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Abstract

Background

Climate change impacts are associated with dramatic consequences for human health and threaten
physical activity (PA) behaviors.

Objective

The aims of this systematic review were to present the potential bidirectional associations between
climate change impacts and PA behaviors in humans and to propose a synthesis of the literature
through a conceptual model of climate change and PA.

Methods

Studies published before October 2020, were identified through database searches in Pubmed,
PsycArticles, CINAHL, SportDiscus, GreenFILE, GeoRef, Scopus, JSTOR and Transportation
Research Information Services. Studies examining the associations between PA domains and climate
change (e.g., natural disasters, air pollution, carbon footprint) were included.

Results

A narrative synthesis was performed and the 74 identified articles were classified into 6 topics: air
pollution and PA, extreme weather conditions and PA, greenhouse gas emissions and PA, carbon
footprint among sport participants, natural disasters and PA and the future of PA and sport practices in
a changing world. Then, a conceptual model was proposed to identify the multidimensional
associations between climate change and PA as well as sport practices. Results indicated a consistent
negative effect of air pollution, extreme temperatures and natural disasters on PA levels. This PA
reduction is more severe in adults with chronic diseases, higher body mass index and the elderly.
Sport and PA communities can play an important mitigating role in post-natural disaster contexts.
However, transport related to sport practices is also a source of greenhouse gas emissions.
Conclusion

Climate change impacts affect PA at a worldwide scale. PA is observed to play both a mitigation and
an amplification role in climate changes.

Trial Registration Number
PROSPERO CRD42019128314

Key points

- Air pollution, extreme weather events and natural disasters are associated with decreased physical
activity in adults

- Physical activity communities play an important role in resilience and recovery following natural
disasters

- Regarding greenhouse gas emission, physical activity is part of the problem and part of the solution
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1. Introduction

The global population is living in a new
geological epoch, the Anthropocene, which is
characterized by major biophysical changes due to a
human energetic footprint surpassing ecosystem
thresholds [1,2]. The Anthropocene epoch is marked
by rapid, exponential, and unsustainable growth in
human population size, gross domestic product per
capita, energy and water use, transportation and
telecommunications, land loss, and ocean acidification
since the 1950s [2]. According to more than 15,000
scientists from 184 countries, failing to curb these
trends in the next two decades might lead to
irreversible modifications for the earth’s ecosystems
and, ultimately, to conditions that would be
inhospitable to current human societies and other
contemporary species [3]. Among all anthrogenic
changes, climate change is the one that is directly
associated with human conditions. Authors of the
United Nations’ Intergovernmental Panel on Climate
Change (IPCC) stressed the systemic and possible
irreversible effects of climate change on human health,
economy, communities and cultures [4].

The most severe indicators of climate change
are global average warming, sea level rise and higher
occurrence and severity of natural disasters (e.g. heat
waves, drought and intense precipitation) [5,6]. These
climate change-related outcomes are associated with
dramatic consequences for human health and health
systems, threatening populations especially in low-
income countries [7—10]. These effects occur through
different pathways, such as increasing prevalence of
heat-related illnesses [11] and illnesses caused by
poor air quality [12], malnutrition from reduced food
quality and security [13], an increasing burden of
vector-borne diseases [9], violence related to climate-
induced population displacement [14], and mental
health issues related to more frequent extreme events
and natural disasters [15]. Beyond these health-
related outcomes, two recent systematic reviews have
reported that climate change might also impact
individuals’ health behaviors, specifically sleep and
eating behaviors [7,9]. For instance, poor air quality or
repeated heat waves were associated with higher risk
of insomnia. To our knowledge, no systematic review
has yet been conducted regarding the association
between physical activity behaviors, including active
transport, recreational and sports activities, and
climate change.

Existing research reveals complex, sometimes
bi-directional, relationships between climate change
and physical activity behaviors and sport practices
[16,17]. Some studies have highlighted that in
temperate climate regions, climate change (e.g.,
increase in temperatures) might positively impact

physical activity behaviors (e.g., active travel) [17].
Conversely, climate change impacts such as heat
waves and natural disasters are related to lower
physical activity participation, decreased sport
participation and limited sport performance in
subtropical regions [18,19]. On the other hand, some
researchers have argued that physical activity
behaviors could play a major role in adaptation and
mitigation strategies [20]. For instance, active travel
has been associated with decreases in air pollution
and CO, emissions in some situations [21,22].
Physical activity organizations could also play a role in
population resilience and recovery after natural
disasters [23].

Two previous narrative reviews have
examined associations between physical activity and
climate change outcomes. A first review in 2003
highlighted that climate change impacts were related
to lower physical activity participation in children and
decreased sport participation during heat waves [24].
Recently, a second review concluded that the average
level of physical activity was negatively affected during
extreme heat episodes, particularly in adults with
chronic diseases [25]. These previous reviews have
focused mainly on the consequences of heat waves,
and to date, there is no exhaustive review of the
complex relationships between physical activity and
range of other climate change impacts noted by the
IPCC [4], such as air pollution or natural disasters.
Previous reviews have also only focused on the
effects of climate change on physical activity, without
acknowledging the potential opposite role of physical
activity on climate change (e.g., decreases in air
pollution with active transport). Human activities
(particularly burning fossil fuels) have caused extreme
increases of atmospheric  greenhouse gas
concentrations, resulting in increases in surface air
temperatures and subsurface ocean temperatures
[26]. The impact of human activities on climate is
generally operationalized in terms of the carbon
footprint, i.e., the total amount of greenhouse gas
emissions caused by an organization, event, product
or person expressed in units of carbon dioxide
equivalent [27]. Different physical activity and sport
behaviors might have different impacts — including
both positive and negative impacts — on the carbon
footprint.

Due to the complexity of the climate change
literature, an exhaustive review of the relationships
between climate change and different physical activity
behaviors and sport practices is needed. Hence, the
purposes of this systematic review were to: 1) present
the potential bidirectional associations between
climate change impacts and physical activity
behaviors in human and 2) propose the first synthesis
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of the literature through a conceptual model of climate

2. Method

Methods for collecting and summarizing data
met the standards of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines
[28]. The study protocol was registered in PROSPERO
(CRD42019128314). The study protocol was uploaded
on the Open Science Framework (OSF) prior to data
collection and analyses. All study materials are

available on Open Science Framework)
(https://osf.io/sbmnj).
2.1 Inclusion criteria

Studies were included in the systematic

review if they met the following criteria: 1) human
participants, 2) peer-reviewed publications, 3) study
designs: observational, interventional, conceptual,
systematic review, and scenario-based models and
computerized simulations, 4) published in French or
English, 5) examining the associations between
outcomes related to physical activity (i.e., sport
practices [from leisure to elite practices], active travel,
household or occupational physical activity, levels of
physical activity and physical inactivity), and climate
change impacts highlighted in the IPCC 2014 report
[26] (i.e., extreme weather conditions, biodiversity
damage or loss, water or snow quantity, air pollution
concentration, sea level rise, development of vector
born disease and climate related disasters: floods,
bushfires, wildfires, tsunamis, storms, or direct and
indirect carbon footprint (i.e., tons (CO.-equivalent) of
direct or indirect greenhouse gas emissions)). If a
systematic review was found, we included it in the
current review as well as articles published after its
publication.

2.2 Exclusion criteria

Due to our focus on physical activity
behaviors, studies examining pro-environmental
behaviors in athletes or sport spectators (e.g.,

recycling behaviors among football fans), energy
consumption or emissions of sport events (e.g., CO.
emissions of spectators’ transportation in sporting
events, water consumption during Olympic Games) or
sport material (e.g., carbon footprint of surfboard
production) have been excluded. Similarly,
experimental physiology studies have not been
included. Studies focusing on the association between
physical activity and nuclear accidents, avalanches or
earthquakes were  excluded because their
associations with climate change are not clearly
established [29]. Books, chapters, or case reports
were not included.

2.3 Data sources and searches

change and physical activity.

Studies were identified by searching Pubmed,
PsycArticles, CINAHL, SportDiscus, GreenFILE,
GeoRef, Scopus, JSTOR and Transportation
Research Information Services electronic databases
until October 2019 in English and French. An update
was performed in October 2020. The search strategy
was adapted for each database using its specific
parameters. Details of the research strategies are
provided in Electronic Supplementary Material
Appendix S1. Additionally, relevant reviews were
scanned [24,25,30-34] and the following academic
journals were searched: Disaster Prevention and
Management, Sport Management Review, Disaster
Medicine and Public Health Preparedness. After
duplicates were removed, titles and abstracts of all
studies identified were examined independently (GC,
PB) to determine those meeting the selection criteria.

2.4 Data synthesis

A narrative synthesis [35] was carried out to
synthesize the findings from included studies. This
method was preferred because the range of study
designs was expected to be very diverse. A
preliminary synthesis was conducted by two
researchers (PB, CK) in the form of a thematic
analysis. Results were then discussed and structured
into themes by the research team (PB, CK, AJR, GC,
AB, VM, TG, KD). Finally, two researchers (PB, GC)
developed a conceptual model to summarize results of
the narrative synthesis within a graphic framework.
Due to the very diverse nature of the included studies,
a quality assessment of included articles was not
performed. Indeed, quality assessment tools are
available for specific study designs (e.g., NIH Quality
Assessment Tool for Observational Cohort and Cross-
Sectional Studies, Risk Of Bias In Non-randomised
Studies - of Interventions tool, Briggs critical appraisal
checklist for qualitative studies). The present review
however, included studies with various research
designs making difficult (or impossible) the utilization
of such quality assessment tools.

3. Results
3.1 Descriptive findings

The initial electronic searches identified 922
references, of which 73 were duplicates. After
reviewing titles and abstracts, 849 were excluded
because they did not meet inclusion criteria.
Assessment of full text was performed for 111
references. Twenty-two studies met the inclusion
criteria. The complementary research strategies
resulted in identification of 52 other articles. Thus, 74
academic articles were included in this review. Details
of the literature search and selection process are
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provided in Figure 1. Included articles were published
in journals from diverse academic disciplines,
including sport, transportation research, tourism,
disaster medicine, geography, environmental research
and energy research. The format/design of included
articles  were: observational studies (N=31),
experimental studies (N=9), scenario-based studies
(N=25), systematic reviews (N=4) and conceptual
studies (N=5). Figure 2 illustrates the countries in
which empirical data reported in the articles or reviews
were collected, or authors' locations for conceptual
papers. The map was plotted using the R package
rworldmap [36]. The US was the most highly
represented country (29 articles, 39%).

3.2 Narrative synthesis

Results were summarized across six key
themes: 1) air pollution and physical activity, 2)
extreme weather conditions and physical activity, 3)
greenhouse gas emissions and physical activity, 4)
carbon footprint among sport participants, 5) natural
disasters and physical activity and 6) the future of
physical activity and sport practices in a changing
world. Finally, we developed a conceptual model
summarizing the bidirectional associations between
physical activity outcomes and climate change
consequences integrating observations from all six
themes.

3.2.1 Theme 1: Air pollution and physical activity

A total of 12 publications (8 observational studies, 3
scenario-based studies, 1 systematic review)
regarding associations between air pollution and
physical activity were identified and organized into
three sub-categories: associations between objective
air pollution indicators and physical activity (N=4),
associations between air pollution alerts or pollution
perceptions and physical activity (N=4), and the
possible mitigation effects of physical activity on air
pollution (N=1).

3.2.1.1 Associations between air pollution and
physical activity

A systematic review and meta-analysis
examined the associations between physical activity
(self-reported and daily step counts) and air pollution
[37]. Among the seven included studies (six from the
US and one from the UK), six had a large sample
ranging from 10,000 to 2 million participants. Results
of the meta-analysis showed that for one unit (ug/m?)
increase in ambient particulate matter 2.5
concentration (PM.s), the odds of physical inactivity
increased by 1.1%. Stronger associations were
observed in adults with respiratory symptoms such as
chronic obstructive pulmonary disease. No other
environmental exposure (e.g., ground-level ozone
levels) could be examined in the statistical analysis.

Laffan et al. [38] confirmed the negative cross-
sectional associations between leisure physical
activity and ambient PM2.5 concentration in a sample
of UK adults (N = 4277, period 2012 - 2015).

Longitudinal associations between air pollution
(ambient PM,s concentration) and self-reported
physical activity were examined over one academic
year among a large sample (N >3000) of students in
Beijing (China) [39]. A one standard deviation increase
in ambient PM,s concentration was associated with a
reduction of moderate to vigorous physical activity by
an average of 32 weekly minutes across the study
[39].

Another investigation including over 9,000
Beijing students examined longitudinal associations
between four air pollution indicators (i.e., a subjective
air quality index, PM.s, PM4o, and NO;) and sedentary
behavior (i.e., sitting time assessed with one item from
the International Physical Activity Questionnaire) [40].
A one standard deviation increase in air pollution
concentration of those indicators (Air Quality Index,
PM.s, PMy, and NO;) was associated with an
increase in weekly total hours of sedentary behavior
by 7.35, 6.24, 6.80, and 7.06, respectively.

3.2.1.2 Associations between air pollution
alerts or pollution perceptions and physical activity

A systematic review conducted by An et al.
[37] indicated (/) a negative association between self-
reported air pollution measures (i.e., self-perceived
ambient air quality, air quality index and media alerts)
and outdoor physical activity, as well as (ii) a positive
association between these air pollution outcomes and
time spent in leisure sedentary activities.

An increase in media air pollution alerts was
associated with lower walking time in South Korea
between 2008 and 2017, whereas walking time was
not correlated with actual PMs, concentration [41].
Ozone alerts in a park in Atlanta (US) during the
summer of 2005 were related with reduced park use
by joggers and elderly walkers [42]. Similarly, Saberian
et al. [43] used data from electronic pathside devices
placed in 31 points across different cycle paths and
parks in Sydney (Australia; May 2008 — September
2013) to examine the effects of air pollution alerts on
cyclist behaviors. Air quality alerts were associated
with a 15-35% decrease in bicycle use and this effect
was more pronounced in parks. The authors also
identified a possible “habituation effect”: when alerts
were issued on two successive days, the decrease in
cyclist behaviors resulting from the alerts was slightly
lower.

Ward and Beatty [44] coupled the American
Time Use Survey (2003-2010) with air pollution alerts
(using an air quality index provided by the US
Environmental Protection Agency) to investigate how
these alerts were associated with vigorous outdoor
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physical activities. During alert days, time spent in
vigorous outdoor physical activities was reduced by
18% (i.e., 21 minutes). However, this association was
mainly driven by a decrease for participants aged >65
years, whose time spent in vigorous outdoor physical
activities decreased by 82% following pollution alerts.
This association was not significant among non-elderly
adults. Notably, air pollution alerts were not
compensated by a transfer toward indoor physical
activities.

3.2.1.3 Possible mitigation effects of physical
activity on air pollution

In a study of transport scenarios in Adelaide
(Australia), Xia et al. [46] quantified the predicted PM; s
concentration if 5% or 10% of passenger vehicles
shifted to cycling in 2030. These scenarios were
associated with a reduction of total traffic-related
emissions by 8.5% and 8.6%, respectively. The largest
reduction occurred when increased public transport
and cycling were combined (26% reduction).

Two transport scenarios in Sao Paulo (Brazil),
increased car use versus active transport
development, were compared to actual 2012 travel
patterns (in which 58% of trips were by public transit,
24% by active transit, and 18% by car) [47]. The PMs
concentration was lower in the scenario based on
active transport development or 2012 travel patterns
compared to the increased car use scenario [47].

Another study quantified PM.s concentration
in Barcelona (Spain) with scenarios assuming two
possible reductions in car trips (20% or 40%) and total
or partial active transport mode shifts [48]. The
estimated air pollution reduction ranged from 0.32% to
1.16% [48].

3.2.2. Theme 2: Extreme weather conditions and
physical activity

A total of 12 studies were identified and are described
below in two sections: real world investigations (N=5)
and scenario-based studies (N=7).

3.2.2.1 Empirical studies
3.2.2.1.1 Leisure physical activity

Obradovich and Fowler [16] examined the
relationships between monthly weather conditions
(maximal temperature, heat index, precipitation and
relative humidity) and monthly self-reported leisure
physical activity accounting for participants’ body mass
index (BMI) and age in a cross-sectional cohort study,
including a US representative sample of 1.9 million
adults (period 2002-2012). Results showed that the
probability of monthly physical activity participation
increased up to 28-29 °C but decreased after 36 °C,
with a drastic decline after 40 °C. The same patterns
were noted between the monthly heat index and
monthly participation in physical activity. The authors

Zhao et al. [45] explored the association
between air pollution perceptions (i.e., hazy weather)
and cycling behavior among 307 adults living in
Beijing, China. Hazy weather perception was related
to a reduction of cycling and walking travel by 68%
and 64%, respectively. Residents with lower income,
less access to public transport, over 30 years of age,
women, and those living in suburban areas were more
likely to cycle during hazy weather days.

indicated that this association was mainly driven by
temperature rather than humidity. Furthermore, a small
significant linear association was observed between
physical activity and precipitation. More than 20
consecutive days with precipitation was related to a
1% reduction in the probability of monthly participation
in leisure physical activity. Stratified analyses
suggested that people with obesity (BMI 230 kg.m?)
and elderly individuals (>65 years) had higher
probability of physical activity reduction after 40 °C
than normal weight or overweight adults and younger
or middle-aged adults, respectively.

Consistent with these observations, 42 to 55%
of older respondents with a chronic disease reported a
drastic reduction of their physical activity during the
2005 heat wave episode in Montreal (Canada) [49].

3.2.2.2 Active transport

Heaney et al. [50] explored the shape of the
association between temperature-related indicators
(i.e., daily average ambient temperature, minimum
and maximum temperature, heat index) and outdoor
cycling (daily total hours ridden and daily average
distance ridden) in a cross-sectional study [50]. Data
on bike rides were collected in New York City between
June 2013 and September 2017. Meteorological data
were obtained from the National Center for
Environmental Information. A linear increase between
daily total hours or average distance ridden and all
temperature indicators was found until a maximum
temperature threshold of around 26-28°C. Following
this threshold, a drastic decrease in daily time or
distance ridden was observed. The same patterns
were found in analyses stratified for sex, and weekday
versus weekend. A similar threshold was found in a
study aggregating bike sharing data from 17 cities in
North-America: the number and duration of trips
decreased after 26°C [51].

Finally, Al-Mohannadi et al. [52] led a 2-year
cohort study in a sample of 2,088 Qatar residents
(Arabian  Gulf region). The study assessed
associations between 2-year changes in objectively
assessed physical activity (i.e., step counts per day
and aerobic steps per day) and climatic conditions
(i.e., outdoor average temperature, humidity, cloud
cover, rain/thunderstorms and WetBulb Globe
Temperature, WBGT). Models showed that increased
temperature and humidity, and higher WBGT, were
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associated with a decrease in the daily number of
steps. In addition, a substantial decline in both step
counts and aerobic step counts was found on days
when WBGT>28°C.

3.2.2.2 Scenario-based studies
3.2.2.2.1 Global physical activity

Obradovich and Fowler [16] estimated the
probable future impacts of climate change on physical
activity. They explored geographic variations in
physical activity in the US and the possible change of
physical activity distribution throughout the year. They
then estimated the monthly maximum temperatures for
2050 and 2099 based on 21 models representing a
“business as usual” scenario (i.e., worst-case scenario
with a 4°C increase in 2100 [known as the
Representative Concentration Pathway (RCP) 8.5])
provided by the IPCC [26]. The findings suggested
that increases in global temperatures induced by
climate change could result in an increase in physical
activity during cooler months by 2100. However,
severe physical activity reductions were observed for
summer months between June and August. These
forecasted associations between physical activity and
temperature might be not homogeneous across the
US. Southern areas may experience more severe and
prolonged physical activity decreases.

Heaney et al. [50] estimated differences in
bikeshare usage (annual total hours and distance
ridden) in New York in response to projected
temperatures between 2040-2069. They ran 21
climates models under two scenarios: stabilization of
emissions and concentrations (around 2.4 °C increase
in 2100 [RCP 4.5]) and the “business as usual”
scenario (RCP 8.5). The average annual hours ridden
increased by 2.6% and 3.1% in RCP 4.5 and RCP 8.5,
respectively. The annual projected distance also
increased by 0.59% and 0.74%. However, monthly
analyses also suggested that the annual number of
hours ridden between June and August would decline
by 2.9 and 4.5% for the two scenarios.

Maloney and Forbes [18] modelled the ability
of the human body to transfer heat to the environment
under projected future meteorological conditions. They
established the yearly number of days between 2001
and 2070 by which Perth (Australia) residents will
become either hyperthermic (i.e., failed heat balance
resulting in hyperthermia) or living in “dangerous days”
(i.e., body temperature increase > 2.5°C in less than 2
hours) in the context of moderate or vigorous physical
activities. The number of days per year that an
acclimatized person experiences hyperthermia may
increase from 13 to 58 for moderate physical activities
and from 31 to 94 during vigorous physical activities.
The number of “dangerous days” — that is, days in
which heat stroke could precipitate in 2 hours - may
shift from 5 to 39 days and 17 to 67 days per year for

people undertaking moderate or vigorous physical
activities. The authors highlighted that a warming of 4
°C to 6 °C expected in 2070 will have important
negative consequences for leisure and occupational
physical activities and will increase the risk of heat
illness during these activities.

Grundstein et al. [53] examined the expected
frequency of days that exceed the most extreme
American College of Sport Medicine risk category
(>32.3 °C WBGT in the US), when training and
practice activities are considered to pose a serious
health threat. They based their scenario on the A2
IPCC model, a high emission model for 2040 — 2070.
Based on their models, annual frequency of days
exceeding the ACSM risk threshold could be doubled
from 15 to 30 days. However, an important spatial
variation was reported. Thus, 25 — 60 days would
exceed safety thresholds in an arc extending
northward from Texas into south Dakota. In states that
border the Gulf Coast, >85 days would have afternoon
WBGT =>32.3°C. The authors also suggested that
spring and fall sports (e.g., soccer, football, baseball)
would be affected by an expansion of the seasonal
range for days exceeding safety thresholds [53].

3.2.2.2.2 Active transport

Saneinejad et al. [17] used simple climate
change models (temperature increasing, precipitation
increasing or decreasing) to investigate their impacts
on transport mode choice in Toronto (Canada). Biking
was the transport mode most positively improved by
temperature increase, with an expected number of
trips increasing from 3% to 17% depending on the
magnitude of temperature increase. Walking was
predicted to increase by only 2% in all temperature
scenarios. Wadud et al. [54] modeled bicycle use in
2050 in London (UK), based on a high emission
scenario designed in 2009 and cycle count data
collected between 2008-2011. Projected average
annual hourly bicycle flow was not significantly
different in comparison with 2011 data. Rather, a
projected increase in average annual hourly bicycle
flows with increasing temperature was projected, but
this “positive effect” is expected to be tempered by an
increase in rainfall. Seasonal projections suggested an
increase of 1.5% and 2.5% in bicycle flows during
winter and summer, respectively, but a reduction of
2.0% and 0.1% during the spring and autumn. Bocker
et al [55] explored the impact of weather conditions in
2050 on choices of mode of travel and distances in the
Dutch metropolitan Ranstad region (Netherlands).
They selected seasons from the past as
representative of 2050 climate. Results suggested that
cycling may be a more frequently chosen travel mode
in annual averages, with pronounced increases in
winter and spring. Based on the 2016 American Time
Use Survey and average median temperature and
precipitation projection for 2060 in the US, Chan et al.
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[51] modelled the number of hours spent cycling for
leisure purposes. The authors found that global
increase of temperatures could induce large positive
changes in leisure cycling.

Finallyy, Karner et al. [56] examined
demographic and spatial disparities in terms of active
travel during extreme heat episodes in San Francisco
(US). They combined travel activity and urban
meteorological data. Findings showed that socially
disadvantaged residents (i.e., people with low income
and zero-vehicle households) used disproportionately
more non-motorized transportation during extreme
heat episodes, resulting in potential health issues for
this population.

3.2.3 Theme 3: Greenhouse gas emissions and
physical activity

Thirteen studies examined associations between
physical activity and greenhouse gas emissions.
These studies were classified according to their
designs: experimental (N = 5), observational (N = 2)
and scenario-based (N = 6).

3.2.3.1 Experimental studies

In a systematic review, Shaw et al. [21]
investigated the “co-benefits” of car use decrease
interventions in terms of active transport and CO,
emissions. Based on 22 studies, the authors
suggested that interventions resulted in a modest
increase in walking and cycling, while heterogeneous
findings about CO, emissions reduction were noted
(from 104 to 20,000 tons eliminated over 6-month).
They highlighted that methodological quality of
included studies was poor, particularly for CO,
emissions quantification (i.e., based only on vehicle
kilometers travelled).

Three more recent investigations confirmed
the modest effect of interventions targeting active
travel on CO, emissions. First, a quasi-experimental
study examined gas emissions during a community
intervention that resulted in a 30% increase in the
proportion of active transport trips in two cities with
more than 70,000 residents in New Zealand (Hastings
and New Plymouth) [57,58]. The intervention targeted
walking and cycling infrastructure development (i.e.,
30 km of arterial paths, 12 km of off-road facilities, 20
km of cycle lanes) coupled with health behavior
change promotion efforts (i.e., media campaigns and
cycle-training sessions in school). Two other cities
(Whanganui and Masterton) acted as controls. CO,
emissions were calculated with car kilometers driven
per car owner living in areas studied. There was a
1.6% decline in average distance travelled per
passenger vehicle by the third year of the intervention.
A 1% reduction of CO, emissions was found three
years following the intervention. The authors explained
that active transport increased by 30%, but this

represented only a 5.3% decrease in the number of
motorized trips. Second, two studies separately
examined the longitudinal changes of active travel
behaviors and CO. emissions after the construction of
new high-quality walking and cycling routes in three
UK cities [59,60]. These new infrastructures were
associated with population-level increases in self-
reported walking, cycling and physical activity at the
two-year follow-up. However, after the intervention, the
reduction in the proportion of transport emissions
attributable to car travel was negligible, from 89% at
baseline, to 88% at one-year and 86% at the two-year
follow-up. Finally, Mrkajic et al. [61] tested the effect of
a bike parking improvement intervention (e.g.,
shelters, toast-shape racks with MN-shape) at the
Faculty of Technical Sciences of Novi Sad (Serbia) on
active transport. They coupled observational data with
an online survey. Occupancy rate was a proxy of
active transport. After adjustment for other transport
modes, the intervention resulted in a reduction of CO.
emissions by 50% in one year.

3.2.3.2 Observational studies

Zhang and Mi [62] estimated the role of a bike
share system on CO, and nitrogen oxide (NOXx)
emissions in Shanghai (China). They analyzed data
from Mobike, a major company of dockless shared
bikes representing more than one million trips in 2016.
The average daily trip distance and time were 2.2 km
and 16.8 minutes, respectively. According to the
authors’ estimations, the shared bike system avoided
the emission of 25,240 tons of CO, (i.e., roughly
equivalent to emissions from the annual energy use of
approximately 2,300 homes in the US) and 64 tons of
NOx in Shanghai. Winslott et al. [63], through a web-
survey among Swedish electrical bike (e-bike) owners,
examined the self-reported impact of e-bike use on
other modes of transport and then derived possible
CO:; reductions associated with this transport mode.
Respondents living in urban or rural areas replaced
55% and 79% of car trips by e-bike. E-bike use also
resulted in a decrease of 14-20% of the average total
CO; emissions from transportation per person.

3.2.3.3 Scenario-based studies

A systematic review compiled studies using
computerized simulations to estimate the effects of
shifts from motorized trips to active travel modes on
gas emissions [64]. All six studies included in the
review concluded that increases active transport were
related to lower greenhouse gas emissions. The
degree to which gas emissions were reduced was,
however, highly heterogeneous depending on the
simulations, hypotheses, contexts and the gas studied
(e.g., CO,, CH4 or CO, equivalent emissions).

Bucher et al. [65] compared four different
transportation  scenarios on greenhouse gas
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emissions in Switzerland. The authors simulated four
modes of commuting for work: traditional car only,
electrical vehicles only, e-bike and e-bike/electric
vehicle combination. The combination e-bike/electric
vehicle scenario was associated with the most
important greenhouse gas reduction (17.5%). The e-
bike scenario was related to a 10% decrease. These
reductions  fluctuated according to  season,
temperature and rain. For example, models estimated
that a minimal acceptable temperature threshold was
10 °C for e-bike use, and 15 °C when raining.

Maizilsh et al. [66] quantified potential
reductions in greenhouse gas emissions in three
scenarios for short trips in the San Fransisco Bay area
(US) in 2035. They computed greenhouse gas
emissions for “low carbon” driving options (i.e., gas-
electric hybrid vehicles, light-duty diesel, biofuel,
electric vehicles), active transport (i.e., 50% of miles
traveled in car trips <1.5 miles are walked and 50% of
miles travelled in car trips between 1.5 to 5 miles are
bicycled) and a combination of both scenarios.
Combined scenarios were associated with the most
important reduction of greenhouse gas emissions. The
authors found that the contribution of the physical
activity only scenario was not substantial in terms of
greenhouse gas emissions.

Rojas-Rueda et al. [67] simulated the effects
of two active transport scenarios on CO, reduction in
six European cities (Warsaw, Prague, Barcelona,
Paris, Copenhagen and Basel). The first scenario
expressed a shift of 35% of all trips by bicycle (i.e., the
level of cycling in Copenhagen) and the second
scenario represented a shift by 50% of all trips walking
(i.e., the level of walking in Paris). In the first scenario
(cycling), Paris, Prague and Warsaw were the three
cities with the most important CO, reduction
(estimated 19.9, 22.8, and 26.4 metric tons per year,
respectively) given that their initial levels of cycling
were lowest. In the second scenario (walking), the CO.
reduction in Prague and Warsaw was the most
important (8.3 and 11.6 metric tons per year) for the
same reasons.

Creutzig et al. [68] compared 2010 CO,
emissions in Barcelona (Spain), Freiburg (Germany),
Malmo (Norway) and Sofia (Bulgaria) to four policy
scenarios with increasing shifts from motorized
transport to public and active transport. These policy
scenarios were associated with a reduction of CO,
emissions ranging from 40% to 60% in comparison to
2010 values. Anticipated reductions could be more
important in smaller cities (Freiburg and Malmd)
because active transport could be the dominant
transport mode [68].

It is important to note that possible CO,
emission reductions could be decreased by a potential
negative feedback loop from food production and
consumption. A massive development of active

transport could be associated with an increase of
individual food-related greenhouse gas emissions due
to increased energy expenditure [69]. In the most
economically developed countries, one kilometer
travelled by walking and cycling could result in
greenhouse gas emissions of up to 0.26 and 0.14 kg
CO, per kilometer, respectively [69].

3.24 Theme 4: Carbon footprint among sport
participants

Of the eight studies included in this section, four dealt
with the carbon footprint of sport participants and four
with the carbon footprint of elite athletes.

3.2.4.1 Sport participants

Wicker [70] examined the carbon footprint
associated with sport participation in Germany via an
online survey. Based on 6,500 respondents, twenty
different sports were assessed. The author calculated
an individual annual carbon footprint of sport-related
travel representing different purposes: weekly activity,
competitions, league games, day trips and vacation.
The average individual annual carbon footprint
amounted to 844 kg CO;, representing almost 8% of
overall emissions for a German adult. Individuals’
average annual carbon footprint was 1,006 kg of CO,
for individual sports, and 514 kg of CO, for team or
racket sports. The three highest individual carbon
footprints, which exceeded 2,000 kg CO,, were found
in participants practicing diving, golf and surfing. Their
carbon footprint was mainly driven by vacation related
travels. In addition, Wicker [71] computed the annual
2015 carbon footprints of snow-sport related travels in
German adults and found an average carbon footprint
of 431 kg CO,. Snow boarders in comparison with
skiers produced a higher annual carbon footprint (519
vs 332 kg COy).

Chard and Mallen [72] examined the carbon
footprint of two youth ice hockey teams in Canada for
an entire season. The carbon footprint was estimated
at 760 kg CO, for elite team players and 530 kg CO,
for players at a lower competitive level. Furthermore,
Bunds et al. [73] estimated the carbon footprint of a
regional competitive youth swimming team in North
Carolina (US). They sent text messages to 172
parents over three weeks to assess their car use when
driving children to swimming pools. The overall carbon
footprint was 8,810 kg CO. over three weeks of the
program for the 153 included families. The projected
carbon footprint for the entire season with all families
(N = 450) over 47 weeks amounted 415 tons of CO.,.
The investigators performed three different simulation
analyses to explore the CO, emission reductions
related to carpooling (= 3 to 5 children for each car),
use of cars with low fuel consumption (i.e., < 7.8 liters
per 100 kilometers) and use of practice facilities within
the closest geographic proximity. The carpooling or
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exclusive low consumption car use could both result in
a 40% reduction in total combined CO, emissions per
child. The third strategy — proximity of the facilities —
was related to a small improvement (i.e., 12%
reduction).

3.2.4.2 Athletes

The carbon footprint of athletes has been
investigated in soccer, Formula one and university
sport teams. Toéffano et al. [74] estimated the carbon
footprint of English Premier Leagues soccer clubs
during the 2016-17 season. Overall, this season
represented more than 1,134 tons of CO, for the 20
teams involved in the championship. The carbon
footprint of each club member was 29 tons CO.. Most
of their greenhouse gas emissions were generated by
air travels and luxury accommodation facilities.

Dolf and Teehan [75] quantified the carbon
footprint of University sport teams (University of British
Columbia, Canada, season 2011-2012). Athletes
traveled exclusively by plane. The average carbon
footprint per team member was 59 kg CO. per event.
The total carbon footprint for the team was 630 tons
CO; for one season. On the other hand, the carbon
and NOjy footprints of athlete students at University of
Montreal were 0,5 tons and 0.10 kg, respectively.
Their trips were mainly completed by bus [76]. Finally,
Mourao [77], estimated that a professional car race
resulted in 54 tons of CO, per driver including flights,
staff travels, and production of raw materials. In their
estimation, CO, emissions associated with races and
testing represented only 0.3% of emissions per driver.
A time series analysis was also performed to explore
the efficacy of specific Formula One regulations
developed in 2009 and targeting a reduction in CO,
emissions [77]. However, these regulations were not
associated with a reduction in CO, emissions between
2012 to 2015.

3.2.5 Theme 5: Natural disasters and physical

activity
Fifteen studies focused on the associations between
natural disasters and physical activity/sport

participation, organizations or infrastructure. Three
categories were created to synthesize the literature:
associations between natural disasters and individual
physical activity behaviors (N=6); associations
between natural disasters and physical activity/sport
organizations (N=8) and the role of physical
activity/sport infrastructure in post-disaster settings
(N=3). The natural disasters represented here were
hurricanes/cyclones, floods, droughts and typhoons.

3.2.5.1 Associations between natural disasters
and physical activity

A cross-sectional analysis of the Health
Retirement Study (2000-2014) examined whether

exposure to natural events (characterized by a federal
disaster declaration impact) was associated with
health behavior change in a large sample of
participants aged 55 years and older [78]. During the
study period, 60% of respondents were exposed to
one or more of these disasters. Results highlighted
that older adults exposed to natural disasters were
more likely to decrease their self-reported vigorous
physical activity. Another cross-sectional study (US)
examined the potential impact of Hurricane lke in 2008
on children’s levels of self-reported sedentary activities
8-months after the hurricane [79]. High perceived
stress related to the hurricane and post-traumatic
stress symptoms were significantly associated with
more time spent in sedentary activities and lower time
spent in outdoor physical activity. Authors
recommended, for example, to rebuild playgrounds or
make them accessible quickly after a disaster to help
children return to their normal routines.

A survey was conducted in 32 parks in New
Orleans (US) during the summer of 2006 and 2007
following Hurricane Katrina [19]. Investigators
compared visit frequency and park use experiences
among park visitors from flooded versus non-flooded
areas of New Orleans. Visitors from flooded
neighborhoods used parks less frequently.

Tabrizi et al. [80] compared health conditions
of adults living in areas adjacent and far from lake
Umia in Iran (i.e., the second largest saline lake in the
world). Lake Urmia is subject to frequent and massive
droughts and forms an area of “salt desert” bringing
chemicals very close to urban and rural habitats. No
significant differences were found in self-reported
physical activity between participants living in Lake
Urmia’s adjacent areas and control areas.

A study in Houston (US) investigated the
impact of the 2017 Hurricane Harvey on continuously
collected data of bicycle and pedestrian trail use [81].
Time series analyses showed that this natural event
had a significant negative impact on physical activity
(e.g., reduced daily pedestrian and bicycle counts).
However, daily pedestrian and bicycle counts returned
to pre-hurricane levels by 6 weeks post-landfall. This
study shed light on the potential role of bicycle and
pedestrian infrastructure on disaster recovery and
well-being among affected populations.

Abad et al. [82] explored the impact of
repeated floods over the last decade in public transit
commuters in Manilla (Philippines). Participants were
questioned about their commuting behavior
adaptations and reported that they commuted less by
walking due to repeated floods.

3.2.6.2 Sport and
organizations post-disaster

A detailed examination of 70 newspaper and
magazine articles revealed that athletes and related
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sport organizations can provide support to local
communities after a disaster [83]. Authors classified
post-disaster sport organizations’ support as tangible
(i.e., provision of resources) and emotional (i.e.,
provision of activities enhancing well-being post-
disaster). Tangible social support activities included
monetary, matching and in-kind donations, fundraising
activities, volunteering and shelter (e.g., using athletic
facilities to house evacuees after flooding). Emotional
social support involved site visits (e.g., NFL players
visiting victims of Hurricane Katrina), community
development programs (e.g., professional athletes
working with local athletes to redevelop cricket clubs)
and memorials.

Orr and Inoue [84] published a conceptual
paper characterizing climate change vulnerability for
sports organizations, by adapting the IPCC and United
Nations International Strategy for Disaster Reduction
guidelines to sport organizations. The authors
suggested that sport organizations should anticipate
the impacts of climate change on their equipment,
finances, and the experiences of their athletes, staff,
and spectators. They added that sport organizations
would be impacted differently based on their level of
exposure (e.g., latitude, precipitation). In this
perspective, they stressed the importance for sport
organizations to develop new capabilities to adapt
their operations to minimize disruptions and additional
costs.

Wicker et al. [85] examined determinants of
post natural disaster (flooding, cyclone) resilience in
200 Australian sports clubs. The capacity to mobilize
members and volunteers, coupled with public grants,
were the two major factors associated with greater
resilience post disaster. A sub-sample of community
sport club managers, members and partners also
participated in focus groups and interviews. Results
echoed previous findings, highlighting the major role of
local partners and sponsors in providing labor and
equipment following disasters [86].

Kirkpatrick [87,88] qualitatively investigated
how bicycling enthusiasts have organized community
events in US cities to demonstrate how bicycles may
be useful during natural a natural disaster event.
Citizen cyclists have developed community bike races
known as “disaster relief trials”. Riders use a cargo-
bicycle to haul large and fragile items, and must cross
water, rough terrain and physical barriers designed to
simulate disaster conditions. The trials are developed
to improve community resilience in case of natural
disasters. These qualitative studies highlighted that
there are a variety of tasks that citizens cyclists could
undertake post-disaster, such as delivery of food,
water, medication and messages. However, study
participants stressed that disasters such as floods,
blizzards and wildfires were not realistic scenarios for
bicycle use. Respondents also added that formal

emergency management system may develop a
coordination system with this kind of citizen initiative in
the future.

Three included studies reported the existence
of post-disaster physical education programs
developed for children impacted by natural disasters.
A quasi-experimental trial carried out in Leyte
(Philippines) one year after typhoon Haiyan (2013)
explored the effects of a sport intervention in schools
on adolescents’ self-esteem [89]. The investigators
proposed a coaching-education workshop for teachers
and four student “leaders” in each class. The
workshop promoted development of a mastery
motivational climate through a 2-month sport
intervention. Two other schools were used as the
control group. After the 2-month program, self-esteem
levels were higher in students participating in sport-
based activities. The authors discussed the role of
physical activity and sport programs for youth mental
health following disasters. Two US departments of
kinesiology have also been involved in the
development and implementation of physical activity
programs post-disaster [90,91]. However, their
effectiveness has not been assessed. After Hurricane
Katrina, the US government opened a trailer park for
14,000 people named “Renaissance Village” (October
2005). Residents were predominantly African
American, with low income; 30% were under 18 years
of age, and 80% were not enrolled in school. In June
2006, the kinesiology department from Louisiana State
University instituted a structured and fun-filled physical
activity program (4 weekly sessions of 2 hours) named
“LE PAS” for children living in the park. The main goal
was to reduce stress and improve overall health in
school-age children impacted by the hurricane [90].
Similarly, after a series of devastating tornadoes in
2011 (>5,000 homes destroyed), the kinesiology
department of University of Alabama developed an
after-school program combining  soccer-related
activities with group sharing sessions for children
affected by these events [91]. A reduction in stress and
anxiety was expected in the participants.

3.2.6.3 Role of physical activity/sport
infrastructure post-disaster
A cross-sectional study assessed

neighborhood rebuilding preferences among 442 New
Orleans residents after Hurricane Katrina in 2006 [92].
Results showed that residents’ top priority was to
reduce crime and disorder; nonetheless, all groups
supported neighborhood features that promote
physical activity (i.e., sidewalks, crosswalks, parks and
playgrounds). The authors suggested that, after
neighborhood safety, physical activity infrastructure
may also be an important aspect for communities’
well-being after a natural disaster. In the survey by
Rung et al. [19] previously presented, the authors
compared park use experiences among park visitors
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from flooded versus non-flooded areas of New
Orleans during the summer of 2006 and 2007. Among
park visitors from flooded areas, “escape reasons”
(i,e., to help release tension and forget daily
responsibilities) were among the most frequent park
use experiences reported.

Finally, a qualitative investigation examined
the role of recreation park use before, during and after
devastating level 5 tornadoes in Oklahoma and
Missouri (US) [93]. Park employees were interviewed
on site and exposed to photos and videos. These
participants highlighted the importance of rebuilding
aquatic facilites and playground equipment after
disasters to improve neighborhood well-being. Park
employees suggested that leisure physical activity in
parks was associated with a better resilience in those
communities.

3.2.6 Theme 6: Future of physical activity and
sport practices in a changing world

Ten studies were included in this section. Three
studies simulated projections for future Olympic
Games, four studies examined outdoor physical
activity around 2060-2080, and three studies proposed
a revised definition of physical activity in regard to
environmental concerns.

3.2.6.1 Scenario-based studies

3.2.6.1.1 Olympic Games

Based on RCP 2.6 and 8.5 scenarios, Scott et
al. [94,95] determined the climate suitability for
previous Olympic locations to host Olympic and
Paralympic Winters Games in 2080. They added two
criteria: the probability of minimum daily temperatures
under 0 °C and minimum snow depth =30 cm.
According to their estimations, 12 and 10 sites out 21
cities would be suitable to host Olympic and
Paralympic Winters Games, respectively, for the low
emissions scenario. However, only 8/21 and 4/21 were
still suitable to host these Games in a high emissions
context. Paralympic Games would be more vulnerable
because they are scheduled later in the winter
(March).

The impacts of climate change on summer
Olympic Games were also investigated. Smith et al.
[96] simulated climate models assuming a high
emissions scenario (RCP 8.5) in 2085. They included
cities with populations >600,000 and below 1,600 m in
elevation in the northern hemisphere. They used a
26 °C WBGT threshold to categorize low-risk cities.
According to their projections, in Western Europe, only
24% (25/102) of included cities might be suitable to
host Summer Olympic Games in 2085. However, in
other geographical areas, only 1.5% (8/543) might still
be suitable to host the Olympic Games. None of the
eligible cities were in North Africa or Latin
America/Caribbean.

3.2.6.1.2 Outdoor activities

The US Forest Services estimated the impact
of climate change on outdoor recreation activities in
2060 in four forest service regions: North, South,
Rocky Mountain, and Pacific Coast regions
(representing all US) [97]. Three IPCC scenarios were
used including projections of population growth,
economic growth, bioenergy use and local variation of
temperature. Scenarios also varied in terms of severity
of greenhouse gas emissions. Among 17 outdoor
recreation activities, 9 were related to physical activity
(i.e., climbing, horseback riding, hiking, hunting,
fishing, skiing, snowshoeing, swimming and
canoeing). Climate change effects had mixed impacts
on active outdoor activities across regions and were
not always negative. The most negative impacts
occurred in the North region, with a decrease of
participants in 7/9 activities. Snowshoeing, hunting
and canoeing were the most affected activities.
Various patterns were observed in terms of activities
between regions. For example, an increase in the
number of participants was identified for 1 or 2
activities in three regions.

Three studies modelled the outdoor skating
season duration in Ottawa and Montreal (Canada)
based on the “business as usual’ scenario (RCP 8.5)
[98—100]. The reduction of the outdoor skating season
ranged from 24% to 75% by 2090. Increasing
temperature variability during winter could be an
exacerbating factor.

An examination of climatic conditions for
cross-country skiing with an international perspective
for 2065 and 2100 was performed using projections
from the IPCC’s fifth assessment report [101]. The
season would be shorter due to warmer winters,
increased winter precipitation, and faster snowmelt.
Furthermore, spring or summer events such as
increased slope failure, forest fires and flooding would
result in worse conditions for cross-country skiing
[101].

3.2.6.2 Conceptual studies

A definition of “sustainable physical activity”
has been recently proposed by Bjgrnara et al. [102],
defined as: “activities that are conducted with sufficient
duration, intensity and frequency for promoting health,
yet without excessive expenditure of energy for food,
transportation, training facilites or equipment.
Sustainable physical activities have low environmental
impact, and they are culturally and economically
acceptable and accessible’. These authors also
developed the Healthy and Sustainable Dietary and
Physical Activity habits score to examine the
sustainability of physical activity practices in future
epidemiological investigations [103]. They argued that
sustainable physical activity should come with an
important investment in active transport,
developments in community physical activity practices

13

Bernard P et al. (2021). Climate change, physical activity and sport: a systematic review. Sports Medicine, https://doi.org/10.1007/s40279-

021-01439-4



https://doi.org/10.1007/s40279-021-01439-4
https://doi.org/10.1007/s40279-021-01439-4

and a reduction of equipment and appliances used in
daily tasks (e.g., shoveling snow by hand versus using
a snow blower).

Malchrowicz-Mosko et al. [104] developed the
“slow sport” concept. Their proposition is in line with
other “slow movements” (e.g., slow food, slow
science) as a strategy to cope with climate change.
Slow sport was defined by a physical practice focused
on pleasure, without interest in performance. They
compared the level of satisfaction between half-
marathon runners who achieved or did not achieve
their sport goals, to runners without goals. No
significant differences were found between runners
with or without performance goals.

3.2.7 Theme 7: A conceptual model about climate
change and physical activity

Table 1 proposes a summary of the main findings for
each theme. Figure 3 presents a more complex
synthesis of these associations between climate
change impacts and different physical activity
characteristics. Flags represent findings that could be
specific to a country or geographical area. A distinction
between empirical and scenario-based studies is
proposed. The greenhouse gas reduction expected
with active transport development in scenario-based
studies was very modest in empirical studies. Sport
participation was related to a higher carbon footprint,
particularly in elite athletes. Heat waves were
associated with a drastic reduction of physical activity.
However, thresholds varied by latitude and season.
For instance, southern states in the US will be more
frequently exposed to heat waves and shorter winters
in the future. Consequently, physical activity patterns
will be more negatively and positively impacted during
summer and winter, respectively. Exposure to natural
disasters was associated with lower vigorous physical
activity and active transport frequency. However, no
significant association was found between drought
and active transport frequency. Increased air pollution
was related to a decrease in active transport and
leisure physical activity, and increased time spent in
sedentary activities.

4. Discussion

Climate change and physical activity are two
major issues impacting human well-being and
behavior. The present review provides, for the first
time, a broad overview of the associations between
physical activity and several climate change
outcomes. By doing so, this work highlights some of
the current and future challenges that physical activity
and sport communities, including stakeholders,
athletes, healthcare providers and academic
communities, will have to address in the coming years.

The identified articles were classified into six
themes: physical activity and air pollution, physical

activity and extreme weather conditions, physical
activity and greenhouse gas emissions, physical
activity and carbon footprint, physical activity and
natural disasters and futures of physical activity
practices in a changing world. We then proposed a
conceptual model presenting a multidimensional and
interconnected approach of climate change and
physical activity and sport practices based on the
results of our review.

Overall, results indicate a consistent negative
effect of air pollution, extreme temperatures and
natural disasters on physical activity. In line with four
RCP scenarios for 2030, 2050, and 2100, the
expected increase of air pollution [105], frequency and
duration of extreme temperature episodes and natural
disaster intensity will negatively impact physical
activity patterns mid- and long-term. This physical
activity reduction will be more severe in adults with
chronic diseases, higher body mass index and the
elderly. Furthermore, health risks attributable to air
pollution and extreme weather could be exacerbated
through active transport in adults living in the most
deprived areas. Indeed, walking or biking might be the
only travel mode in adults with low income [106].
Previous reviews also suggested a possible “positive
impact” of temperature increases during cold seasons
[24,25]. However, these benefits could be very
temporary and geographically localized. From a global
perspective, physical activity prevalence could
drastically decrease in subtropical regions (e.g.,
Australia), and be more exposed to seasonal
variations in northern temperate regions (e.g.,
Canada) [26]. Potentially positive effects are difficult to
interpret in isolation from other concomitant effects of
climate change such as increases in sea levels, which
will probably result in profound changes for our
societies in the coming years [107].

Regarding the effects of physical activity on
climate change outcomes, results suggest that
physical activity has two concurrent mitigation and
amplification roles towards climate change. The
development of active transport combined with public
transport development and utilization of low- emission
cars are associated with reduced greenhouse gas
emissions in urban environments. Furthermore, sport
and leisure physical activity communities are
recognized as important promoters of population
resilience following natural disasters. For instance,
bicycles might provide a means to reach isolated
people after a hurricane, and adapted sport
interventions can be organized to improve well-being
in children exposed to natural disasters. On the other
hand, the sport industry is an important source of
greenhouse gas emissions. These emissions are
mainly driven by motorized transport required for
physical activity participation. These findings were
found for leisure, tourism and professional sport
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activities. However, if physical activity-related travel
represented 2.2% to 26% of the annual carbon
footprint in German active adults [70], the annual
carbon footprint of an English Premier League player
[74] or professional race car driver [77] represents 5.3
and 10 times the annual carbon footprint of British
adults (i.e., 5.4 tons per year).

Our framework presented several plausible
climate change—physical activity feedback loops.
However, other human behaviors should be integrated
in future frameworks because negative or positive
feedback loops can be anticipated. For example, an
increase in daily physical activities could potentially
increase individuals' carbon footprint due to higher
food consumption [70] but also improve sleep quality
[7,108]. Other human behaviors will also likely be
affected by climate change impacts (e.g., negative
effect of rising global temperatures on sleep) and
ultimately trigger a decrease in physical activity [109].
For instance, an increase of 35% in vehicle miles
travelled is expected in RCP 8.5 in the US [109].

Occupational physical activity and active travel
could be considered as at-risk behaviors in a context
of heat waves or pollution alerts. A decrease in
moderate to vigorous physical activity during high
temperatures was found in the included studies, but
only one examined occupational physical activity.
Consequently, it could be anticipated that outdoor
workers (such as gardeners and construction workers)
would decrease or stop their activities during these
periods.

The literature review also suggests that
physical activity and sport definitions could be revised
by including a climate change perspective in current
and future practices. The sustainable physical activity
or slow sport concepts are in line with rising moral
questions in this domain [110], as highlighted by
several examples in recent years. For instance, the
Formula One driver Lewis Hamilton reported suffering
ecoanxiety [111]. The 2019 Doha World Athletics
Championships were organized in weather conditions
that were unreasonable for athletes [110]. Moreover,
greenwashing strategies of international sport
federations have been revealed [112]. For instance,
the Fédération Internationale de Football Association
2006 World Cup was presented as a “climate-neutral”
event, but environmental audits did not include sport
teams and spectator air travels [112]. In his analysis
about sport, Breivik [113] concluded: “With increasing
global warming and climate change we may have not
only an option but an obligation to change present
sport practices”. Many recent international sport
competitions have been impacted by climate related
events in the past years, such as the last rugby world
cup in Japan (Typhoon Hagibis). The impact of climate
change on the organization of such international

competitions will probably become more and more
salient in the upcoming years.

4.1 Limitations

This systematic review has limitations.
Because physical activity is studied in various
scientific disciplines and characterized in various

forms (e.g., leisure activity, health behavior, transport),
it is possible that relevant studies were missed. We
also did not include grey literature or international
reports. Thus, regional or international initiatives
examining the impacts of climate change on physical
activity or sport may be missing. Finally, computerized
simulation studies were performed with very different
levels of complexity, from two temperatures indicators
[17] to scenarios including population, economic, and
bioenergy indicators [98]. Consequently, findings from
these studies should be interpreted cautiously.

4.2 Future research

Based on this systematic review, we propose
seven research perspectives that might help the
physical activity community to anticipate and mitigate
climate change impacts:
1. Future research should be undertaken to explore
how occupational physical activity will be impacted
and regulated in the context of extreme weather
events. For instance, how can we limit heatwave-
related risks for delivery riders, farmers or construction
workers? To date, studies have focused on leisure
time physical activity and active transport. More
studies on occupational physical activities are
necessary.
2. Research projects designed and conducted by
researchers in low- and middle incomes countries
should explore the possible adaptation and mitigation
role of physical activity for different climate change
outcomes. As shown in Figure 2, there is a paucity of
work conducted in low and middle-income countries
and more studies are needed in various geographical
areas.
3. Rising sea levels and natural disasters will push
people to migrate within their country or abroad [114].
Physical activity or adapted sport interventions as
development tools should be used in line with recent
knowledge from “Sport for development” [114] and
“Sustainable Development Goals” [115] to promote
their social integration and help climate refugees to
cope with post-natural disaster health consequences.
4. The increasing occurrence of vector-borne diseases
(e.g., Lyme disease, malaria) associated with climate
change [11] may impact physical activity behaviors
such as active travel, occupational physical activities
and outdoor physical activities. Outdoor physical
activities (e.g., hiking, lumberjack) could be associated
with higher risk of being exposed to some specific
diseases (e.g., Lyme disease) [116]. Consequently, a
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negative perception could be associated with these
activities in population. Prospective studies could also
examine how infected individuals recover from these
diseases depending on their physical activity level.

5. Research to identify the consequences of rising sea
levels or thawing ice on physical activity practices
would be beneficial. For instance, cultural physical
activities can be disrupted in Small Island Developing
States or among native people living in sub-polar
regions.

6. More studies should quantify the carbon footprint of
(inter)national, university sport competitions, and
leisure sport practices, particularly in countries that are
large emitters of greenhouse gases. Guidelines should
be developed to ultimately limit the CO, emissions
from these sectors and promote sustainable sport
management practices (see e.g., [117]).

7. The first narrative model developed in the present
article (Figure 3) should be extended to a
computational model (i.e., a model allowing to
simultaneously consider all its components and to
make concrete projections about potential future
scenarios from a complex scientific perspective). Such
a model might help to anticipate future impacts of
climate change on physical activity by considering
feedback loops and complex set of relationships [109].

4.3 Recommendations

Five recommendations for physical activity
stakeholders, academic communities and coaches
can be made from the present review. First, climate
change impacts increasingly and disproportionately
affect physical activity at a worldwide scale.
Consequently, future physical activity guidelines
should present the risks (e.g.,, heat waves) and
possible benefits for physical activity related to climate
change (i.e., reduction of air pollution, greenhouse
gas). Second, climate change impacts and
adaptation/mitigation roles of physical activity should
be systematically included in kinesiology/sport

sciences courses. Third, physical activity and sport
communities should be involved in regional
preparedness plans for natural disasters. Fourth, a
thorough revision of transport modes related to leisure
sport practices and professional sports need to be
developed. (Inter)national competitions must be
reorganized in order to significantly decrease the
carbon footprint of athletes. For instance, permanent
Olympic locations can be selected based on future
climate change scenarios and their accessibility. Also,
short domestic flights can be replaced by more
energy-efficient modes of travel in national
championships. Finally, our findings highlight that
climate change is transforming physical activity
practices and communities. In this vein, the definition
of physical activity definition should be revised to

include climate change perspectives and
consequences.
5. Conclusion

Our review highlights bidirectional

associations between climate change, physical activity
and sport practices. Air pollution, extreme weather and
natural disasters directly influence physical activity.
Physical activity communities also can play a
resilience role following natural disasters. Regarding
greenhouse gas emission, physical activity is part of
the problem and part of the solution. This is a
particularly important aspect to understand among the
top ten greenhouse gases emitting countries (US,
China, Russia, Brazil, India, Germany, the United
Kingdom, France, Indonesia and Canada) [118]
generating more than 60% of total emissions.
Stakeholders, sport industries, athletes, sport
communities and sport researchers from these
countries must be aware of the climatic emergency
and work to actively reduce the carbon print
associated with physical activity practices and avoid
greenwashing strategies [119].
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Table

Table 1. Summary of the results for each section separately.

Sections

Main results

1. Air pollution

Both objective measures of air pollution and pollution alerts in the media, and subjective pollution perceptions are negatively
associated with physical activity participation including moderate to vigorous physical activity and active transport. These results
appear to be stronger among older adults and vulnerable populations. Reduction of air pollution in cities could be achieved by
promoting active transport alone, and in combination with public transport. The magnitude of this reduction is estimated to be
small overall.

2. Extreme
weather
conditions

Empirical investigations found a non-linear association between temperatures (alone or in combination with other factors such as
humidity) and leisure time physical activity and active transport. Higher temperature is usually associated with an increase in
physical activity until a certain threshold is reached, which then, triggers a sharp decrease in physical activity. Scenario-based
studies anticipate a positive effect of temperature increase on physical activity in at least some areas in the northern hemisphere
and during colder months of the year. Higher occurrence of precipitation could counteract these positive effects. One study warns
against increasing risks of hyperthermia during physical activity in the future.

3. Greenhouse
gas emissions

The CO, emissions that can be saved from active transport have been studied in experimental, observational and scenario-based
studies. Results vary greatly from one study to another. Although the magnitude of the effect varies, active transport is mainly
associated with a reduction in CO, emissions.

4. Carbon
footprint

Both amateur and professional sport practices are associated with elevated carbon footprints for participants. Emissions vary
depending on the sport. However, they are primary related to transportation required for sport practices (flying or driving). For
amateurs, carpooling and the use of fuel-efficient cars for sport-related travel might be associated with small to moderate
decreases of their carbon footprint.

5. Natural
disasters

Natural disasters (hurricanes/cyclones, floods, droughts and typhoons) have a negative impact on physical activity, mainly through
their effects on physical activity infrastructure. Physical activity organizations could contribute to post-natural disaster recovery by
providing direct support to populations (cargo-bicycles) or to cope with post-disaster anxiety. Rebuilding physical activity
infrastructure (playgrounds, parks) appears to be a top ranked priority after a natural disaster for residents from impacted areas.

6. Future of
physical activity

Studies using simulations have proposed different scenarios in regard to future professional sport events (Olympic games) and
amateur sports practices (mostly in North America). Results from this literature are difficult to interpret at this stage and more
research is needed. It is likely that winter sports will be impacted due to shorter and less intense winter seasons; in summer, heat-
related issues might become increasingly important depending on the geographical locations. Other studies have proposed to
redefine the concepts of physical activity and sport considering climate change and the environmental effects of those practices
(“sustainable physical activity” and “slow sport”).
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Figure 1. Study selection flow chart
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Figure 2. Geographical location of studies on climate change, physical activity behaviors and sport

practices
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Figure 3. Framework of associations between climate change and physical activity behaviors

*I . l-l'l.'

Notes. Green boxes = associations based on computerized simulations, Orange boxes = associations based on
empirical data, PA = physical activityy, GHG = greenhouse gas emissions, Arrow dash = no significant
association, - = negative association, -- = more negative association, + = positive association, ++ = more positive
association, ™ geographical/seasonal variations, interv. = intervention. Active travel frequency decreased for
different temperature thresholds in US, Qatar and Switzerland (see flags).
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Appendix S1. Search strategies
Search Terms for PubMed:
Mesh terms

(("Exercise"[Mesh] OR "Sports"[Mesh]) AND (("Climate Change"[Mesh]) OR "Natural
Disasters"[Mesh]))

Free words

(("physical exercise"[Title/Abstract]) OR ("physical activity"[Title/Abstract]) OR
(sport*[Title/Abstract]) = OR  (bik*[Title/Abstract]) @OR  (walk*[Title/Abstract])) AND  (("climate
change"[Title/Abstract]) OR (greenhouse[Title/Abstract]) OR ("natural disaster"[Title/Abstract]) OR
("extreme weather"[Title/Abstract]) OR (hurricane[Title/Abstract]) OR (flood[Title/Abstract]) OR
(drought[Title/Abstract]))
Search Term for SPORTDISCUS

“natural disaster” OR "climate change" OR "greenhouse™ AND "physical activity" OR sport
Search Term for GREEN FILE

"physical activity" OR sport OR walk OR biking AND "climate change" OR greenhouse OR “natural
disaster”
Search Term for Transportation Research Board
("climate change" OR "natural disasters" "greenhouse") AND ("bike" OR "sport" OR "walk" OR "active
transport" OR "physical activity")

Search Term for Scopus
ABS ( "climate change") OR ABS ( "natural disasters”") OR ABS ( greenhouse ) AND ( ABS ( "physical

activity") OR ABS ( "sport") OR ABS (walk) OR ABS ( bike ) OR ABS ( "active transport") ) AND
NOT INDEX ( medline ) AND NOT ( SUBJAREA (agri OR bioc OR immu OR neur OR phar)) AND
NOT ( SUBJAREA (eart OR ener OR engi OR envi)) AND ( LIMIT-TO (DOCTYPE, "ar")) AND

( LIMIT-TO ( LANGUAGE , "English"))

Search Term for JSSTOR
((("climate change") OR ("natural disaster") OR (greenhouse))) AND ab:("sport") OR ab:("physical activity")
OR ab:("active transport")
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