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ABSTRACT: This work reviews the complex interplay between climate change and the
fate of persistent mobile (PM) and very persistent very mobile (vPvM) substances, with
a particular focus on how rising temperatures, changing precipitation patterns, shifts in ==
pH, and changes in how organic matter concentrations impact these contaminants in the
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1. INTRODUCTION

Since the 1800s, anthropogenic activities have been the main
drivers of climate change,l leading to significant environmental
consequences as well as impacts on human health, including
extreme heat-related mortality in Europe.” Concurrently,
human activities have contributed to the emergence of
emerging micropollutants. Among these, persistent and mobile
(PM) substances and very persistent and very mobile (vPvM)
substances are particularly concerning due to their long half-life
and rapid spread in the environment. A substance is called
persistent (P) in fresh or estuarine water if its halfife at 12 °C
and pH 4—9 is more than 40 days.” For vP compounds, the
halflife is 180 days under similar conditions.” Similarly, a
substance is considered mobile (M) or very mobile (VM) if its
organic carbon to water partition coefficient (log Koc) over
the pH range of 4—9 is less than 3 or 2, respectively.”” Once
released, these substances can travel long distances, recirculate
within the water cycle, and even infiltrate drinking water
resources.” One such PM substance is trifluoroacetic acid
(TFA), which has recently gained significant attention due to
its persistence and mobility as well as its potential reproductive
toxicity.”® Due to their persistence and mobility, forecasting
the long-term effects of PM substances is challenging, as their
environmental entry and subsequent impacts on ecosystems
and human health are often separated by time and distance.
Consequently, negative effects may manifest long after and far
from the original discharge point, highlighting the need for
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increased attention to these contaminants, including some
substances of very high concern (SVHC), in the context of
climate change.

Extensive reviews on the toxic effects of certain PMs,
especially for the per- and polyfluoroalkyl substances (PFAS)’
as well as other notable PMs on human health'® concluded
their toxic effect at concentrations of only a few pg/L or lower.
Furthermore, PMs and vPvM substances, including perfluor-
obutanesulfonic acid (PFBS) and 1,4-dioxane, are regarded
under the EU REACH regulation (EC 1907/2006) as posing a
level of concern comparable to that of persistent, bioaccumu-
lative, and toxic (PBT) or very persistent and very
bioaccumulative (vPvB) substances."’ However, chronic
studies on short-chain PFAS compounds, such as TFA, are
rare. The available toxicity data, such as 35-day studies in fish,
21-day studies in Daphnia, 90-day studies in rats, and 36-day
studies in crop plants, are considered insufficient to extrapolate
the potential impacts of lifetime exposure to TFA.*'* Similarly,
mechanistic data on the toxicity of short-chain perfluorohex-
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anoic acid (PFHxA) are generally limited, but computational
studies suggest that PFHxXA may disrupt the endocrine and
nervous systems and is associated with changes in kidney and
liver weight."” For the persistent and mobile azole fungicide,
fluconazole (predicted log Koc 1.7'*), recent research has
shown that its indirect photodegradation generates even more
persistent transformation products with uncertain health
effects.”

The inclusion of new hazard classes for PM/vPvM
substances in the European Classification Labeling and
Packaging (CLP) regulation marks an important first step.'®
However, many PM substances are transformation products
and are often not registered.'” Therefore, suspect screening
and nontarget analysis will be particularly important for their
ability to detect unknown PM substances and their trans-
formation products These techniques, when combined with
machine learning,"®™*° have already been applied to identify
PMs in surface water, 21723 frst-flush urban stormwater,'® and
drinking water.”* Concentrations up to 2300 ng/L for
perfluorobutanoic acid (PFBA) and 2900 ng/L for hexafluor-
ophosphate ion (PF6-) have also been reported in wastewater
effluent samples, based on suspect screening conducted across
1S European countries using supercrltlcal fluid chromatog-
raphy—high-resolution mass spectrometry.”

The fate of PM substances in the environment is directly
influenced by temperature, pH, and log Ko values, which are
all subject to alteration due to climate change. However, a
simple search in SCOPUS with the keywords “climate AND
change AND impact AND emerging OR persistent OR mobile
OR toxic OR contaminants AND aquatic AND environment”
resulted in 310 papers, of which only seven contained the word
“persistent” (please refer to the graphical abstract and
Supporting Information), highlighting knowledge gaps be-
tween climate change and PM substances.

Direct climate change impacts such as rising temperatures
influence marine and atmospheric temperatures, which lead to
extreme weather events, such as floods after heavy precip-
itation or droughts, decreased ice coverage, and sea level rise
(Table 1). Indirect climate change impacts stem from the
direct effects and involve environmental parameters such as a
changed carbon cycle and erosion but also socio-economic
factors. The most relevant ones are listed in Table 1. Both
direct and indirect impacts can change the contamination
profile of aquatic environments through several processes,
complicating the understanding of the fate of PM and vPvM
substances. This perspective aims to summarize and structure
how climate change can affect the fate of PMs and vPvMs in
the aquatic environment through their intrinsic properties and
environmental conditions. Based on the identified knowledge
gaps, future research needs, including modeling approaches,
are suggested in the final section.

2. PM SUBSTANCES EMITTED TO THE
ENVIRONMENT AND THEIR BIOACCUMULATION

2.1. Accelerated Emission of PM Substances. As of
2019, the Registration, Evaluation, Authorisation and Re-
striction of Chemicals (REACH) database registered 22,400
contaminants, with unique chemical structures identified for
13,405 substances. Among these unique substances, 421 met
the PM criteria and 343 met the vPvM criteria." Due to
insufficient data, a significant portion, 67%, ie., 9047
substances in the REACH database, cannot yet be classified
under PMT/vPvM criteria.* However, many countries have yet

98

to address PM substances adequately. In addition to REACH
chemicals, substances that fall under other regulations, such as
plant protection products or pharmaceuticals, also fulfill the
PM criteria. PM substances belong to various classes, each with
various functions: fire retardants (e.g., melamine derivatives),
pharmaceuticals (e.g, dapsone, methenamine, diclofenac,
ibuprofen), personal care products (e.g, benzophenone),
pesticides (e.g., atrazine metabolites, imidacloprid), tire wear
chemicals (e.g, 1,3-diphenylguandine), and industrial chem-
icals (e.g, including many PFAS, benzotriazole, hexafluor-
ophosphate). Further, transformation products are often more
polar than their parent compounds and therefore, often also
meet PM criteria.'”

Climate change-induced shifts in temperature and precip-
itation patterns can create favorable conditions for more
frequent and severe pest outbreaks, broader pest distributions,
and increased survival rates of insect pests, plant diseases, and
invasive species (Figure 1). These escalating threats to
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Figure 1. Accelerated use and release of PM substances in various
sectors due to climate change.

agriculture, particularly in temperate and subtropical reglons,
are expected to drive greater reliance on chemical controls,”®
potentially including increased use of restricted or legacy
pesticides where effective alternatives remaln unavailable, as
well as increased reliance on fungicides.”® Moreover, C—CF;-
containing pesticides can act as precursors of TFA, thereby
contributing to its increased release into the environment.”’
Climate-related changes in disease vectors, such as mosquitoes,
lice, and mites,”® may heighten demand for repellents and
insecticides. There might also be possibilities of demand for
certain pharmaceuticals due to increase in viral diseases driven
by climate change.”” For example, the demand for the
antifungal pharmaceutical fluconazole is expected to rise as
climate change drives an increase in fungal infections. 30

In parallel, the rising frequency and severity of wildfires,
closely linked to climate change,’*” may amplify the demand
for flame retardants in building materials, electronics, and
firefighting foams (Figure 1). Notably, PFAS-based formula-
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tions are extensively employed in firefighting foams, with
significant surges in application documented during extreme
fire events.*>>* Additional drivers, including stringent fire-
safety regulations and infrastructure expansion in fire-prone
areas, are expected to sustain or even increase the use of these
substances despite regulatory restrictions.” Climate change
necessitates the shift to clean and sustainable energy
infrastructure, such as lithium-powered battery vehicles;
however, this transition has also raised concerns about the
potential release of certain PFAS compounds like bis-
perfluoroalkyl sulfonimides and hexafluorophosphate that are
used as electrolytes.*®?” Ultimately, these PM substances can
be released into the environment, further compounding their
ecological and human health risks.

2.2. Bioaccumulation of PM Substances. As climate
change intensifies water stress, treated wastewater is increas-
ingly being considered for nonpotable applications, such as
agricultural irrigation and groundwater recharge. In this
context, the accumulation of PM substances in crops and
their subsequent transfer through the food chain are of
particular concern. Although these substances generally have
low bioaccumulation potential, their mobility in water allows
them to be taken up by plants and enter the food chain. A
recent plant uptake study involving 61 PM substances reported
relative uptake into rocket exceeding 10% for 18 compounds,
including perfluoropropionic acid (72%), TFA (67%), and
tetrafluoroborate (40%).>® While extensive reviews of PFAS
bioaccumulation are available elsewhere,””” climate change-
induced water stress, coupled with the increasing use of treated
wastewater for agricultural irrigation and groundwater
recharge, is likely to elevate the risks of PM accumulation in
plants and aquatic organisms, ultimately posing threats to
human health at the highest trophic levels. In this regard,
despite less classic bioaccumulation in lipid-rich organisms,
PM substances can lead to high and continuous concentrations
in human bodies.""

3. IMPACT OF CLIMATE CHANGE ON THE FATE OF
PM SUBSTANCES

3.1. Impact on Persistence. The environmental fate of
persistent contaminants is closely linked to their travel time
from emission points to water resources. If a contaminant does
not persist long enough to endure this travel time, then it is
unlikely to pose a major risk. Rising temperatures and heat
waves, dlrect consequences of climate change observed in
Europe®” and beyond, can accelerate the degradation of
contaminants by shortening their half-lives, thereby potentially
reducing associated risks.*' In contrast, rising air temperatures,
which can decrease dissolved oxygen (DO) levels in water
bodies, create more anaerobic conditions that exclude aerobic
degradation and increase contaminant persistence. For
example, a 5 °C increase in air temperature can reduce DO
levels by 1-2 mg/L** and subsequently degradation rates.
Global simulations indicate that rising temperatures, altered
circulation, and sea-ice loss between 1992 and 2015 increased
losses of the lighter polychlorinated biphenyl (PCB)-28 from
the Arctic, while heavier PCB-153 showed greater stability,
likely due to particle sorption.”* A similar phenomenon is also
expected for volatile PM substances, such as 6:2 fluorotelomer
alcohol. In general, persistent substances released in temperate
and tropical regions undergo global distillation across
latitudinal gradients, driven by air—water exchange and

929

deposition processes that are strongly influenced by their
volatility and prevailing local temperatures.

While accelerated degradation due to higher temperatures is
beneficial, climate-induced increase in heavy precipitation and
runoff can counteract this by facilitating more contaminant
transport into drinking water sources, bypassing natural
barriers, and reducing travel times.***> This scenario is
increasingly common, as seen in recent extreme weather
events in Gulf Cooperation Council countries. Flooding and
combined sewer overflow, coupled with sewage treatment
plant failures, raise concerns about persistent substance
contamination in drinking water, particularly through cracked
pipes. 047 Larger seasonal variations in precipitation, expected
with climate change, further complicate PM fate by altering
their spatial and temporal distribution.***’

Precipitation may not significantly affect DO levels directly;
however, changes in wind patterns can have a substantial
effect.*” Shifting wind patterns, expected to vary seasonally on
a global scale, will ultimately influence the distribution, fate,
and transport of persistent contaminants.”® For example, wind-
driven long-range transport of plastics to the Singapore coast
within 72 h of their release from neighboring countries
highlights the role of wind in contaminant redistribution.”' ~>>
Consequently, adsorbed persistent substances may also be
readily transported over long distances. Additionally, shifts in
wind or temperature can alter lake stratification, impacting DO
levels and PM distribution, especially if emissions occur within
a single layer.

Beyond temperature, the persistence of substances in
sediment or soil is also influenced by climate change-induced
shifts in soil and sediment pH, both toward more alkaline and
more acidic ranges. >* For instance, soil acidification in alpine
meadows and soil alkalinization in alpine steppes, drlven by
climate change, have already been documented.”® Several
factors can contribute to soil pH changes, with the
biogeochemical cycle playing a key role. Intensified precip-
itation leads to increased leaching of soil nltrate and metal
cations, which in turn causes soil acidification.® ’ Additionally,
the microbial communities responsible for nitrogen fixation
and contaminant metabolism, along with soil temperature and
moisture, are also significantly impacted by climate charxge.°7

3.2. Impact on Mobility. Climate change also poses
challenges to the mobility of contaminants, influenced by
intrinsic properties such as log Ky, which depends on pH and
organic carbon.”** Climate change is anticipated to cause pH
shifts, affecting the mobility of these substances in soil by
altering their spec1at10n as well as organic carbon protonation/
deprotonation.” An increase in pH can reduce the sorption of
negatively charged contaminants due to electrostatic repulsion
of the more negatively charged organic carbon. Conversely, a
decrease in pH, could enhance the sorption of negatively
charged contamlnants such as anionic PFAS, reducing their
mobility.*” For example, in acidic conditions, variably charged
tropical soils, perfluorooctanoic acid (PFOA), or perfluor-
ohexane sulfonate (PFHxS) previously sorbed to soil particles
may be mobilized when the soil pH increases.”’ However, log
Koc values are not available in the literature for many PM
substances and may also vary depending on the soil type. In
the absence of Ky values, contaminant mobility is often first
approximated using pH-dependent octanol—water distribution
(Dow)-

Climate-driven shifts in temperature and precipitation also
alter sediment organic matter (SOM) characteristics, as

https://doi.org/10.1021/acs.est.5c09667
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correspond to increase and decrease, respectively).

evidenced by increased total organic carbon, carbon stable
isotopes, and fluorescence intensity of protein-like components
in the water-extractable organic matter between 1920 and
2000.°* Contaminants passing through high organic content
media, like soil or sediment, sorb more effectively, slowing
their mobility compared with low organic matter content.
Climate change-induced environments with more anaerobic
zones, eutrophication, and correspondingly higher organic
fractions in soil and sediment tend to inhibit contaminant
mobility. However, heavy precipitation events risk resuspend-
ing these contaminants, together with organic matter,
redistributing them over previously uncontaminated
areas.’”®* Snowmelt contributes to mobile contaminant
cycling. In high-latitude regions, snow deposition can release
contaminants during snowmelt, increasing revolatilization and
runoff, particularly in rocky, sparsely vegetated mountain
areas.””° The release of legacy persistent organic chemicals
such as PCBs from melting Alpine glaciers has been shown,”’
but the relevance for PM compounds has not yet been
sufficiently studied. This is particularly concerning if snow and
lake water contamination in these regions affects pristine areas
as well as drinking and agricultural water supplies down-
stream.**®’

Increased nutrient and light availability due to climate
change has led to a rise in phytoplankton biomass, which plays
a crucial role in biogeochemical cycles that can affect the long-
range transport of PMs.””’" Phytoplankton biomass can
reduce contaminant mobility through adsorption.”” However,
seasonal plankton transfer to deeper water layers can further
transport adsorbed contaminants from surface water to deeper
regions. Furthermore, rising water temperatures can stimulate
primary productivity, which in turn accelerates the transport of
contaminants from surface waters to deeper layers and
sediments via the ‘biological pump’ process.”’ Rising water
temperature, especially in the ocean, is projected to intensify
mesoscale eddy activity, which facilitates the vertical mixing of
heat, carbon, and nutrients within the water column, thereby
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enhancing the downward transport of contaminants into
deeper marine environments.”*

Wildfires can also modify soil organic matter and structure,
thereby influencing erosion processes and the transport of PM
substances. At elevated temperatures of 600—700 °C, thermal
degradation of soil organic carbon’® will reduce the sorption
capacity of soils, thereby increasing the mobility of PM
substances. Sediment and water organic matter are even more
vulnerable to changes when influenced by runoff with
contaminants following wildfires, which are becoming more
frequent due to climate-induced temperature increases.”*””

Few studies have documented PFAS remobilization
associated with ice melt,”®”® with sediment cores from the
Canadian Arctic showing increasing PFAS levels in response to
cryosphere melting.*" Interestingly, a 1 °C rise in Antarctic
temperatures is projected to increase soil—vegetation organic
carbon pools, along with associated contaminants, by about
25%, effectively turning the region into a significant sink
capable of sequestering up to 70 times more contaminants
than those remobilized to the atmosphere.®’ This suggests that
climate-driven shifts in soil biogeochemistry may enhance the
soil storage capacity for the contaminants. In another study,
when the temperature rose from 20 to 40 °C, the soil—air
partitioning coefficient (Kg,) values of volatile PFAS including
PFHxS decreased.”” An increase in relative humidity from 30%
to 100% led to approximate 90% reduction in Kg, values. By
contrast, raising the soil organic carbon content (foc) from 2%
to 8% enhanced K, values by 4 to S times. Overall, higher
temperatures, elevated relative humidity, and lower soil organic
carbon levels promote the faster diffusion of volatile PFAS
such as the 6:2 fluorotelomer alcohol. Future studies should
investigate this complex interplay and quantify these
remobilization fluxes and sink dynamics for PM substances.

3.3. Modeling the Impact of Climate Change on PM
Substances. The occurrence and fate of PMs can be modeled
using either process-based or data-driven modeling ap-
proaches. Process-based models primarily rely on empirical
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equations derived from the intrinsic properties of PMs and
relevant environmental parameters. In contrast, data-driven
models are developed using large data sets and employ
machine learning or statistical methods. Comprehensive
reviews of modeling techniques addressing the fate and
multimedia distribution of emerging contaminants are
available.””** While some of these modeling approaches
focus on 6persistent substances in arctic and subarctic
regions,”*° studies explicitly linking climate change impacts
to the fate of PM substances in the aquatic environment
remain scarce. This can be attributed to significant
uncertainties in key physicochemical properties, such as the
acid dissociation constant (pK,) and log Ko, which play a
crucial role in modeling outcomes. Since many PM substances
occur in ionized forms, these uncertainties can markedly
influence their mobility predictions. Importantly, experimental
determinations of pK, values for PFAS have only recently
become available.®” Recently, Tong et al. proposed a holistic
modeling framework that integrates climate data with multiple
models, including a rainfall-runoff model, hydrodynamic
models for rivers, emission models, and water quality models,
to study the impact of climate change on the fate and transport
of contaminants.*® Catchment-scale models that couple 1D
hydrological—emission and 3D hydrodynamic—water quality
components and take into account climate variables such as
precipitation and temperature will be particularly effective in
projecting the fate of PM under climate change scenarios if
their intrinsic substance properties are also considered.*’
Factors to be considered in a modeling framework mapping
the impact of climate change on persistent substances are
shown in Figure 2.

4. IMPLICATIONS

As discussed above, the fate of PMs is influenced not only by
direct changes of physical processes such as air and water
temperature fluctuations and precipitation rates but also
significantly by indirect changes of pH, organic carbon, and
other parameters discussed above. Additionally, short-term and
interannual climatic variability, such as seasonal or year-to-year
changes, can have opposing effects on the fate of PMs. An
additional component, which was mentioned under section 2.1
but is even more difficult to predict, is socio-economic changes
associated with climate change, such as changes in land use
with different agricultural crops and different pests,m resulting
in increased or different pesticide applications (Table 1). Such
changes might have an even higher impact on PM occurrence
in aquatic systems than the changed fate behavior.

Modeling tools provide a way to navigate these complexities
by simulating different scenarios and evaluating potential
impacts; however, they suffer from high uncertainties in the
input parameters. Rather than modeling each PM individually,
representative PM substances can be used to assess how
climate change affects their distribution and fate.””™"* Given
the complexity and interconnectivity of these parameters,
accurately predicting climate change risks is challenging.
Increased monitoring of PMs alongside environmental
parameters, as well as targeted laboratory experiments on
specific processes, are needed to parametrize the models, verify
model results, and finally provide data for more accurate
forecasts of the impact of climate change on the fate of PMs.

In conclusion, several key research questions must be
addressed to better understand the fate of PMs in the context
of climate change: What are the critical physicochemical and
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biochemical processes that influence the fate of PMs? What are
the thresholds for environmental parameters beyond which the
persistence and mobility of PM substances are significantly
altered? What modeling approaches are most effective for
predicting PM fate and transport under different climate
scenarios, and which PM substances can be representatively
used in such models for different substance classes? Finally,
what regulatory frameworks are needed to integrate climate
resilience into existing guidelines for the monitoring, safe
handling and disposal of PMs,” considering especially the long-
term effects of PMs in previously pristine or low-impact areas?
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