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Abstract: Blue spaces have been found to have significant salutogenic effects. However, little is known
about the mechanisms and pathways that link blue spaces and health. The purpose of this systematic
review and meta-analysis is to summarise the evidence and quantify the effect of blue spaces on four
hypothesised mediating pathways: physical activity, restoration, social interaction and environmental
factors. Following the PRISMA guidelines, a literature search was conducted using six databases
(PubMed, Scopus, PsycInfo, Web of Science, Cochrane Library, EBSCOHOST /CINAHL). Fifty studies
were included in our systematic review. The overall quality of the included articles, evaluated with
the Qualsyst tool, was judged to be very good, as no mediating pathway had an average article quality
lower than 70%. Random-effects meta-analyses were conducted for physical activity, restoration and
social interaction. Living closer to blue space was associated with statistically significantly higher
physical activity levels (Cohen’s d = 0.122, 95% CI: 0.065, 0.179). Shorter distance to blue space
was not associated with restoration (Cohen’s d = 0.123, 95% CI: —0.037, 0.284) or social interaction
(Cohen’s d = —0.214, 95% CI: —0.55, 0.122). Larger amounts of blue space within a geographical area
were significantly associated with higher physical activity levels (Cohen’s d = 0.144, 95% CI: 0.024,
0.264) and higher levels of restoration (Cohen’s d = 0.339, 95% CI: 0.072, 0.606). Being in more contact
with blue space was significantly associated with higher levels of restoration (Cohen’s d = 0.191,
95% CI: 0.084, 0.298). There is also evidence that blue spaces improve environmental factors, but more
studies are necessary for meta-analyses to be conducted. Evidence is conflicting on the mediating
effects of social interaction and further research is required on this hypothesised pathway. Blue spaces
may offer part of a solution to public health concerns faced by growing global urban populations.

Keywords: physical activity; stress; social isolation; pollution; heat island; urban nature; park; lake;
health; environment

1. Introduction

The world’s urban population has grown by approximately 460% between 1950 and
2018, increasing the number of people living in urban areas from 751 million in 1950 to
4.2 billion in 2018 [1]. This tremendous increase in the urban population has raised several
environmental, social and health concerns [2]. Urbanisation is linked to increased risk of
non-communicable diseases, premature mortality [3], as well as a higher risk of mental
illnesses [4] and social isolation [5]. Urban growth is projected to continue and bring
an additional 2.5 billion people to urban areas by 2050 [1]. It is therefore of paramount
importance for city-planners to create sustainable and healthy urban environments, which
promote mental and physical wellbeing.
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Natural environments bring several benefits to public health and social wellbeing in
urban settings. Studies have shown that exposure to natural environments contributes to
reduced mortality rates and increased wellbeing among urban dwellers [6]. Most of the
research has concentrated on the impact of green spaces (e.g., parks), but in recent years it
has emerged that blue spaces such as coasts, lakes, rivers and canals can bring similar ben-
efits [7-9]. To date, few studies differentiate between green and blue spaces, as blue space
is often treated as an inherent component of parks and natural environments [9]. However,
blue spaces are independent entities and there is a need to be considered separately and
not solely as a subcategory of green spaces [10]. Over the years, research has focused on
the negative effects of blue spaces and the understanding of such effects is well devel-
oped [11]. Health hazards, such as an increased risk of flooding and higher levels of disease
transmission, through exposure to several microbes and contact of humans with a wide
range of hazardous chemicals, have often been linked to blue spaces [11]. However, recent
epidemiological studies have shown that blue spaces also have a positive effect on public
health [9], including the reduction of mortality rate with the greatest rate of decline seen in
areas closest to blue space [12], better physical health [7], and better mental health [8]. In
fact, a recent meta-analysis quantified the health impact of blue spaces and concluded that
it is as strong as that of green spaces [9]. Therefore, it logically derives that the existence
of such benefits from blue spaces also enables discussion of environmental justice around
their accessibility and availability to some groups of the population. Simultaneously, blue
spaces are considered valuable ecosystem services, have both an aesthetic and ecological
role in urban environments and can be used for urban microclimate regulation [10,13].

In order to leverage these salutogenic effects and improve the health of the urban
population, it is important to understand the linking mechanisms between exposure to
blue space and health. Four mechanisms have been proposed to mediate the relationship
between blue spaces and health (Figure 1): (1) Access to blue spaces may promote physical
activity which is the fourth most important risk factor for poor health [14]; (2) Exposure to
blue spaces may improve restoration [15]. This follows the definition by [15] and therefore
considers markers of restoration, including, but not limited to, stress, anxiety, depressed
mood and psychological wellbeing, which have been linked with risk of cardiovascular
diseases [16] and mental health issues [17]; (3) Blue spaces may contribute to a healthier
environment and reduce air pollution, heat island effect, risk of flooding [18]; and finally
(4) Blue spaces may promote social interactions which have been found to benefit mental
and physical health, among others, through a sense of community, mutual support between
people, quicker emergency reaction and sense of coherence [19].

Mediators/Causal Pathways

Social Interaction

Exposure
T Restoration (e.g.,

stress, anxiety,
etc.)

Environmental _—
Factors
T Physical Activity

Figure 1. Blue Space—Hypothesised Health Mediators/Causal Pathways.

To date there has been no review synthesising evidence about these potential mechanisms.

The purpose of this systematic review and meta-analysis is to summarise current evi-
dence and quantify the effect of blue space on physical activity, restoration, environmental
factors and social interaction.



Int. J. Environ. Res. Public Health 2021, 18, 2486 3 of 41

2. Materials and Methods

This systematic review and meta-analysis followed the PRISMA guidelines and the
composition of systematic reviews in research guidelines [20,21]. The review protocol was
pre-registered with PROSPERO (available at http:/ /www.crd.york.ac.uk/PROSPERO/
(accessed on 22 January 2021) with registration number CRD42019154917).

2.1. Search Strategy

Six databases (PubMed, Scopus, PsycInfo, Web of Science, Cochrane Library, CINAHL
(EBSCO)) were searched for articles using keywords and synonyms of terms pertaining to
urban green and blue spaces (e.g., rivers, canals) and potential mechanisms or mediating
factors (e.g., physical activity, stress, sleep, air pollutant, social interaction, noise). For each
database, a search string was created, combining these keywords (search strategy provided
in Supplementary File/Table S2). Searches were limited to articles reporting research on
human participants and published in English from inception until 22 January 2021. A
snowball search for relevant studies was conducted, by two reviewers (MG, SC), based
on the reference lists provided in the included articles of this review and review articles
identified. Explanation of search terms is provided in Supplementary File/Table S1.

2.2. Eligibility Criteria

To be included in this review and meta-analysis the studies had to fulfil the inclu-
sion and exclusion criteria detailed in Table S3 in the supplementary material. Briefly,
studies had to present original peer-reviewed research providing quantitative information
about the relationship between exposure to blue spaces and markers of social interaction,
restoration, physical activity and/or environmental factors. We included studies which
considered those as outcomes or mediators. The following blue spaces were considered:
all inland waterways, coastal environments, canalled areas, blue infrastructure (BI), navi-
gable transportation canals, aqueducts, lakes, marinas, rivers, ponds, reservoirs, marshes,
estuaries, fountains, streams, reconstructed or recalibrated wetlands, waterfront parks,
deculverted/daylighted areas, open air streams, urban waterways, riparian corridors,
recalibrated urban parks, urban forests, natural preserves. Included studies had to be of the
following designs: cross-sectional, longitudinal, cohort study, case study of specific sites,
natural experiment, prospective study, randomised controlled trial, case reports and series,
cross-over study, or evaluation study. We considered studies that reported exposure to
blue space in the following categories: distance to blue space, amount of blue space within
a geographical area, contact with blue spaces (e.g., visits) and visibility of blue space.

Studies were excluded if they were: qualitative studies, opinion pieces, theoretical
papers, non-peer-reviewed or conducted using a virtual environment.

2.3. Screening, Data Extraction and Quality Appraisal

All search results/articles were retrieved and uploaded to the Rayyan QCRI online
tool for systematic reviews [22]. Study abstracts and titles were independently screened for
inclusion by two reviewers from a pool of four (MG, SC, ZT, NS). A third reviewer (out of
the reviewer pool) was used to resolve disagreement where necessary. Full-text screens
were then carried out independently by two reviewers (MG, SC), while a third reviewer
was used to settle conflicting decisions.

For data extraction, a standard template was used, containing details of each article’s
title, author, date, title, population, age (mean (SD)), sample size, design, main results,
area/context, blue space exposure, method of blue space exposure measurement, and
confounding variables.

Quality appraisal of studies was conducted by two reviewers using the Standard
Quality Assessment Criteria for Evaluating Primary Research Papers from a Variety of
Fields QUALSYST tool [23]. This tool was chosen as it enables the assessment of quality
and evaluation of potential bias over a wide range of research designs from experimental
to observational [24]. All articles were evaluated on a rating scale in five domains: use of
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correct methods, design appropriateness, sample size, inclusion of confounding variables,
report of sufficient statistical evidence and description of participants/subjects.

2.4. Meta-Analyses

Studies were classed according to how exposure to blue space was measured (e.g., dis-
tance to blue space, amount of blue space, frequency of visits) and the mechanism/mediator
investigated, by two study authors (MG, SC). A meta-analysis was conducted when at least
three studies were available for the same exposure and mechanism/mediator combined.
Meta-analyses were feasible for the association between the amount of blue space and
physical activity, distance to blue space and physical activity, amount of blue space and
restoration, distance to blue space and restoration, contact with blue space and restoration
and distance to blue space and social interaction. Other categories did not have a sufficient
number of articles or did not report sufficient statistics to permit a meta-analysis. Prior to
each meta-analysis, the effect size of blue space of each study was extracted and converted
to Cohen’s d, based on conversion methods for effect sizes in the existing literature [25,26].
Effect sizes were pooled using a random-effect model meta-analysis, and the results were
presented as forest plots. We interpreted Cohen’s d effect sizes as low, moderate, or high,
according to upper limits of 0.2, 0.5 and 0.8, respectively [27]. Subsequently, when a study
used several different measurements for the same exposure category, the same outcomes
reported by this study were averaged over the different measurement in the same exposure
category. For studies reporting separate results for different groups for the same exposure
and outcome, we computed the average outcome for each exposure category weighted
by the sample size of each group. When studies reported the same outcome measure
both objectively and via self-report, we prioritised the objective measure. For example,
Garrett et al. [28] reported both self-reported physical activity and accelerometer physical
activity levels. In this case, the objective measure (accelerometer) was prioritised over
the self-reported physical activity levels. Heterogeneity amongst studies was gauged by
visual inspection of funnel plots and quantified using 12 statistics. With upper limits of
25%, 50% and 75% respectively for I?, heterogeneity was interpreted as medium, moder-
ate, or high [29]. All meta-analyses were computed using Comprehensive Meta-Analysis
software version 3 [30]. Forest plots were created based on Cohen’s d effect size, using the
same software [30].

3. Results

The electronic searches identified 13,206 articles; 9122 in PubMed, 47 in Scopus, 1136
in PsyclInfo, 1843 in Web of Science, 53 in Cochrane Library, and 1005 in CINAHL (EBSCO).
26 more papers, meeting the inclusion criteria, were added to the database from the
snowball search. After removing duplicates, 106 articles were found to be eligible for
full-text screening. This resulted in 50 studies being included in the review. The main
reasons for excluding studies were that studies did not measure the right exposure, were
qualitative, were conducted in a virtual environment or referred solely to impacts of green
space. The data flow is presented in Figure 2. All 50 articles were split into four categories
based on their mediating pathways, while eight articles presented findings for more than
one mediating pathway and these were therefore assigned to more than one category.
There were 18 articles for physical activity, 21 for restoration, seven for social interaction,
and 14 articles for environmental factors.
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Additional records identified
through other sources

Figure 2. PRISMA Flow Diagram.

3.1. Study Design Characteristics

Among the 50 articles included in this review, 35 articles had a cross-sectional de-
sign [31-65], four were cross-over studies [66-69], seven were of longitudinal design [70-76],
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two were cohort studies [77,78], one article had both a longitudinal and cross-sectional
design [79] and one article had both a cross-over and cross-sectional design [28] (Table 1).
For physical activity, 14 articles were cross-sectional [28,31-38,55-59], one longitudinal [70],
two cohort studies [77,78] and one both cross-over and cross-sectional [28]. For restoration,
14 articles were cross-sectional [39-45,55-57,60-63], three were longitudinal [71,72,75], three
were cross-over [66,67,69] and one study had both a longitudinal and cross-sectional de-
sign [79]. For social interaction, six articles were of cross-sectional design [43,46,47,56,57,61]
and one article was longitudinal [73]. In environmental factors, 11 articles were cross-
sectional [48-54,56,57,64,65], two were longitudinal [74,76] and one was cross-over [68].
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Arnberger et al. range from o Adult people 22 meadow /river on C i in ri
4 . L tudinal . L. ontact with _ . mountain rivers.
2018 [71] Austria to ongitudinal " years old 22 26.7 (4.1) site. Visitof 5 blue space No Restoration - Blue space found to
Switzerland different locations in Sp
the alpine region provide health
benefits
Age, gender,
Students Blue space prese hnicity, d i
Both cross- P P nce ethnicity, duration .
- between 18 and in ci - Association

Dzhambov, . sectional r in circular buffers of ’ of residence, .

2018 [79] Bulgaria and longi- 35 years old, in 109 21(3) 100 m, 300 m and 500 ﬁmount of Yes Pearson’s  Restoration average time spent between restorative

: Plovdiy, m around students’ ue space quality and blue
tudinal N4 1 at home a day,
Bulgaria residences perceived Space

economic status
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Age, gender,
educational
attainment,
marital status,
living alone, work
category, physical
activity, smoking,
sleep quality, Lol\f/ver OddeOf
social support, ;e -rep O;te .
perceived social istory of anxiety,
support, self-reported
Presence of blue meditation, history f’f
spaces of any type caregivers of depression,
and size represented Odds people with AD or  self-reported
Gascon et al. . Cross- Adults in in the map around Amount of : : ther chroni history of
’ Spain ; 958 56.5 (- P Yes Rat Restoration Other chronic I .
2018 [39] P sectional Barcelona © the residential blue space (OaR1;) disease, family medication with
address (buffers of history of Benzodiazepines,
100, 300 m and Alzheimer’s self-reported
500 m) disease (AD) or history of

any other
dementia, BMI, air
pollution—annual
average levels of
nitrogen oxides
(NO2 and Nox)
and particulate
matter (PM2.5,
PM2.5 absorbance
(abs), PM10, and
PM coarse).

antidepressants use,
for more blue space
within both a 300 m
and 500 m radius.
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Socio-economic
status, perceived
neighbourhood
safety (Family
affluence scale),
neighbourhood
aesthetics,
neighbourhood
SES (median
household income,
. employment rate,
Public natural space percentage of Higher chances of
<11 ->13.8%, (green and blue population with positive emotional
17249 12->20.1%, 13 ‘S/f;;gz;l;cr}el;s girdks’ Risk greater than high wellbeing for
;—Iuynh etal.,, Canada Cro_ss- _School students sh/l dents, -> 1?).3%, 14 > water bodies) ,w - thin Amount of Yes Ratio Restoration school education, existence of public
013 [40] sectional in Canada 19.2%, 15 -> p blue space urban/rural natural space
317 schools 19.7%, >16 -> a 5 km radius (RR) hi 1t P
30 o= circular buffer geographic within a 5 km
7.8% surrounding each location (rural area  radius around
school (<10,000 persons), school
’ small city
(10,000-99,999
persons), or
metropolitan area
(>100,000
persons)). Age,
gender, ethnicity
and urban/rural
geographic
location as
moderators.
15-44 yr —
Females: 56%,
11\{[) iﬁ%gé/%' Age, sex, personal More visibility
: 55%, : .
45-64 yr — Visible blue space i?eigr}?beéurhoo d g:lllfljser CahStelm:;de) ?f
Nutsford et al., New Cross- People in New 442 Females: 32%,  within <300 m; Distance to Y Bet Restorati omulation densit b € space e stho
2016 [41] Zeeland sectional Zeeland Males: 35%, 300 m to 3 km; blue space s eta estoration E pu » Y KEttelr scores at the
Total: 33%, 3-6 km and 6-15 km ousing quality, Pess}f:rl cal
65+ yr — crime and sychologica
deprivation. Distress scale (K10)

Males: 12%,
Females: 12%,
Total: 12%
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The proportion of a
ZIP code occupied
by inland lakes; The Decrease of
average Euclidean Median income individual-level
Pearson et al., Cross- . distance to the Amount of . - anxiety /mood
2019 [42] us sectional People in US 30,421 42 (16) nearest blue space blue space Yes Beta Restoration an Populatlon disorder
boundary, ensity, age, sex hospitalisations for
distinguished more blue space.
between inland lakes
and Great Lakes.
Sex, age,
race-ethnicity,
Provincial
household income
Presence of blue iivel (an}paretzs
e participan
Weighted %: space permanent witllfotherl;
15-24 years — water features such residing in the
17.4%, 25-34 as oceansc,1 lakes, and same province),
ears — rivers an .
%/5,3%, 35-44 intermittent sources hlghesF household Stronger sense of
Rugel et al., Canad Cross- People in 1,930,048 years — such as sloughs and Amount of Y gdtds Restorati iducaﬁo&lfvel, g v £
2019 [43] anada sectional Canada ,930, 18.7%, 45-54 bogs. Visible blue blue space es (Oang) estoration ousehold type, community for
years — space percentage household living more blue space
19.2%, 55-64 within a 100-m arrangement
years — buffer. Accessible (indicates the
12.8%, 65 and blue space relat.lQnShlp Qf the
older — 16.5% percentage within a part1c1Pant with
1000-m buffer. others in the same
household), pain
health status,
urbanicity,
population density,

walkability.
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Total: 51.00 .
Total: 406, (26.00), Contact with blue Contact with
) Barcelona: Barcelona: space de ngd as City of residence, green/blue space
Spain, People in Spain, 107, Stoke-  40.00 (23.00),  Presence/absence age, gender, led to higher SF-36
Triguero-Mas England England, The on-Trent: Stoke-on- within 50 m of each Contact with d oot ’ mental health
tal,, 2017 [66] (UK), The Cross-over N gh lands and 90, Doet- Trent: 43.50 participant’s location -0 No - Restoration e pc}i’;lon,h 4 scores, 4DSQ scores
ctal, Netherlands letherlands an inchem: (28.75), point. Residential P netghbourhoo tality scal 4
Lithuania Lithuania 105 Doetinchem: ith socio-economic Vitality scale scores,
Kaunas: 59.00 (16.00), exposu;e f?’l a d status, number of nights of
104 Kaunas: 55.00 Eggﬂngileser aroun good sleep.
(23.25) :
Lower odds of
Gender, age, anxiety disorder,
having a partner, any mood disorder,
having a child substance use
within the disorclle(r:i conémofn
household, mental disorder for
Age: below 35 Bl educational level, more blue space
de Vries et al. The Cross- People in The %\214:0/"1)612%6: avl;ielzgﬁicfy as Amount of g;lt?c? Ez?sg%glgiﬁgg;’ ;\gg:égnlel’(;n o
5016 [41] , Netherlands  sectional Netherlands 6621 between 35 percentages of the blue space Yes (OR) Restoration urbanicity c3f the reT;dence.. Bec;ter
and 54 area within 1 km and Beta respondent’s self-percerve
N = 3278 from one’s home neighbourhood, mental health
(50%) socio-economic scores (SF-36),

status of the
neighbourhood
(by average
residential

property value)

self-perceived
general health
scores for more blue
space within 1 km
from someone’s
residence.
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Gender, age,
education
completed, birth
place, type of
health insurance,
marital status,
indicators of
household based Better
on the occupation self-perceived
i i Odds of the main person  general health for
Ttrlglue2r(c))115\/l[is5] Spain sCerc(ﬁghal ge(t)plle mn Spai 8793 48 years Access to blue spaces ﬁﬁl:;m;c%f Yes Ratio Restoration of each household,  blue space, Better
etal., atalonia, Spain P (OR) neighbourhood self-perceived
(the percentage of social support for
the population more blue space
with education
higher than
secondary in the
participant’s
census track),
socioeconomic
status (SES)
Lower heart rate for
contact with blue
space setting
Age, gender, site compared to urban
Exposure to Wetland, . h
Reeves et al., England, People exposed p ’ Contact with . order, setting. More
2019 [67] UKg Cross-over to vfetlancrl)s 36 41(1028) U.trbail ar(lid Control blue space No ) Restoration self-reported positive feelings for
site, London levels of stress blue space setting.
Decrease in
negative feelings
for blue setting.
Parks, water bodies, }Emt/lionmental
open spaces as POls. (fecrr? Serature
Primary, \ﬁsia of aPPOI duringf humli:’ dity, noi’se More happy
Benita et al., . o secondary and the day. Proximity of  Visit to blue . oy ' moments among
2019 [72] Singapore Longitudinal junior college 10,464 - POIs to parks, water space No - Restoration daylight), Personal students who

students

body and open
space/reserve site
with a 100 m buffer.

characteristics (age,
housing price,
social group), day
and months

visited open spaces.
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Areas such as rivers,
canals and lakes and Age, gender,
Britain, . their immediate household
Excluding 6-24 — 11.1%,  surroundings, composition, Higher odds of
de Bell et al the Isle of c %gf; XS 64 including river Visit to bl Social socio-economic spending time with
€ bel etal, Scilly, the oSS~ People in Britain 1043 ko paths, canal paths ISIL o blue No Locial status, car family or friends for
2017 [46] ! sectional — 33.5%, 65 . space interaction hip, health o
Scottish and over —s and lakeside walks. ownership, hea more visits to blue
Highlands 23% Excluded coastal status, urbanicity space.
and Islands blue spaces such as of the respondents’
beaches. Visit to blue dwelling
spaces.
Residential
stability, median
income, percent
perceived
non-Anglo,
population density, Lower
approximate neighbouring index
" " : annual household for increased size of
er?\?ilr%iir;rér?;e s;’rcliésﬂ income, highest blue space. Higher
4351 and in dustriaig roas Distance to level of education, neighbourhood
Hipp et al,, . o People living in residents, b P blue space Social own or rent, attachment index
2014 [73] Australia Longitudinal Australia 146 neigh- 0.512 (0.152) ngfges mn the ) and size of No - Interaction length of residence  for increased size of
bourhoods fgfll'; Se;lrxlfcllronment. blue space at current address,  blue space. Lower
Highways. spoken languages neighbourhood
at home other than  cohesion index for
English, increased size of
dependent blue space.
children of
respondent,
marital status, age,
gender, ancestry
measures.
218,764 ) L
, ) . Time trends, age Association
Elders over 65, deaths Urban blue defines . Environmental v ’ i
2B(151]r é( ?i;]e tal, Portugal Serc(ﬁg;l al in urban areas of  from 213 - as urban water Blzéa:cae Cth No - factors urban density, Eetweten prgxllmgy
Portugal civil bodies P (Temperature) ~ SOClo-economic O water and ‘an
status surface temperature

parishes
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Blue
locations—urban T ¢
Klok et al., The Cross- Areas in 21 areas close to water Amount blue Environmental emperature
2019 [49 ; . - bodies such as No - factors - reduction for
019 [49] Netherlands  sectional Amsterdam locations canals, rivers, ponds space (Temperature) presence of blue
and fountains in the Space
chosen area.
Presence of public
park/lake had a
i . negative effect on
i People/lakes in Lakes classified as Env1romnen_ta1 biooh, Lak
g()lie?,h[%%]et al. us SCerCc;ismal Washington 10 lakes - Té%w5§)’:})9%), hé[eIC{i}uﬁﬂ Amount of No : factors (Envi-  Landscape factors, wlﬁﬁ tgnl}:er aKes
state, U! (30-50%), and Hig blue space ronmental time period Hgh
’ (50%) urbanisation noise) urbanisation levels
led to higher
anthrophony and
lower biophony.
Greater PM 2.5
Liuetal,, ) o Wetland ) 3 wetland Three wetlands Amount of Environmental reﬁisgl efficiency
2018 [74] China Longitudinal plo.ts /people in plots - chosen as ) blue space No - factors (Air - for wetlands with
China experimental sites quality) higher degree of
urbanisation
Boardwalks/ 1 Traffic density, Pedestrians using
McNabola et al., . Boardwalk next t Dist t Environmental temperature, idle boardwalks are less
2008 [68] Ireland Cross-over {)e?plil in bogdg\l/_alk - River {Viffey, Irela?\ 4 blljea;;: c eo No - factors (Air time, stability, exposed to benzene
relan n ubim quality) traffic related and PM 2.5
turbulence pollution
Socio-economic
glrl;itr?;réaeble A . Environmental ggr;ciadtgtrasched
Miro et al., Scotland, Cross- reas wi . houses, terraced Presence of SuDS
2018 [51] UK sectional systems 34 SuDS - Sustainable Drainage Amount of No - factors houses, three leads to higher
(5uDS)/people S SuDS blue space (Ecological : . .
ystems (SuDS) uality) rooms, sixrooms,  ecological quality
q y eight rooms, nine

in Scotland

rooms, three cars,
four cars)
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Spatial correlation,
. bed net
1684 children age, . .
(42.5%) 6-10 Distance of schools Environmental ~ <°Vra8e ramfall ?;s‘,gzlea;w?oximit
- i i 1d to rivers, usin Dist t £ during the main v p y
Raso et al., Ivory Coast Cross Children in 3962 years old, , g istance to No _ actors s to rivers and P.
2009 [52] y sectional Ivory Coast 2278 children digitised ground blue space (Disease malaria falciparum.
(57.5%) aged maps transmission) transmission Jalcipe
11-16 years. season, distance to  infections
NDVI for
vegetation
Lower
A pond of 4 ha. Four ;eirgnl'll)e errfet};iei:\s/,e
Saaroni and Ziv, Cross- Ponds/people 1 ponc_l mn stations located Distance to Environmental humidity and lower
2003 [53] Israel sectional in Israel Tel Aviv, . 3-5m from theedge  p) /oo e No . factors - heat stress ind
srae Israel of the pond (north, P (Temperature) dg%\’ Iivfl‘iisam ex
south, east, west) compared to
upwind
247 Recre-
ationists at Farmington ' ﬁgcg’niengig Decreased
Farming- River: 47.7 Environmenta g f 3 :
Smith and Us Cross- Recreationists in ~ ton River, (13.8), Farmington River, Distance to No ) factors ‘e/;:}r}f;“&r;’ tglst S Ziglgeirgaell\l;feie fits
Moore, 2011 [54] sectional 841 Recre- Chattooga Chattooga River blue space (Ecological 12 h P i for i & d
ationistsat  River: 47.0 quality) months, miles or increased
Chattooga (11.8) travelled from proximity to river.
home to river

River
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Age, sex, ethnic
origin (Dutch,
Western migration
background,
Non-Western Increased days of
migration being physically
background), active for at least
18-24 years marital status 30 min over the past
old -> 1301 (married, sepa- 7 days for closer
(211‘3)’ rated /divorced, distance to blue
5-35 years ) widow, never space (At home
?1151 (-’)> 2143 ?lf—percelvbeld married), group). Decreased
Roberts, van T4 istance to blue . education level days of being
( / : 36-45 years space: “Less than Physical 1 di i i
Lissa and The Cross- People in the pace: " . s (low, medium, physically active for
Helbich, Netherlands ~ sectional The Netherlands ~ 11°0° ?119 £)> 1979 %(L()mr{} 7 >21§g0k$50 Distance ¥ Beta ?{Cg;;g?;ﬁon high), income at least 30 min over
2021 [55] 46-55 d 55k quintile (1= the past 7 days for
years and " 25 xm or lowest quintile, 5= Jocer di
old> 2817 more oo ey~ closer distanceto
(5264—2%, years and household (Working group).
old -> 3265 type (single parent, 1 qwer stress for
(28.4) couple without closer distance to
children, couple blue space
with children, (Working and at
other household home groups)
type), urbanity,

deprivation, and
social
fragmentation.
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More physical
activity for higher
proportion of water
area, more per
capita water area,
closer distance to
blue space. Less
physical activity for
more NDWI. Better
SF-36, more stress
scores for more
NDWIL. Less stress,
better SF-36 scores
NDWI (Normalised Ave, gender for closer proximity
difference water Physical dg 7 &€ l’ to blue space. Better
index), distance to activity, ettu_catloni SE-36, lower stress
Elderly nearest water body, Distance to restoration, ?n ai‘li?;?:g{us scores for more
Chen and Yuan, Guangzhou,  Cross- individuals in 966 69.33 (7.77) proportion of water blue space, ~ Beta social hukou status. proportion of water
2020 [56] China sectional Guangzhou, ’ ’ areaina 1 kmbuffer ~ Amount of interaction, monthly ¢ :é.(e)?és‘/vgs;ssl:;zgs
China zone of blue space environmen- household income,  for mere por cavita
neighbourhood tal ] 4 P p
boundary, per capita factors employment water area. More
VP p information social contact for

water area

more NDWI,
proportion of water
area, closer distance
to blue space. Less
social contact for
more per capita
water area. Better
air quality for more
NDWI, per capita
water area,
proportion of water
area and closer
distance to

blue space.
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Equivalised
household income,
(a) area-level—
neighbourhood
deprivation (LSOA
IMD; quintiles;
most deprived =
reference
category); (b)
household-level—
number of
chfﬂ)dren (none =
. . ref.); access to
Ereg)l(cil;ri\:;al coastal car/van (h?s
categorised as <5 km, ndividualitvel—  Higher odds of
1774 in ac- 5-20 km and >20 km. age (categorised in meeting the
G 1 Eneland Cross- Adults in th celelrometer ?erc}::ntage ﬁlmount of 0Odds Phvsical 20 year intervals; Phyciiial aC?VitY
arrett et al., ngland, . ults in the analysis, reshwater coverage ue space, : ysica 16-34 = ref.); sex guidelines for more
2020 [28] UK sectional, 18,447 Allaged 16+ achLSOA from  Distance to Y OB activity (female = o freshwater
main the CEH Land Cover  blue space highest coverage and closer
analysis Map 2007 and qualification distance to
g%teﬁ)?rlzid;/s (0%, (none/foreign/other blue space.
17, >1-57, = ref.);
>5-100%). empléyment
status (in
work/education =

ref.); marital status
(single = ref.);
limiting illness
(limiting illness =
ref.); BMI (normal
weight = ref.);
smoking (current
smoker = ref.); and
(d) year of survey
(2008 = ref).
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Age (< 20 year,
21-45 year = ref,
46-65 year, > 65
year), sex (male =
ref, female),
having a chronic
disease (yes, no =
ref, no answer),
BMI (normal
weight = ref,
underweight,
obesity class I,
obesity class II,
. . obesity class III),
Residential employment
proximity calculated loved
as the distance S_tirfls (employe Lower physical
travelled using the i o ivi
Hoovbere ot al C People in fastest drivinggroute E?t?\?:tc;,l ;rzirfnzl?ngéﬂe 1 ?iilt‘;lr:z]ef?; ;11?15:1“
yberg v Belgium oSS~ p 60,939 42.7 from the Distance Y Beta Restoration, ome {quintie 4, space. Better
2020 [57] sectional Belgium geographical centre Social quintile 2, quintile GHQ-12 scores for
of the residential Interaction 3, quintile 4, closer distance to

municipality to the
nearest point at the
Belgian coast

quintile 5 = ref, no
answer), smoking
status (nonsmoker
= ref, occasional
smoker, daily
smoker, no
answer) and level
of urbanization
(urban = ref,
sub-urban, rural),
year (1997, 2001,
2004 = ref, 2008,
2013) and season
(winter = ref,
spring, summer,
fall), blue space
ratio, green

space ratio

blue space.
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Age, gender,
highest education
qualification,
ethnicity, housing
Cover of blue space t individual in-
. All P Odd: . ype, individua Lower overall
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3.2. Physical Activity
3.2.1. General Description

The association between physical activity and exposure to blue spaces was examined
in 18 papers [29,32-39,48,56-60,72,78,79]. Fourteen papers reported blue spaces to have
at least one positive association on physical activity, such as a higher volume of physical
activity [70], a lower probability of inactivity [78] and more intense physical activity (more
Moderate to Vigorous Physical Activity (MVPA)) [32]. Living closer to blue space or
in an area with more blue space or more blue space surface was generally reported to
positively influence physical activity compared to living further away or in areas with
less blue space surface, in adult populations. Grow et al. [33] also found a negative
association between proximity to blue space and walking for children, while Wang, Ettema
and Helbich [59] found negative associations between the amount of blue space within
an area and transportation/recreational walking in adults. Only four studies reported
non-statistically significant associations [31,55-57].

3.2.2. Physical Activity Measurement Types

Out of the 14 papers showing an association between blue spaces and physical activity,
10 papers showed a positive impact either on walking or MVPA [32-34,36-38,47,70,77,78].
Of these, Grow et al. [33] also found a negative association between walking and blue
space for children. Wang, Ettema and Helbich [59] found negative associations between
transportation and recreational walking and blue space, for adults. Pasanen et al. [35] used
a more inclusive physical activity indicator, namely “on-land outdoor physical activity”.
They reported more “on-land outdoor physical activity” for closer proximity to blue
space [35]. Garrett et al. [28] investigated the relationship between “meeting the physical
activity guidelines” and blue space. They found higher odds of “meeting the physical
activity guidelines” for more freshwater coverage and closer distance to blue space. Apart
from MVPA, Jansen et al. [80], also used light physical activity (LPA) as a physical activity
indicator in their study, finding a positive association between blue space and LPA.

Cycling was used as a physical activity indicator in two of the 14 papers showing an
association between blue spaces and physical activity [33,34].

3.2.3. Quality Assessment

In general, all 18 physical activity related papers were of very good quality, with
an average quality score of 88.12%. Papers were downgraded mainly due to insufficient
justification of their methods of blue space measurement and the need for a more detailed
explanation of their statistical analyses. Quality scores are provided in Supplementary
File/Table S4.

3.2.4. Meta-Analyses

There was sufficient data to meta-analyse the effect of distance between blue space and
dwelling/neighbourhood and the effect of the amount of blue space on physical activity.

The meta-analysis between distance to blue space and physical activity included
11 studies [28,33,35,37,38,47,55-57,70,77]. In the random-effects model, living closer to
blue space was associated with statistically significant higher physical activity levels
(Cohen d =0.122, 95% CI: 0.065, 0.179) (Figure 3a). The effect size was low.

The meta-analysis between the amount of blue space and physical activity included
nine studies [28,32,47,56,58,59,77-79]. A larger amount of blue space within a geograph-
ical area was statistically significantly associated with higher physical activity levels
(Cohen d = 0.144, 95%CI: 0.024, 0.264) (Figure 3b). The effect size was low and similar
to the effect between distance to blue space and physical activity.

Considerable heterogeneity was present in both models with an I? of 99.49% and
99.34% for the association between distance to blue space and amount of blue space,
respectively, with physical activity.
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Physical Activity Out come Cohen’s d Point Estimate and 95" CI Cohen’s d o - value
Studies Estimates
Grow et al. (2008) [ 33] Walking/Cvcling 0.173 (0.065, 0.29) 0.004
Karusisi et al. (2012) [77] Running 0,201 (0.18, 0.221) 0.000
Pasanenetal. (2019) [35]  Walking/Cyding 1.333 (0.867, 1.788) 0.000
Ying et al. (2015) [38] Walking 0.096 (0,177, 0.016)  0.019
Zhou et al. (2017) [71] Total PA 0.074 (0.067, 0.081) 0.000
Wilson et al. (2011} [37] Walking 0.352 (0.311, 0.392) 0.000
Haeffner etal. (2017)[47]  Active play -0.004 (-0.005, -0.003)  0.000
Roberts et al. (2020} [55] Active days 0.35 (-0.607, 1.307) 0.473
Chen et al. (2020) [56] Total PA 0.032 (-0.004, 0.068) 0.08
Garrett et al. (2020) [28] Total PA 0.182 (0.17, 0.194) 0.000
Hooyberg et al. (2020} [57] Total PA -0.008 (-0.024, 0.007) 0293
Garrett et al. (2020) [28] Accelerometry 0.144 (0.091, 0.196) 0.000
Summary 0 0.122 {0.065, 0.179) 0.000
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Perchoux et al. (2015) (78] Walking 0.101 (0.08, 0.1 2_1) 0.000
Dzhamboy (2018) [79] Total PA 0-223 (40.266,0.71) 0.373
Haeffner etal. (2017)[47] Active Visits 0.447 (0401, 0.492) 0.000
Chen et al. (2020) [56] Total PA 0.564 (-1.039, 2.167) 0.490
Tan et al. (2020) [58] Total PA 0.147 (0.163, -0.132)  0.000
Wang et al. (2020) [59] Walking 0.064 (-1.459, 1.588) 0934
Garrett et al. (2020) [28]  Total PA 0182 (0.17, 0.194) 0.051
Garrett et al. (2020) [28] Accelerometry 0.124 (-0.001, 0.245) 0.000
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Figure 3. (a) Forest plot of the relationships between distance to blue space and physical activity;
(b) Forest plot of the relationships between the amount of blue space around a certain geographical
area and physical activity.

3.3. Restoration
3.3.1. General Description

The association between exposure to blue spaces and restoration was explored in 21 ar-
ticles [39-45,55-57,60-63,66,67,69,71,72,75,79]. 18 articles reported statistically significant
effects of blue spaces on restoration [40-42,44,45,55,56,60-63,66,67,69,71,72,75,79], while
three articles [39,43,57] did not find an association. Living closer to blue space or in an
area with more blue space or more blue space surface was generally reported to positively
influence restoration compared to living further away or in an area with less blue space or
blue space surface, in adult populations. Contrastingly, in children, Huynh et al. [40], did
not find an association of blue spaces with restoration.

More specifically, seven studies found a beneficial effect of blue space availability
or visibility on stress or psychological distress [41,43,55,56,63,66,71], while four articles
used mental or emotional wellbeing as a restoration indicator and also found a beneficial
effect [40,60,66,71]. Positive effects of blue space availability or visibility on anxiety or mood
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disorders were reported in one study [42]. Pearson et al. [42] suggested that proximity
to Great Lakes had a positive effect on mood disorders but proximity to inland lakes
had a negative effect. Positive effects of blue space availability or visibility were also
found for other measures of restoration, such as attention restoration [71], self-reported
history of depression [39], General Health Questionnaire (GHQ-12) scores [61,79], self-
reported experienced restoration [62], Short Form 36 health survey (SF-36) scores [44,56]
self-reported negative feelings [67], feelings of fascination or “being away” [63] state body
shape, appearance and weight satisfaction [75], Patient Health Questionnaire (PHQ-9) [55],
Wellbeing Index (WHO-5) [60,69], self-reported life satisfaction [69] and encounters of daily
happy moments [72]. Blue space availability /visibility was also found to reduce major
depressive disorders, by Rugel et al. [43].

3.3.2. Quality Assessment

Overall, the 21 restoration-related articles were judged as of very good quality with
an average quality score of 88.77%. The main reasons for lower quality scores were the
insufficient justification of methods of blue space measurements and the lack of a detailed
description of input variables. Quality scores are provided in Supplementary File/Table S4.

3.3.3. Meta-Analyses

Sufficient data were available to conduct a meta-analysis of the association between
distance to blue space and restoration, amount of blue space within a geographical area
and restoration, contact with blue space and restoration.

For the effect of amount of blue space within a geographical area on restoration
the meta—analysis included six studies [39,40,44,56,61,79] pulling together the effects of
blue space on five markers of restoration. For the effects of distance to blue space on
restoration and contact with blue space on restoration, both meta-analyses included five
studies [41,55-57,60] and [60,66,69,72,75] respectively. In the random-effects models, the in-
crease of amount of blue space within a geographical area showed a small to moderate, but
positive association with improved markers of restoration (Cohen d = 0.339, 95% CI: 0.072,
0.606, 12 = 91.97%) (Figure 4a). Having blue space closer to a dwelling /neighbourhood was
not associated with higher restoration (Cohen d = 0.123, 95% CI: —0.037, 0.284, 2 = 96.60%)
(Figure 4b) and being in more contact with blue space was associated with more restoration
(Cohen d = 0.191, 95% CI: 0.084, 0.298, 1> = 79.50%) (Figure 4c). High heterogeneity was
present in all three meta-analyses for restoration.

3.4. Social Interaction
3.4.1. General Description

Social interaction was associated with exposure to blue spaces in seven articl-
es [43,46,47,56,57,61,73]. Generally, there was evidence that increasing contact with blue
space, decreasing distance between dwellings/neighbourhoods and increasing the amount
of blue within a geographical area could improve neighbourhood perception and social
interaction, but that this may depend on the scale of each blue space setting.

More specifically, De Bell et al. [46] found that blue space exposure was associated
with increased time with family or friends. This benefit, deriving from blue space exposure,
appeared smaller than the positive effect of blue space exposure on psychological wellbeing,
among people aged between 25 and 65. Hipp et al. [73] also found positive effects of
blue space exposure on social interaction, as closer proximity to blue space increased the
neighbouring, cohesion and attachment indices of the study’s population. Other markers of
social interaction, such as sense of community [81], neighbourhood attachment, community
participation and social cohesion [61], were also found to benefit from blue space. On the
contrary, increasing a river’s length in a neighbourhood was found to be associated with
lower neighbouring cohesion and attachment indices [73]. More amount of blue space
within a geographical area was also found to decrease neighbourly interaction [61].
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Figure 4. (a) Forest plot of the relationship between the amount of blue space within a geographical

area and restoration; (b) Forest plot of the relationships between distance to blue space and restoration;

(c) Forest plot of the relationship between contact with blue space and restoration.

3.4.2. Quality Assessment

The social interaction related articles were judged to be of very good quality with an
average quality score of 88.95%. The main reason for lower quality scores was insufficient
details when reporting results. Quality scores are provided in Supplementary File/Table S4.

3.4.3. Meta-Analyses

There were sufficient data to meta-analyse the effect of amount of blue space within a geo-
graphical area on social interaction and the effect of distance to blue space on social interaction.
The meta-analysis between distance to blue space and social interaction included
three studies [56,57,73]. In the random-effects model, living closer to blue space was not
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associated with higher levels of social interaction (Cohen d = —0.214, 95% CI: —0.55, 0.122,
12 = 90.81%) (Figure 5a).

Social Interaction Studies ~ Oulcome Cohen’s d Point Estimate and 95% CI Cohen’s d Estimates p-value
Hipp et al. (2014) [74] Cohesion 1.633(2231, 1034) 0,000
Hipp et al. (2014) [74) Sodial contact 0.117 (0.08, 0.175) 0.000
Chen et al. (2020) [56] Social contact 0.076 (-0.047, 0.200) 0227
Hooyberg et al. (2020) [57] ~ Neighbourhood 1.186 (-8.805, 11.176) 0.816
appreciation
Summary ’ 0.214 (055, 0.122) 0.211
T T
L] 4 0 1 1 1
Less social interactionnear  More social interaction near
blue space blue space
(a)
Rugel et al. (2019) [43] Sense of community 0.035 (0.030, 0.040) 0.000
Chen et al. (2020) [56] Sodial contact 1.268 (-5.549, 8.085) 0.715
Liu et al. (2020) [61] Sodial contact 1.347 (-0.723, 3.416) 0202
Liu et al. (2020) [61] Community participation 0.761 (0.137, 1.384) 0.017
Summary ‘ 0.405 (-0.214, 1.024) 0.200
T T T 1
] H 3 ¢
Less social interaction for more More social interaction for more

blue space blue space

()

Figure 5. (a) Forest plot of the relationship between distance to blue space and social interaction;
(b) Forest plot of the relationship between amount of blue space within a geographical area and
social interaction.

The meta-analysis of the effect of the amount of blue space within a geographical
area and social interaction included three studies [43,56,61]. The amount of blue space
within a geographical area was not associated with higher levels of social interaction
(Cohen d = 0.405, 95% CI: —0.214, 1.024, I = 56.41%) (Figure 5b).

3.5. Environmental Factors
3.5.1. General Description

Environmental factors were found to be associated with the presence of blue spaces
in 14 articles [48-54,56,57,64,65,68,74,76]. Generally, the presence of blue space in a geo-
graphical area was found to positively affect environmental factors, such as lower heat
stress index, decreased land surface temperature, higher self-perceived ecological quality
of an area and improved air quality mainly through PM2.5 concentrations. Negative effects
of blue space presence on environmental factors were found in two studies, regarding
increased anthrophony or reduced biophony in a park area [50], increased disease trans-
mission in a developing country context [52] and increased air pollution (PM10) due to
river dust [76].

Five articles found a positive effect of blue spaces on temperature [48,49,53,64,65],
four articles found a beneficial effect of blue space presence on air quality through lower
PM2.5 concentrations [56,57,68,74], two articles presented a positive effect of blue space
presence on ecological quality [51,54], one article found an association between increased
disease transmission and blue space proximity [52], one article presented increased an-
throphony and decreased biophony near a park area [50] and one article found negative
effects of blue space on air quality due to increased river dust [76]. Several measures of
environmental factors were obtained for each of the environmental factors. Specifically,
temperature changes were approached through land surface temperature measurements by
Burkart et al. [48] and Wu et al. [65]. Klok et al. [49] operationalised temperature through
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physiological equivalent temperature, while Saaroni and Ziv [53] used the heat stress
index. Another measure of temperature, namely thermal sensation vote, was used by
Lehnert et al. [64]. Air quality improvements were described by lower PM2.5 concentra-
tions by Liu et al. [74] and McNabola, Broderick and Gill [68]. Chen et al. [56] approached
air pollution through an air quality index obtained from annual data for Guangzhou, China,
in 2018. Mir6 et al. [51] operationalised ecological quality by species richness, while Smith
and Moore [54] used self—perceived ecological quality. Environmental noise was measured
through anthrophony and biophony by Kuehne, Padgham and Olden [50] and disease
transmission was approached through parasitaemia due to increased rainfall and closer
proximity to blue spaces in the article by Raso et al. [52]. The negative impact of blue
space on air quality through river dust was approached through PM10 air pollution by
Chen et al. [76], while the same measure (PM10 air pollution) showed positive effects in a
study by Hooyberg et al. [57]. Data were not sufficient for a meta-analysis to be conducted.

3.5.2. Quality Assessment

Overall, the 14 articles presenting an association between blue space presence and
environmental factors were judged as of good quality with an average quality score
of 80.43%. The main reasons for lower quality scores were insufficient details in the
presentation of results, lack of confounding variables and reported statistics, complex study
design and lack of a detailed justification of the methods. Quality scores are provided in
Supplementary File/Table S4.

4. Discussion

This review aimed to synthesise the existing evidence about the mechanisms that
mediate the impact of blue space on health, specifically physical activity, restoration, social
interaction and environmental factors, and quantify these pathways. Fifty studies were
included in our systematic review, of which 27 studies provided data for meta-analyses.

Overall, there was evidence to indicate that blue space increases physical activity,
enhances restoration and improves environmental factors. Blue space may also have a
beneficial effect on social interaction, but the evidence was mixed and further research
is needed on this hypothesised pathway. Thus, three of the four hypothesised pathways
(physical activity, restoration, environmental factors) are supported by empirical evidence,
while findings for social interaction are inconclusive.

Interestingly, the beneficial effects of blue space on physical activity were almost equally
obtained through a shorter distance of someone’s residence to blue space (Cohen d = 0.122,
95% CI: 0.065, 0.179) and a greater amount of blue space around a geographical area
(Cohen d = 0.144, 95% CI: 0.024, 0.264). Empirical evidence, therefore, suggests that the
development of blue space within shorter distances to residences and increasing the
amount of blue space within neighbourhoods could significantly benefit health through
the mediating pathway of physical activity.

Our meta-analyses indicated that the blue space benefits on restoration where mainly
acquired through a higher amount of blue space within a geographical area (Cohen d = 0.339,
95% CI: 0.072, 0.606), compared to increased contact with blue space (Cohen d = 0.191,
95% CI: 0.084, 0.298). Intriguingly, the increase of amount of blue space within a geographi-
cal area was found to be the highest among all mediating pathways and exposures. This
evidence, therefore, suggests that developing more blue spaces within neighbourhoods
could primarily benefit the restorative character of an area. Living closer to blue space
was not found to significantly affect restoration (Cohen d = 0.123, 95% CI: —0.037, 0.284).
While urbanicity has been found to increase mental disorders through social stress [82], we
propose that creating more blue spaces and promoting contact with them can be used to
reverse this effect and ameliorate urban living. The aesthetic nature of blue space may also
contribute to its beneficial effects on restoration [10].

Our systematic review suggests that several environmental phenomena, such as
heat stress and low air quality can benefit from the development of blue space in urban
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settings. The evidence base was small, heterogeneous in terms of environmental definitions
and measures (precluding a meta-analysis) and mainly focused on heat-related and air
quality effects. The beneficial effect of blue space on other environmental factors, such as
environmental noise, ecological quality and biodiversity, was insufficiently investigated. A
better understanding of blue space effects on environmental factors is necessary for it to be
used towards microclimate regulation and therefore further research is conducted around
this mediating pathway.

Research around the relationship between blue space and social interaction is still in its
infancy and evidence was mixed. Our systematic review, therefore, presented contrasting
evidence for this mediating pathway. Our meta-analyses did not find significant beneficial
effects of living closer to blue space (Cohen d = —0.214, 95% CI: —0.55, 0.122) or having
more blue space within a geographical area (Cohen d = 0.405, 95% CI: —0.214, 1.024) on
social interaction.

Findings of this systematic review and meta-analysis are consistent with the existing
literature on the salutogenic benefits of blue spaces [8,15,83]. Our review compliments
the existing literature by taking a more in-depth look at the mechanisms and mediating
pathways between blue space and health. Our findings are also consistent with reported
green space benefits, such as increased physical activity [84], increased restoration (e.g.,
through lower stress levels) [85,86] and improved environmental factors (heat stress) [87].
We therefore suggest that blue space can act as an equally beneficial asset in urban settings,
compared to green space, and should be given more attention in future research.

Having reviewed the empirical evidence on the beneficial effect of blue space on the
four hypothesised pathways, we suggest that future research should focus on clarifying
which particular blue space features have the strongest effect on each mediating pathway:.
Simultaneously, there is a clear need for more and higher quality research around the
effect of blue space on social interaction; research on this lacked consistency and results
were found to be inconclusive. This review further highlighted that most studies on the
relationship between blue space and environmental factors lacked comparability in terms
of outcome measures and failed to account for key confounding factors. Our review
highlights the inclusion of more confounding variables in environmental health research, a
better definition of blue space elements and the adoption of widely used measures. This
is in line with recommendations for future research by Yu et al. [88], who highlighted
the complexity and uncertainties of the relationship between blue space and temperature
variations. Finally, the majority of included studies were cross—sectional, highlighting the
need for more longitudinal research to allow for causality estimation.

4.1. Strength and Limitations

This was a comprehensive review evaluating 50 studies. Our review followed the
PRISMA guidelines and had a published protocol. It has also followed guidelines for the
composition of systematic reviews in research [21]. The abstract and full-text screening
was conducted by independent reviewers. The inclusiveness and design of this review can
therefore be considered of high quality.

Interestingly, the search for our systematic review indicated that frequently water
bodies are included in existing green spaces categories. Blue spaces are often not separated
from green spaces, and simply treated as a category of green spaces. For instance, in a
study by Sikorska et al. [89], water bodies were one of the types which could guarantee
improved access to urban green spaces but they were treated as one of the categories of
greenery. Thus, effect sizes for blue spaces might have been underestimated.

As in the case of green spaces [90], accessibility and availability barriers play a sig-
nificant role in the use of blue spaces. Thus, measures of exposure to blue space, such as
distance to blue space or amount of blue space, reflect presence of blue space but do not
entirely explain real time of effective engagement with them. This is therefore another limi-
tation of this study and further research should be conducted on the effect of accessibility
barriers of blue spaces.
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High heterogeneity was found in six of our seven meta-analyses conducted for dis-
tance to blue space and physical activity, amount of blue space and physical activity,
amount of blue space and restoration, distance to blue space and restoration, contact with
blue space and restoration and distance to blue space and social interaction. Their I’s
ranged between 79.50% and 99.49%. The meta-analysis between amount of blue space and
social interaction had a comparatively lower I? of 56.41%. Potential sources of heterogene-
ity were the wide range of physical activity and restoration indicators used, differences
between study designs and the lack of universal measures of blue space exposure. Thus,
high heterogeneity should be expected in this type of research. Results of meta-analyses
with high heterogeneity should be considered with caution [91]. It is likely that effect size
might have been underestimated.

4.2. Quality Assessment

The overall quality of the articles included in this review was judged to be very good,
as no mediating/causal pathway had an average article quality lower than 70%. These
quality ratings show promise for research in this sector, as studies have been well-designed.

4.3. Study Design

The majority of the articles included in this review had a cross-sectional design
(70.00%), followed by longitudinal (14.00%) and cross-over (8.00%) studies. This, to-
gether with the recognition that blue space effects are not immediate, but develop over
time, may explain why relationships found in our meta-analyses are weak. According to
Rindfleisch et al. [92], a longitudinal study design is more appropriate when looking at
events or variables with a clear temporal nature. This may be the case of blue space effects
and more longitudinal studies are therefore necessary in the future.

4.4. Blue Space Exposure

Articles included in this review measured exposure to blue space in several ways,
which subsequently created compatibility difficulties between articles for our meta-analyses
to be conducted. As explained above, the lack of universal measures of blue space expo-
sure led to high heterogeneity in all three meta-analyses. Seventeen different measures of
blue space exposure were used in the existing literature, namely 100 m, 300 m and 500 m
buffers around residencies, coastal proximity of residencies, access to parks/blue space,
the proportion of visible water surfaces, frequency of use using GPS devices, road network
access/distance, 1 km circular buffers around residencies, GPS mapping of people’s ac-
tivities near water, self-assessed distance to blue space, self-assessed use of blue space
over time, proportion of blue space per municipality using GIS technology, 5 km buffer
around schools, proportion of postcode occupied by blue space, self—assessed visual
exposure and participation in activities around blue space, distance of blue space to a
neighbourhood, self-perceived distance to blue space, normalised difference water index
(NDWI), ratio of “blueness” in street view images, minimal distance to water body and
polygons using satellite imaging. As a result, a meta-analysis for each health mediator
could not be performed, as very few articles shared the same definition or measurement
of blue space exposure. An internationally recognised definition and measurement tool
for blue space exposure would improve comparability and allow for quantification and
calculation of aggregate effects.

4.5. Measuring Impact on Health Mediators

Articles related to physical activity used 13 different assessment methods, namely
moderate to vigorous physical activity (MVPA), light physical activity (LPA), self-assessed
time spent exercising around a blue space per day, self-perceived time spent being active,
jogging, recreational walking, watersports, on—land physical activity within 5 km of a blue
space, times of walking to work per week, walking more or less than 300 min within a
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6.6 km distance to blue space, meeting of physical activity guidelines, health-enhancing
energy expenditure per week and percentage of physically active neighbours.

Restoration studies mostly used subjective measures, while few studies had more
experimental methods. There were 23 different restoration indicators; self-assessed stress,
self-assessed attention restoration, self-assessed mental wellbeing, GHQ-12 scores, SF-36
scores, PHQ-9 scores, self-assessed restorative quality, self-reported history of depression,
self-reported events of positive/negative mood, self-reported psychological distress, K10
scores, anxiety or mood disorder, history of major depressive disorder, history of use of
antidepressants, visits to mental health specialists, stress measurements with EEG devices,
self-perceived life satisfaction, WHO-5 wellbeing index, state physical appearance, state
body shape, state weight satisfaction, recalled wellbeing and number of self-reported
happy moments among children.

Articles looking at social interaction used seven different measures, namely self-
reported number of visits of blue space with friends, self-reported familiarity with neigh-
bourhood, self-reported sense of neighbouring, self-perceived attachment to neighbour-
hood, self-reported community participation, self-perceived social appreciation and self
—perceived cohesion of neighbourhood. Interestingly, all social interaction measures were
self-reported, which might include some personal predisposition and therefore bias. It
is as a result, needed for a more neutral tool for social interaction to be established and
adopted in future research.

Considerable variability was also found in measures of environmental factors as
relevant articles used six different environmental measures; air quality (PM2.5), humidity,
heat stress index, ecological quality, noise and land surface temperature. Given the nature
of the field, no measure was self-reported and all measures were taken using electronic
devices or GIS tools. This provides us with robust measurements and any bias should be
attributed to malfunction of sensors or range issues.

This prominent variability of tools/types within health mediators led to a high de-
gree of methodological heterogeneity in our meta—analyses. On the other hand, the large
number of several physical activity, restoration, social interaction measures, as well as envi-
ronmental factors, prove the complexity of the field and the need for more multidisciplinary
research and cooperation.

4.6. Blue Space Types

Blue space benefits and use are not equally distributed among people of different
age and socio-economic status [46]. Issues of equality may also exist between different
types and quality of blue space. Indeed, among the 50 articles included in this review,
only eight looked at a particular blue space type or considered blue space properties,
such as size, length or position. Specifically, Pearson et al. [42] found that Great Lakes
had a larger and positive effect on anxiety /mood disorder hospitalisations than inland
lakes. Furthermore, Hipp et al. [73] found that increasing the length of a river had a
negative effect on neighbouring, neighbourhood attachment and neighbourhood cohesion.
Looking at three blue spaces with different urbanisation levels (low, medium, high), the
location of a blue space was considered by Liu et al. [74]. Interestingly, they found that dry
disposition was higher at a greater urbanisation level, which further supports the notion
that blue space should be a priority for urban planners especially in metropolitan cities.
Mir¢ et al. [51] looked at sustainable drainage systems (SuDS) and suggested that SuDS
created as ponds offer a higher ecological quality than SuDS created as swales or detention
basins. This finding is a logical continuation of Grizzetti et al. [93] that highlight the positive
relationship between the ecological condition and potential recreational capacity of aquatic
environments. The temperature changes of a certain pond in Israel at different times and
sides were investigated by Saaroni and Ziv [53]. They found that downwind sides of
the pond had significantly lower temperatures, lower heat stress index and more relative
humidity than upwind sides [53]. This suggests that specific weather features should be
considered when deciding on the location of new urban blue spaces. Lehnert et al. [64]
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looked at fountains, finding a beneficial effect on thermal sensation vote. Respectively, the
positive effect of two courtyard pools was investigated by Amirbeiki et al. [63], reporting a
beneficial effect on students’ pleasantness, refreshment and relaxation. The negative effects
of two specific rivers on air quality through river dust were examined by Chen et al. [76],
finding that, based on the position of the rivers, weak northeast monsoons cause the highest
health risk in the area.

This review found a small proportion (16.00%) of articles looking at specific blue
features. The amount of knowledge derived from the above eight articles looking at specific
blue space features highlights the need for more research in this area and emphasises the
need to consider blue space independently from other outdoor environments.

4.7. Confounders

The confounding effects of variables such as age, gender, socio-economic status and
education were considered in most of the studies included in this review. Indeed, several
articles have highlighted the fact that blue space use is dependent on age, with potential
differences between children and adults in their interactions with blue space [33,40]. De
Bell et al. [46] found that women appreciated nature more than men. People with better
education were more likely to access blue spaces, while those with lower income faced
issues of blue space access or availability [94]. It follows that the indirect impact of age,
gender, socio-economic status and education should continue to be considered in future
research. Other confounding factors, including average time spent at home a day, presence
of chronic disease, body mass index (BMI), ownership of dog and energy expenditure at
work, were considered in some of the articles included in this review (Table 1).

4.8. Comparison to Existing Literature

To our knowledge, two other systematic reviews and a narrative overview have
been conducted around the salutogenic effect of blue space [8,15,83]. The systematic
review by Gascon et al. [8] explored the relationship between outdoor blue spaces, health
and wellbeing. They included 35 studies and found that higher levels of exposure to
outdoor blue spaces were associated with better health and wellbeing, while they also
highlighted the need for more longitudinal studies in future research [8]. Kabisch, van den
Bosch and Lafortezza [83] explored the effects of green and blue spaces on health, among
children and the elderly. Compared to the aforementioned systematic review, these authors
included fewer studies in their systematic review (27 studies). They found a positive
trend in the relationship between green and blue spaces and health, but results appeared
inconclusive, lacked consistency and depended on socio-economic factors [83]. Within their
research, green and blue spaces were combined under the umbrella term ‘nature-based
solutions’, and so the health impacts of blue spaces were not considered independently.
The narrative overview by White et al. [15] explored the potential benefits of blue space
on both human and planetary health and wellbeing through mediating pathways, such
as physical activity levels, urban temperature variations, social relations and stress. They
developed a framework highlighting the existence of the mediating pathways used in our
systematic review and meta-analysis.

Our review looked deeper into the relationships between blue space and health, in-
cluding only articles with blue space as an independent environment. This review explored
the effect of blue space on the health “mediators”, such as physical activity, restoration,
social interaction and environmental factors. To our knowledge, no other systematic review
has looked at health mediators, and this review can therefore be considered a logical
continuation of the existing narrative overview by White et al. [15] and systematic reviews
by Gascon et al. [8] and Kabisch, van den Bosch and Lafortezza [83].

5. Conclusions

This systematic review and meta-analysis has summarised and quantified evidence
about mechanisms of the salutogenic effect of blue space on health. We found empirical
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evidence to support three hypothesised pathways. Blue spaces promote physical activity
and increase restoration. They also improve environmental factors, however more research
is necessary for meta-analyses to be conducted on this third mediating pathway. The
evidence about the role of social interaction is ambiguous. Findings for blue spaces are
consistent with reported green space benefits. Considering that most cities in the world
are built around blue spaces such as coasts, lakes and rivers, blue spaces are potentially
valuable public health assets, which may help reduce the health risk factors associated
with increased urbanisation.
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