ther 2000;294(1):1-26.
Newman JA. Climate change and the fate of cereal aphids in Southern Britain. Global
Change Biol 2005;11(6):940–4.
Norstrom R. Effects of persistent organic pollutants on polar bears. Synopsis of research
conducted under the 1998/99 Northern Contaminants Program. Ottowa, ON,
Canada: Indian and Northern Affairs, Canada; 2000.
Oberdörster G. Pulmonary effects of inhaled ultraﬁne particles. Int Arch Occ Env Hea
2001;74:1–8.
Occhipinti-Ambrogi A. Global change and marine communities: alien species and
climate change. Mar Pollut Bull 2007;55(7–9):342–52.
Olafsdottir K, Skirnisson K, Gylfadottir G, Johannesson T. Seasonal ﬂuctuations of
organochlorine levels in the common elder (Somateria mollissima) in Iceland.
Environ Pollut 1998;103(2–3):153–8.
Olfert O, Weiss RM. Impact of climate change on potential distributions and relative
abundances of Oulema melanopus, Meligethes viridescens and Ceutorhynchus
obstrictus in Canada. Agr Ecosyst Environ 2006;113(1–4):295–301.
Ordonez C, Mathis H, Furger M, Henne S, Huglin C, Staehelin J, et al. Changes of daily
surface ozone maxima in Switzerland in all seasons from 1992 to 2002 and
discussion of summer 2003. Atmos Chem Phys 2005;5:1187–203.
Paterson G, Drouillard KG, Haffner GD. PCB elimination by yellow perch (Perca ﬂavescens)
during an annual temperature cycle. Environ Sci Technol 2007;41:824–9.
Patra RW, Chapman JC, Lim RP, Gehrke PC. The effects of three organic chemicals on the
upper thermal tolerances of four freshwater ﬁshes. Environ Toxicol Chem 2007;26(7):
1454–9.
Patterson DT, Westbrook JK, Joyce RJV, Lingren PD, Rogasik J. Weeds, insects, and
diseases. Climatic Change 1999;43(4):711–27.
Patz JA, Epstein PR, Burke TA, Balbus JM. Global climate change and emerging infectious
diseases. J Amer Med Assoc 1996;275(3):217–23.
Patz JA, Engelberg D, Last J. The effects of changing weather on public health. Annu Rev
Publ Health 2000a;21:271–307.
Patz JA, Campbell-Lendrum D, Holloway T, Foley JA. Impact of regional climate change
on human health. Nature 2005;438:310–7.
Patz JA, McGeehin MA, Bernard SM, Ebi KL, Epstein PR, Grambsch A, et al. The potential
health impacts of climate variability and change for the United States: executive
summary of the report of the health sector of the US National Assessment. Environ
Health Persp 2000b;108(4):367–76.
Penuelas J, Filella L. Responses to a warming world. Science 2001;294:793–5.
Pope CA. Epidemiology of ﬁne particulate air pollution and human health: biologic
mechanisms and who's at risk? Environ Health Persp 2000;108:713–23.
Porter JH, Parry ML, Carter TR. The potential effects of climatic-change on agricultural
insect pests. Agr Forest Meteorol 1991;57(1–3):221–40.
Presley SM, Rainwater TR, Austin GP, Platt SG, Zak JC, Cobb GP, et al. Assessment of
pathogens and toxicants in New Orleans, LA following Hurricane Katrina. Environ
Sci Technol 2006;40(2):468–74.
Pyke CR, Najjar RG, Adams MB, Breitburg D, Kemp M, Hershner C, et al. Climate change and
The Chesapeake Bay: state-of-the-science review and recommendations. Annapolis,
MD: Chesapeake Bay Program Science and Technical Advisory Committee; 2008.
Available at: http://www.chesapeake.org/stac/Pubs/climchangereport.pdf.
Qian ZM, He QC, Lin HM, Kong LL, Bentley CM, Liu WS, et al. High temperatures
enhanced acute mortality effects of ambient particle pollution in the “oven” city of
Wuhan, China. Environ Health Persp 2008;116(9):1172–8.
Racherla PN, Adams PJ. Sensitivity of global tropospheric ozone and ﬁne particulate matter
concentrations to climate change. J Geophys Res-Atmos 2006;111(D24):D24103.
Rafoss T, Saethre MG. Spatial and temporal distribution of bioclimatic potential for the
Codling moth and the Colorado potato beetle in Norway: model predictions versus
climate and ﬁeld data from the 1990s. Agric For Entomol 2003;5(1):75–85.
Rainham DGC, Smoyer-Tomic KE. The role of air pollution in the relationship between a
heat stress index and human mortality in Toronto. Environ Res 2003;93(1):9-19.
Ramsay MA, Stirling I. Reproductive biology and ecology of female polar bears in
western Hudson Bay. Nat Can 1982;109(94146).
Ratushnyak AA, Andreeva MG, Trushin MV. Effects of type II pyrethroids on Daphnia
magna: dose and temperature dependences. Riv Biol-Biol Forum 2005;98(2):
349–57.

985

Reilly J, Tubiello F, McCarl B, Melillo J. Chapter 13: Climate change and agriculture in the
United States. Climate change impacts on the United States: the potential
consequences of climate variability and change, Report for the US Global Change
Research Program. Cambridge, UK: Cambridge University Press; 2001. Available at:
http://www.usgcrp.gov/usgcrp/Library/nationalassessment/.
Reilly J, Tubiello F, McCarl B, Abler D, Darwin R, Fuglie K, et al. US agriculture and climate
change: new results. Climatic Change 2003;57(1–2):43–69.
Ren CZ, Tong SL. Temperature modiﬁes the health effects of particulate matter in
Brisbane, Australia. Int J Biometeorol 2006;51(2):87–96.
Ren CZ, Williams GM, Mengersen K, Morawska L, Tong S. Does temperature modify
short-term effects of ozone on total mortality in 60 large eastern US communities?
An assessment using the NMMAPS data. Environ Int 2008;34(451–458).
Rogers CE, McCarty JP. Climate change and ecosystems of the mid-Atlantic region.
Climate Res 2000;14(3):235–44.
Rogers DJ, Randolph SE. The global spread of malaria in a future, warmer world. Science
2000;289(5485):1763–6.
Rogers CA, Wayne PM, Macklin EA, Muilenberg ML, Wagner CJ, Epstein PR, et al.
Interactions of the onset of spring and elevated atmospheric CO2 on ragweed
(Ambrosia artemisiifolia L.) pollen production. Environ Health Persp 2006;114(6):
865–9.
Rohr JR, Elskus AA, Shepherd BS, Crowley PH, McCarthy TM, Niedzwiecki JH, et al.
Multiple stressors and salamanders: effects of an herbicide, food limitation, and
hydroperiod. Ecol Appl 2004;14(4):1028–40.
Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA. Fingerprints of global
warming on wild animals and plants. Nature 2003;421(6918):57–60.
Sagerup K, Henriksen EO, Skorping A, Skaare JU, Gabrielsen GW. Intensity of parasitic
nematodes increases with organochlorine levels in the glaucous gull. J Appl Ecol
2000;37(3):532–9.
Samet JM, Zeger SL, Kelsall J, Xu J, Kalkstein L. Does weather confound or modify the
association of particulate air pollution with mortality? Environ Res 1998;77:9-19.
Scavia D, Field JC, Boesch DF, Buddemeier RW, Burkett V, Cayan DR, et al. Climate change
impacts on US coastal and marine ecosystems. Estuaries 2002;25(2):149–64.
Scheyer A, Graeff C, Morville S, Mirabel P, Millet M. Analysis of some organochlorine
pesticides in an urban atmosphere (Strasbourg, east of France). Chemosphere
2005;58(11):1517–24.
Schiedek D, Sundelin B, Readman JW, Macdonald RW. Interactions between climate
change and contaminants. Mar Pollut Bull 2007;54(12):1845–56.
Schindler DW, Curtis PJ, Bayley SE, Parker BR, Beaty KG, Stainton MP. Climate-induced
changes in the dissolved organic carbon budgets of boreal lakes. Biogeochemistry
1997;36:9-28.
Schlenk D. Occurrence of ﬂavin-containing monooxygenases in non-mammalian
eukaryotic organisms. Comp Biochem Phys C 1998;121(1–3):185–95.
Schlenk D, El-Alfy A. Expression of branchial ﬂavin-containing monooxygenase is
directly correlated with salinity-induced aldicarb toxicity in the euryhaline ﬁsh
(Oryzias latipes). Mar Environ Res 1998;46(1–5):103–6.
Schwarzenbach RP, Gschwend PM, Imboden DM. Solubility and activity coefﬁcient in
water. Environmental organic chemistry. 2nd Edition. Hoboken, NJ: John Wiley &
Sons, Inc.; 2003.
Shea KM, Truckner RT, Weber RW, Pedent DB. Climate change and allergic disease.
J Allergy Clin Immun 2008;122(3):443–53.
Silbergeld EK. Dieldrin—effects of chronic sublethal exposure on adaptation to thermalstress in freshwater ﬁsh. Environ Sci Technol 1973;7(9):846–9.
Singer BD, Ziska LH, Frenz DA, Gebhard DE, Straka JG. Increasing Amb a 1 content in
common ragweed (Ambrosia artemisiifolia) pollen as a function of rising atmospheric CO2 concentration. Funct Plant Biol 2005;32(7):667–70.
Sinkkonen S, Paasivirta J. Degradation half-life times of PCDDs, PCDFs and PCBs for
environmental fate modeling. Chemosphere 2000;40(9–11):943–9.
Skaare JU, Bernhoft A, Wiig Ø, Norum KR, Haug E, Eide DM, et al. Relationships between
PCBs, retinol and thyroid hormone levels in plasma of polar bear (Ursus maritimus)
at Svalbard. J Toxicol Env Health 2001;24:231–8.
Smialowicz RJ, Williams WC, Copeland CB, Harris MW, Overstreet D, Davis BJ, et al. The
effects of perinatal/juvenile heptachlor exposure on adult immune and reproductive system function in rats. Toxicol Sci 2001;61(1):164–75.
Song MY, Brown JJ. Osmotic effects as a factor modifying insecticide toxicity on Aedes
and Artemia. Ecotox Environ Saf 1998;41:195–202.
Staton JL, Schizas NV, Klosterhaus SL, Grifﬁtt RJ, Chandler GT, Coull BC. Effect of salinity
variation and pesticide exposure on an estuarine harpacticoid copepod, Microarthridion littorale (Poppe), in the southeastern US. J Exp Mar Biol Ecol 2002;278(2):
101–10.
Stevenson DS, Dentener FJ, Schultz MG, Ellingsen K, van Noije TPC, Wild O, et al.
Multimodel ensemble simulations of present-day and near-future tropospheric
ozone. J Geophys Res-Atmos 2006;111(D8).
Stirling I, Lunn NJ, Iacozza J. Long-term trends in the population ecology of polar bears
in western Hudson Bay in relation to climatic change. Arctic 1999;52(3):294–306.
Sweetman AJ, Dalla Valle M, Prevedouros K, Jones KC. The role of soil organic carbon in
the global cycling of persistent organic pollutants (POPs): interpreting and
modelling ﬁeld data. Chemosphere 2005;60(7):959–72.
Tachikawa M, Sawamura R. The effects of salinity on pentachlorophenol accumulation and
elimination by killiﬁsh (Oryzias latipes). Arch Environ Con Tox 1994;26(3):304–8.
Tubiello FN, Rosenzweig C, Goldberg RA, Jagtap S, Jones JW. Effects of climate change on
US crop production: simulation results using two different GCM scenarios. Part I:
Wheat, potato, maize, and citrus. Climate Res 2002;20(3):259–70.
UNEP (United Nations Environment Programme). Ridding the world of POPs: a guide to
the Stockholm convention on persistent organic pollutants. Geneva, Switzerland:
International Environment House; 2005. Available at: http://www.pops.int/
documents/guidance/beg_guide.pdf.

986

P.D. Noyes et al. / Environment International 35 (2009) 971–986

US EPA (United States Environmental Protection Agency). Air Quality Criteria for
Particulate Matter (Final Report, October 2004). Research Triangle Park, NC: Ofﬁce
of Research and Development (EPA/600/P-99/002aF-bF); 2004. Available at:
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=87903.
Van den Berg F, Kubiak R, Benjey WG, Majewski MS, Yates S, Reeves GL, et al. Emission of
pesticides into the air. Water Air Soil Poll 1999;115:195–218.
Vu SH, Ishihara S, Watanabe H. Exposure risk assessment and evaluation of the best
management practice for controlling pesticide runoff from paddy ﬁelds. Part 1:
Paddy watershed monitoring. Pest Manag Sci 2006;62(12):1193–206.
Walther GR, Post E, Convey P, Menzel A, Parmesan C, Beebee TJC, et al. Ecological
responses to recent climate change. Nature 2001;294:389–95.
Wang J, Grisle S, Schlenk D. Effects of salinity on aldicarb toxicity in juvenile rainbow
trout (Oncorhynchus mykiss) and striped bass (Morone saxatilis x chrysops). Toxicol
Sci 2001;64(2):200–7.
Wania F, Mackay D. Tracking the distribution of persistent organic pollutants. Environ
Sci Technol 1996;30(9):A390–6.
Wania F. On the origin of elevated levels of persistent chemicals in the environment.
Environ Sci Pollut R 1999;6(1):11–9.

Waring CP, Moore A. The effect of atrazine on Atlantic salmon (Salmo salar) smolts in
freshwater and after sea water transfer. Aquat Toxicol 2004;66(1):93-104.
Watkinson WP, Campen MJ, Wichers LB, Nolan JP, Costa DL. Cardiac and thermoregulatory responses to inhaled pollutants in healthy and compromised rodents:
modulation via interaction with environmental factors. Environ Res 2003;92(1):
35–47.
Wiig Ø. Distribution of polar bears (Ursus maritimus) in the Svalbard area. J Zool
1995;237:515–29.
Wrona FJ, Prowse TD, Reist JD, Beamish R, Gibson JJ, Hobbie J, et al. Freshwater
ecosystems, Chapter 8. Arctic Climate Impact Assessment 2005. New York, NY:
Cambridge University Press; 2005. Available at: http://www.acia.uaf.edu/pages/
scientiﬁc.html.
Zhang YH, Huang W, London SJ, Song GX, Chen GH, Jiang LL, et al. Ozone and daily
mortality in Shanghai, China. Environ Health Persp 2006;114(8):1227–32.

