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Abstract

Objectives In the last decade, we saw an upsurge of studies
evaluating the role of ecosystem goods and services (EGS)
on human health (Eco-Health). Most of this work consists
of observational research of intermediate processes and
few address the full pathways from ecosystem to EGS to
human health, limiting our ability to assess causality.
Methods We conducted a causal criteria analysis of Eco-
Health literature using Eco-Evidence, a software tool that
helps evaluate evidence of cause—effect relationships. We
focus on the context of green spaces providing “buffering”
EGS that may influence disease.

Results We found support for a causal linkage between
green spaces and all of the EGS tested, and sufficient
evidence linking EGS to gastro intestinal disease and heat
morbidities. Inconsistencies were found when assessing the
link between EGS to cardiovascular and respiratory dis-
eases. Few studies directly link green spaces to health.
Those that do, support a connection to cardiovascular
disease, and heat morbidities, but provide inconsistent
evidence regarding respiratory illness.
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Conclusions Our results help establish an agenda to shape
future Eco-Health research and define priorities for
managing green spaces to provide human health benefits.
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Introduction

Ecosystem goods and services (EGS) are the outputs of
ecological processes that directly or indirectly contribute to
social welfare (Munns et al. 2015). One of the key uncer-
tainties limiting the protection of EGS is the limited
knowledge of how they may relate to human health (Cor-
valan et al. 2005). Since the Millennium Ecosystem
Assessment (MEA 2005), there has been increasing interest
in addressing this information gap, and an upsurge in the
number of studies on the subject (Hartig et al. 2014).

The emerging body of literature relating EGS to human
health has been compiled in over fifty review articles
(Hartig et al. 2014), and captured in interactive tools, such
as the US-EPA’s Eco-Health Relationship Browser (Jack-
son et al. 2013). Although these compilations highlight
empirical evidence, the references to date do not neces-
sarily support causality, but rather focus on establishing
plausible associations (Jackson et al. 2013). Moreover, the
field is dominated by observational research and there is a
dearth of primary studies to establish causal associations
between EGS and health in a consistent and rigorous
manner (Hartig et al. 2014).

Notably, there are few studies directly linking the
presence of ecosystems to physical health and disease by
means of buffering EGS. Buffering EGS refers to the
ecosystem’s capacity to “buffer” against health impacts
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by, for example, removing pollutants from air and water,
and mitigating heat and water hazards (Jackson et al.
2013). Most existing research links disease to intermediate
processes (e.g., air pollution, floods), which may be
attributed to anthropogenic impacts and not necessarily to
buffering EGS by ecosystems. Given that the ecosystem is
the operable management unit in the conservation of
buffering EGS for human health, a lack of empirical evi-
dence supporting a direct association could undermine the
effectiveness (and public support) of conservation plans.
There are few papers tracing the full pathways from
ecosystem, to EGS processes, to health outcomes, which
further limit our ability to demonstrate causality (Hartig
et al. 2014).

One solution to these limitations is the collective anal-
ysis of existing Eco-Health literature using causal criteria
analysis (CSA). CSA emerged in the field of epidemiology
due to the need for decision-making based on relatively
weak independent pieces of evidence (Weed 1997). Brad-
ford Hill’s criteria represent the most widely used guide for
assessing causality, and consist of standards, summarized
by Russo and Williamson (2007), into two categories: (1)
probabilistic evidence, or consistent cause—effect associa-
tion; and (2) mechanistic evidence, or a logical explanation
of how the causal association occurs. Norris et al. (2011)
subsequently applied causality criteria to develop a
framework for assessing cause—effect relationships in
environmental research. The premise is that isolated studies
may not offer a strong case for causality, but they may do
so if considered collectively.

We focus our CSA on the context of green spaces, its
effects on buffering EGS, and the impact of these on
human diseases. We address the following questions: (1)
which linkages are theoretically plausible but need further
research, (2) which diseases have been associated directly
with presence/absence of green spaces, and (3) which Eco-
Health linkages are best supported and should be consid-
ered for management. Addressing these questions will
better characterize the current state of knowledge, define
management priorities, and identify pending Eco-Health
research topics.

Methods

To conduct our CSA, we applied a numerical technique
that combines individual studies, weighted by research
design, into a single score for or against a given hypothesis
(Norris et al. 2011; Table 1). This method helps determine
whether the composite of existing research supports the
cause and effect relationship, or suggests inconsistent
evidence, or support for an alternative hypothesis. This
approach differs from meta-analysis as it is not meant to
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Table 1 Factors considered and weight of evidence scores for causal
criteria analysis. Modified from Norris et al. (2011)

Factors considered Weight applied

Study design type
BACI or BARI MBACI
Gradient response model
Before vs after (no reference/control)
Reference vs control (no before)

_—_ NN W s

After impact only

Number of independent control locations
0 0
1 2
1+

Number of independent impact locations
1 0
2
2+

Locations for gradient response model
3
4
5
5+

W N

[N S B -]

BACI before—-after-control-impact, BARI before—after-reference-im-
pact, MBACI multiple before—after-control (or reference)-impact

measure effect sizes. Instead it helps determine the evi-
dence for a given causal linkage. It also allows consider-
ation of studies that do not report summary statistics, which
are needed for quantitative reviews (Norris et al. 2011).
This method represents an alternative to narrative reviews
as it allows for succinct literature synthesis and a system-
atic assessment of relative weight of evidence (Norris et al.
2011). This approach has been incorporated into an online
tool called Eco-Evidence, summarized here in four sec-
tions: context definition; cause and effect mechanism; lit-
erature review; and weighting the evidence (Webb et al.
2015).

Context definition

Our analysis focuses on diseases linked to buffering EGS
provided by green spaces (Fig. 1). Here, the term green
space refers to any vegetation within a human dominated
environment (Kabisch and Haase 2013). This includes
urban trees, green roofs, and wetlands.

We did not consider health promoting services (physical
activity, engagement with nature), or mental health out-
comes. Recent reviews describes the state of knowledge
regarding these topics (Lee and Maheswaran 2011;
Shanahan et al. 2015), while there is relatively less
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Fig. 1 Selected Eco-Health
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information on the weight of evidence linking acute mor-
bidities such as gastrointestinal disease, respiratory illness,
cardiovascular disease, and heat morbidities to green-
space-EGS (Hartig et al. 2014). We selected these four
health endpoints for our assessment which followed two
approaches:

1. Evaluating intermediate linkages:

(a) Green space — EGS (i.e., green spaces provid-
ing buffering EGS)

(b) EGS — Health (i.e., exposure to environmental
hazards leading to disease).

2. Evaluating direct linkages:

(a) Green space — Health (i.e., health benefits
associated to presence/extent of the ecosystem).

This approach allowed us to fully characterize the
cause—effect model (Fig. 1), and identify the greatest data
gaps and the strongest support.

Cause and effect mechanisms

Green spaces mitigate water hazards (e.g., floods, storm
surge) by increasing rainfall interception and infiltration
and by acting as a physical barrier to waves and storm
surges (Brody and Highfield 2013; Costanza et al. 2008).

" Green Space— Health

Water hazard mitigation lowers exposure to polluted flood
waters that cause GI disease, and prevents flood prone
homes from harboring conditions that lead to mold growth
and asthma (Wade et al. 2004; Chew et al. 2006). Green
spaces remove infectious and toxic pollutants (Silva et al.
1990; Karim et al. 2004), helping to prevent GI disease
from drinking and recreational water (Araya et al. 2004;
Katukiza et al. 2014). They trap air contaminants (Rédsinen
et al. 2013), which may otherwise lead to respiratory illness
and cardiovascular disease (Peters et al. 1997; Brook et al.
2004). Green spaces mitigate extreme temperatures
through shade and evapotranspiration, lowering heat mor-
bidities during heat waves (Bouchama and Knochel 2002).
Table 2 summarizes these cause—effect mechanisms.

Literature review

We examined 2756 publications regarding Eco-Health
linkages [(ESM 1) from years 2000 to 2016. First, we sear-
ched within an existing Eco-Health database (Jackson et al.
2013), N = 1434] and selected papers relevant to our focal
Eco-Health relationships (N = 112). We expanded this
database with a targeted keyword search (ESM 2). We
examined the titles and abstracts of all articles from the first
50 non-duplicative results per key-word combination
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Table 2 Cause and effect mechanisms for the intermediate steps of the selected Eco-Health linkages

Eco-Health linkages

Cause—effect mechanism

Mechanistic references #

Studies

Green spaces and EGS

Green spaces—clean
water

Green spaces—water
hazard mitigation

Green spaces—clean
air

Green spaces—heat
hazard mitigation

EGS and health

Clean water—GI
disease

Water hazard
mitigation—GI
disease

Water hazard
mitigation—
respiratory illness

Clean air-respiratory
illness

Clean air—
cardiovascular
disease (CVD)

Heat hazard
mitigation—heat
morbidities

Green spaces provide physical barriers to the movement of pollutants in
water, change the soil’s condition to promote pollutant immobilization, or
capture pollutants in plant biomass

Green spaces reduce surface runoff by increasing rainfall interception and
infiltration. They also act as physical barriers to waves and storm surges

Green spaces provide physical barriers to the movement of pollutants in air
and absorb pollutants

Green spaces provide cooling through shade and evapotranspiration

Pathogenic microbes cause toxicity and infection, heavy metals like copper
cause vagal nerve stimulations which triggers GI symptoms

Flood water mixes with waste water discharged into rivers, or other polluted
sources. Individuals in flood prone areas come in contact with
contaminated flood waters

The humidity and dampness in flood prone households lead to indoor mold
growth. Mold endotoxins cause respiratory conditions like asthma

Outdoor air pollutants (i.e., PM, O3, SO, and NO,) cause oxidative stress and
airway inflammation. Other mechanisms causing respiratory illness include
increased susceptibility to infections and disruptions in oxygen transport

Airway inflammation and obstruction in oxygen transport caused by PM, 5
and PM ), O3, SO, and NO; leads to plaque formation and atherosclerosis.
Pollutants may also affect blood coagulation

Heated blood is transferred towards the surface of the body, increasing blood
output and activating sweating. This leads to dehydration, increases in heart
rate, and affects kidneys, liver and digestive systems as blood circulation is
transferred away from the organs and towards the skin

Silva et al. (1990), Karim 44
et al. (2004)

Brody and Highfield (2013), 19
Costanza et al. (2008)

Risdnen et al. (2013) 22

Pokorny et al. (2010), Kong 19
et al. (2014)

Araya et al. (2004), 6
Katukiza et al. (2014)

Wade et al. (2004) 7

Chew et al. (2006) 4

Kagawa (1985), Nel et al. 28
(2006) Reno et al. (2015)

Peters et al. (1997), Brook 23
et al. (2004)

Bouchama and Knochel 18
(2002)

EGS ecosystem goods and services, GI disease gastrointestinal disease

(N = 950), and eliminated non-relevant results (e.g., review
articles) for a total of 208 papers. We then evaluated study
methodology for all papers selected [N = 320 (112 + 208)]
and excluded papers that were not primary research papers.
For example, we excluded papers that used modeling tech-
niques such as i-Tree (Nowak et al. 2008) as these tend to
infer provision of EGS from estimates made by previous
studies, and thus may not add new evidence. When available
we assessed articles that helped informed model develop-
ment (e.g., Pope et al. 2002). We also excluded articles that
looked at the green space—human health link through the lens
of physical activity or restorative theories, as our focus was
buffering EGS. Our final selection (N = 212, ESM 4) was
evaluated using CSA.

Weighting the evidence
Selected articles were classified using the weights descri-

bed in Table 1. We summed these weights to calculate an
evidence score for each cause and effect linkage. A score
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of 20 was the threshold for rejecting or supporting the
causal linkage. This threshold implies that at least three
high-quality studies are needed to provide evidence for
causality, whereas in the case of low-quality research
studies, more articles may be needed to obtain the same
level of support (Norris et al. 2011). A score of 20 or more
for articles contradicting the hypothesis serves as basis for
rejecting the cause—effect relationship. Norris et al. 2011
chose this threshold after expert consultation and multiple
trials; however, Eco-Evidence allows modifying these
values if necessary. For our study, we applied the sug-
gested score of 20, with the following possible scenarios:

1. In Favor >20 + Not in Favor <20 = Support for
Hypothesis.

2. In Favor <20 4+ Not in Favor >20 = Support for
Alternate Hypothesis.

3. In Favor <20 4 Not in Favor <20 = Insufficient
Evidence.

4. In Favor >20 + Not in Favor >20 = Inconsistent
Evidence.
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To determine the sensitivity of our conclusions to the
chosen threshold, we examined results at 5, 10, 15 and 20%
of the base value (e.g., when using a 20% variation in
threshold, scores of 16 and 24 were applied instead of 20).

Results
Weighting the evidence: intermediate linkages
Green spaces and buffering EGS

We reviewed 105 articles linking green spaces to clean
water, water hazard mitigation, clean air, and heat hazard
mitigation (Fig. 2; ESM 3).

We found 44 papers supporting the green spaces—clean
water linkage. Most of the studies assessed the role of
wetlands in removing copper and fecal coliform; we found
fewer studies assessing the capacity of other types of green

Green Space-EGS

Green Spaces-Heat Hazard Mitigation
Green Spaces-Clean Air

Green Spaces-Water Hazard Mitigation
Green Spaces-Clean Water

EGS-Health
Heat Hazard Mitigation-Heat Morbidities

spaces (riparian vegetation, green roofs, urban trees) for
removing pollutants (ESM 3). We found 20 papers sup-
porting the role of green spaces in mitigating water haz-
ards. Studies linked this EGS to several types of green
spaces, including green roofs, wetlands and open spaces.
Indicators used to assess water hazard mitigation included
wave energy, surface runoff, and flood-related property
damages, in the presence and absence of green spaces
(ESM 3).

Our assessment supports the linkage between green
spaces and clean air. We reviewed 22 articles, where urban
trees (canopy cover, tree cover) were consistently shown to
remove air pollutants, most frequently particulate matter
(PM;( and PM, 5). We also found support for the role of
green spaces in heat hazard mitigation in 19 studies on the
subject. The indicators to assess Heat Hazard were mostly
temperature change and heat waves, while NDVI (Nor-
malized Difference Vegetation Index) and tree cover were
commonly used to measure green spaces.

Clean Air-Cardiovascular Disease (CVD)

Clean Air-Respiratory llness

Water Hazard Mitigation-Respiratory IIness
Water Hazard Mitigation-Gl Disease
Clean Water-Gl Disease

Green Space-Health
Green Spaces-Heat Morbidites
Green Spaces-CVD
Green Spaces-Respiratory liness

Green Spaces-Gl Disease

-200 -180 -160 -140 -120 -100 -80

I Weight Evidence in Favor m Weight of Evidence not in Favor

A Threshold Score Sufficient Evidence for Causality

Fig. 2 Results from causal criteria analysis. Interpreting possible
outcomes: (1) In Favor >20 + Not in Favor <20 = Support for
Hypothesis; (2) In Favor <20 4 Not in Favor >20 = Support for
alternate Hypothesis; (3) In Favor <20 + Not in Favor <20 = In-
sufficient Evidence; (4) In Favor >20 + Not in Favor

-60

20 0 20
ECO-EVIDENCE SCORE

-40 40 60 80 100 120 140 160 180 200

>20 = Inconsistent Evidence. Negative values here represent evi-
dence not in favor, while positive values represent evidence in favor.
EGS ecosystem goods and services, GI disease gastro intestinal
disease, CVD cardiovascular disease
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EGS and health

GI disease We reviewed 6 papers providing sufficient
support for clean water—GI disease linkage. Swimming and
consumption were the two mechanisms of exposure in the
papers assessed, while surveys were used to characterize
GI disease occurrences.

For the water hazard mitigation—GI disease linkage, we
found 7 papers providing sufficient evidence in favor
(Fig. 2). Most studies correlated flood events to GI disease,
except for one which focused on rainfall. In this case, GI
disease occurrences were assessed using hospital admis-
sions or surveys.

Respiratory illness We found only 4 studies evaluating
the linkage between water hazard mitigation and respira-
tory illness (ESM 3). Three of the papers assessed asthma
as a response, and the fourth assessed bronchitis and cough.
To measure water hazards, authors looked at flood and
severe rainfall events, while health impacts were assessed
using surveys or insurance claims. These papers provided
insufficient evidence of a causal relationship (Fig. 2).

The linkage between respiratory illness and clean air has
been studied extensively (N = 27 papers reviewed). Of the
respiratory conditions assessed (bronchitis, cough, wheez-
ing, asthma) we found more evidence against the correla-
tion between air pollutants and asthma (not in favor = 93)
than the evidence in favor (in favor = 79; ESM 3). In
terms of indicators, most of the studies measured air pol-
lutants using data from monitoring stations, while hospital
admissions and surveys were commonly used to assess
health outcomes.

Cardiovascular disease (CVD) The link between clean
air and CVD had inconsistent evidence (Fig. 2). The
studies reviewed (N = 22) used a variety of indicators to
assess CVD, from blood pressure, to hospital admissions,
to indicators of inflammation. This variability in methods
may explain our inconsistent results. In terms of the air
pollution variables, studies mostly used data from moni-
toring stations, and indicators like PM;o, PM, 5, and NO,.

Heat morbidities We reviewed 18 papers linking heat
hazards to health, which provided strong support for
causality. To measure heat hazards the authors used either
temperature fluctuations or specific heat wave events. The
health indicators used were hospital admissions and
emergency room visits, particularly those related to heat
(e.g., heat stroke), the renal system, or the circulatory
system.

Weighing the evidence: direct Eco-Health linkages The
evidence directly linking green spaces to health included 5
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papers on Respiratory Conditions, 3 papers on heat mor-
bidities, and 2 papers on CVD (Fig. 2). We found sufficient
support for the role of green spaces in reducing heat
morbidities and CVD, with most papers reporting correla-
tions between green space cover and hospital admissions or
mortality related to these conditions. The evidence linking
green spaces to respiratory illness was inconsistent; most of
the inconsistencies were associated with the response of
asthma and/or allergies to green space cover (ESM 3). We
did not find papers associating green spaces with GI dis-
ease, so our results indicate insufficient evidence to support
this direct linkage (Fig. 2).

Sensitivity  analysis Most  relationships  remained
unchanged when varying the threshold value by 5-20%,
with a few exceptions. Varying the threshold by 15% (i.e.,
a threshold of 17, or 23, instead of 20) would have changed
the conclusion regarding the green spaces—water hazard
mitigation and clean water linkage, from “sufficient” evi-
dence, to “inconsistent” evidence as we found a few
studies that found no support for the relationship. Varying
the threshold by 20% (i.e., threshold of 16, or 24) would
have changed the evidence supporting the green space
linkage to clean air from “sufficient” to “inconsistent”
with two well-designed studies falsifying the hypothesis. A
20% threshold decrease would have altered the conclusions
regarding the water hazard mitigation—respiratory illness
relationship, going from “insufficient evidence” to “suffi-
cient evidence” as we found two well-designed studies and
a relatively poor study in support of the linkage. See ESM3
for details of the studies reviewed.

Discussion
Evidence for causality: Eco-Health linkages
GI disease

Green spaces are causally linked to clean water and water
hazard mitigation. Wetlands have been particularly well
studied for their role in providing clean water. Factors
determining their effectiveness include wetland type (De
Lacerda and Abrao 1984), the species involved (Yang et al.
2008), hydrological residence time, and season (Reinelt
and Horner 1995). For water hazard mitigation, several
types of urban vegetation, including open spaces and green
roofs, help reduce surface runoff and flooding (Bliss et al.
2009; Brody and Highfield 2013). Marshes and mangroves
have been linked mainly to storm surge reduction and wave
attenuation (Granek and Ruttenberg 2007; Moller et al.
2014); we found no papers assessing their role in mitigat-
ing urban floods. Our results correspond to findings by
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Shepard et al. (2011), and suggest this is an area that
remains unexplored.

Our review found sufficient evidence linking clean
water and water hazard mitigation to GI disease. The
impacts of water pollutants depend on exposure time,
concentration of pollutants, extent of exposure, and sensi-
tivity of exposed individuals (Araya et al. 2004; Wade et al.
2004; Collier et al. 2015). Most of the papers assessing
these linkages used self-reporting to characterize health
response. More objective indicators, such as medical
records, or hospital visitations, are less common and could
provide further support for this linkage.

We did not find studies addressing direct linkage
between Green-Space and GI disease, even though there is
sufficient evidence supporting intermediate processes
leading to this association, as detailed above. Future
research should focus on determining the effectiveness of
green spaces to mitigate environmental exposure to toxic
and pathogenic water pollutants in diverse contexts, such as
recreation, consumption and hazard events.

Respiratory illness

We found support for the role of green spaces in water
hazard mitigation (see “GI disease”) and clean air, both of
which protect from respiratory illness. Urban trees have
been the focus of most studies assessing clean air EGS
(e.g., Cavanagh et al. 2009; Grundstrém and Pleijel 2014),
with evergreens showing greater effectiveness because of
year-long foliage retention and more complex leaf struc-
tures (Beckett et al. 2000; Nguyen et al. 2015). Hairiness,
stomatal density and leaf wettability are also factors that
seem to increase pollutant capture by trees and that should
be maximized for clean air EGS (Résdnen et al. 2013;
Weber et al. 2014).

The evidence linking water hazards to respiratory illness
was less clear. We found few papers linking floods to
asthma. Only three of the four papers reviewed supported
the linkage, while the fourth paper found a negative asso-
ciation (Park et al. 2013). Of the supporting papers, one
found that response was partially mediated by psycholog-
ical distress, and that asthma negatively correlated to
flooding depth, which contradicts their findings (Reacher
et al. 2004). The other two studies convincingly connected
flood, mold and asthma, but only one followed an experi-
mental approach (Dales et al. 1991), while the other con-
sisted of a single case study (Makaryus et al. 2015).
Therefore, the hypothesized linkage between flooding and
asthma, mediated by mold growth, remains to be explored.

From the studies assessing linkage between clean air and
respiratory illness, those using asthma as a response showed
inconsistent evidence for causality (ESM 3). The

inconsistencies are likely due to the types of indicators used
to measure cause and effect. For example, a widely used
clean air indicator is PM, s mass (e.g., ug/m3), while the
mechanism that links air pollutants to asthma is in part
mediated by oxidative stress and inflammation (Li et al.
2008). Certain particles have greater oxidative capacity than
others, and their relative concentration may be a better
indicator to assess respiratory impact than mass alone. Only
one paper assessed oxidative potential in the air as an
explanatory variable (Delfino et al. 2013); it found this was a
better predictor of asthma than PM, 5 mass. Other inconsis-
tencies were related to season, with more respiratory sus-
ceptibility in the winter months. This trend may be related to
more indoor pollutant exposure during winter (Walters et al.
1994), differences in pollution sources due to heating, or
meteorological patterns in winter (e.g., less rainfall) that
affect diffusion of pollutants (Zhen et al. 2013).

Accordingly, we found inconsistent evidence linking
green spaces to asthma and allergies. Some studies report
positive association between green space and asthma,
pointing toward the negative influence of pollen and other
allergens (Lovasi et al. 2013). Previous studies have found
that while trees help remove pollutants, sometimes these
pollutants get recirculated depending on location of
buildings, wind direction and flow dynamics (Wania et al.
2012). Therefore, careful selections of tree species, and the
use of flow dynamics modeling, are important considera-
tions for designing green space configurations as part of
restoration initiatives.

Cardio vascular disease (CVD)

We found inconsistent evidence for the link between clean
air and CVD. We can hypothesize potential reasons, such
as the use of various indicators in different studies and the
presence of confounding natural and demographic factors.
For example, in an experimental study by Hajat et al.
(2015), different pollutants were tested against indicators
of inflammation and blood clot formation with inconsistent
results among the combinations tested (ESM 3). This sig-
nals a need for better characterizing the physiological
mechanisms linking clean air to CVD to determine the best
indicators to detect this connection. Another study found
that age is an important factor, with the elderly showing
greater CVD response to pollution (Prescott et al. 2000).
Season may also play a role; in some instances, correla-
tions were observed in cold but not warm months (Chang
et al. 2015). Moreover, when looking at relationships that
have many associated studies (e.g., CVD-clean air), the
likelihood of finding inconsistencies increases (Norris et al.
2011). This does not imply that “inconsistent” connections
are not real; rather, the inconsistencies help refine
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hypotheses and future research questions (Norris et al.
2011).

We found support for a direct link between green space
and CVD. Although we tried to avoid papers focusing on the
health promoting benefits of green spaces, the studies we
used were correlative, without explicit assessments of the
mechanisms involved. The findings may in part be related to
promotion of physical activity, engagement with nature, and
the stress reducing potential of green spaces. In one of the
papers, Pereira et al. (2013) found that neighborhood vari-
ability of greenness had a stronger association to CVD than
absolute greenness, a finding that points toward physical
activity as a mediating factor, since non-green areas (e.g.,
sidewalks, parking lots) were also important. Donovan et al.
(2015) found that correlations between green space loss and
CVD were significant after controlling for exercise, indi-
cating that factors other than physical activity were impor-
tant. Nevertheless, these other factors could include stress
reduction from promotion of social engagement (EGS that
also reduce CVD risk) and not necessarily air quality. Based
on our review, we hypothesize that the benefits of trees to
CVD could be attributed to mechanisms other than sup-
porting air quality. In Fig. 3, we present this hypothesis by
illustrating risk factors for CVD, and the role of green spaces
using previous studies. Green spaces have been shown to
promote a 44% increase in physical activity, but provide on
average 0.11% air quality improvement via reduction of PM
(Richardson et al. 2013; Nowak et al. 2013). Although these
values come from studies with different methodologies, and
quantitative comparisons are not justified, the differences in
magnitude illustrate the relative influence of green spaces via
these two EGS. Moreover, a study by Lim et al. (2013)
showed that PM corresponds to 22% of the risk for CVD,
while physical activity accounts for 31% and influences
other important CVD drivers like stress and body mass
index. Considering the relative importance of green spaces
for physical activity vs clean air, and the relative importance
of physical activity vs clean air in CVD, we propose that
green spaces mainly influence CVD by promoting physical
activity. This is not suggesting that clean air is unimportant
for CVD, rather that green spaces likely play a modest pol-
lutant buffering role, and that emphasis should be placed
primarily on reducing pollution. In turn, management of
green spaces for health promoting services should align with
aspects of the built environment, such as access and safety
features. This is especially important for low income com-
munities, which face higher CVD risks (Fig. 3).

Heat morbidities
The link between green spaces and heat hazard mitigation

is unequivocal, both for direct health outcomes and for the
intermediate steps. Heat mitigation by trees has been

@ Springer

reported for cities with different types of green space and
ecosystems, and at multiple scales (Hou et al. 2013; Vail-
shery et al. 2013). Likewise, the protective value of green
cover on heat morbidities has been well-documented in
relation to heat waves and within arid environments at risk
of heat extremes (Vandentorren et al. 2006; Harlan et al.
2013). Consistently, studies confirm increased risk from
heat for vulnerable populations, such as elderly individuals
and those with impaired mobility (Vandentorren et al.
2006; Burkart et al. 2016). Although correlations have been
observed when documenting green cover at lower resolu-
tions (e.g., 30 m resolution, using indicators such as
NDVI), vegetation is most likely to be protective when it is
strategically placed near exposed households within the
urban context (Li et al. 2013).

In terms of management for heat hazard mitigation, the
amount of green space is the most important factor, but
there are other design considerations. Mixing tree species
along street corridors to avoid continuous canopies that
trap heat, and designing green roofs to have high leaf area
index and adequate irrigation, are strategies to enhance
the cooling effect (Norton et al. 2015). Urban greening
not only buffers against heat islands and heat waves, but
may also provide economic services to sectors that cannot
rely on air conditioning, while supporting efficient energy
use.

Limitations and recommendations

Limitations of the Eco-Evidence tool are discussed in detail
in Norris et al. (2011). The authors address criticisms
regarding the threshold value of 20, and advise that expert
judgement should always be included. From our sensitivity
analysis, we found that we would need to change the
threshold by 15-20% to alter our conclusions. Because
Norris et al. (2011) used trials and expert advice to develop
the threshold of 20, we feel compelled to adhere to this
value to maintain consistency, but we encourage readers to
consider these alternative results when interpreting our
findings. Another limitation is that the approach does not
differentiate studies by their attention to confounding fac-
tors, which in the case of Eco-Health studies could be
influential. Weighting studies by environmental or
socioeconomic confounders would be a much-needed
revision to the method (Norris et al. 2011). Lastly, while
Eco-Evidence is not a substitute for strictly quantitative
approaches such as meta-analyses, it allows weighting
evidence from a variety of studies, including those that do
not report summary statistics or cannot be combined due to
fundamental differences in datasets. The contribution of
Eco-Evidence is to help evaluate the knowledge base in
support of a given relationship, not the effect size of that
relationship, as in meta-analyses.
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ENVIRONMENTAL:

Pl PHYSIOLOGICAL
High Cholesterol
(29%)

Particulate
Matter (22%)
Household Air
Pollution (18%) .
Led exposure ¢ Low Fruits (30%)
(4%) * Low Vegetables (12%)
¢ Low Nuts and Seeds (40%)
* Low Fiber (11%)

DIET:
Low Whole Grains (17%)

* High Blood
Pressure (53%)
* High Body Mass

Green Spaces
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in PM; (Nowak .
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increase in High Fasting Plasma
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Q Indirect mediators
Direct risk factors
to CVD

Fig. 3 Direct risk factors for cardiovascular disease (CVD, gray
boxes) and indirect mediators (white circles, green spaces and
poverty). The percentages represent the proportion of the effect
attributed to the cause. The causes for CVD or risk factors
(environmental, diet, behavior and physiological) were adapted from
Lim et al. (2013), who looked at ischemic heart disease, a common

Our results are partly determined by our strategy to
identify relevant scientific studies (ESM 2). We invite
readers to evaluate our review method and account for
potentially missing keywords when interpreting our con-
clusions. In addition, to maintain consistency in the quality
of material included, we only considered peer-reviewed
publications, and excluded book chapters and gray litera-
ture. Despite these limitations, our review allowed us to
make consistent comparisons, determine their relative state
of knowledge, refine hypotheses and define areas of
research need. Our findings support a proposed research
agenda (Table 3) to advance the management of EGS for
human health benefits.

Conclusions

We conducted a CSA to characterize Eco-Health literature.
Our study fills a void that previous reviews had identified

e Low PUFA (9%)
* Low Omega 3 FA (22%)
* High Trans Fatty Acids (9%)
* High Sodium (17%)
High Sugary Beverages
(2%)
« High Processed Meat (13%)

Cardio-
Vascular
Disease .

BEHAVIOR:
Alcohol Abuse
(33%)

Smoking (31%)
¢ Physical
Inactivity (31%)

POVERTY

¢ 4% +alcohol,
16%+Smoking
¢ 6% less fruit, 7% less
vegetables

¢ 24% + trans-fat

type of CVD. The % of air quality improvement from trees was
adapted from Nowak et al. (2013), by averaging the estimates for the
ten US cities they assessed in their study. The percent in promotion of
physical activity comes from Richardson et al. (2013); Poverty
percentages come from Hulshof et al. (1991), and Galobardes et al.
(2001)

as crucial for valuing Eco-Health evidence: namely
reviewing the evidence for the full pathways between
ecosystem, ecosystem processes (e.g., EGS) and health
outcomes (Hartig et al. 2014).

Our work confirms that most current Eco-Health liter-
ature supports the intermediate steps of these pathways
(e.g., Ecosystem—EGS, EGS-Health), but few studies
trace linkages from ecosystem to disease. Of these, few
simultaneously address the pathways by which these
direct connections occur. Research that fully determines
if/how greening strategies deliver health benefits through
buffering EGS is generally lacking, and in need of
attention.

Despite identifying research needs, our review found
consistent evidence of a connection between green spaces
and buffering EGS, and between green spaces and certain
health outcomes such as cardiovascular disease and heat
morbidities. The role of green spaces in providing health
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Table 3 Summary of causality assessment and priority questions for an Eco-Health research agenda

Eco-Health linkages Evidence for causality

Priority questions

Intermediate Direct
linkages linkages
Green spaces—clean water/polluted  Support for Insufficient
water—GI disease Hypothesis
Green spaces—water hazard Support for Insufficient
mitigation/water hazards—GI hypothesis
disease
Green spaces—water hazard Insufficient for Insufficient
mitigation/water hazards— EGS-health
respiratory illness linkage
Green spaces—clean air/polluted air  Inconsistent for Inconsistent

EGS-health
linkage

respiratory illness

Inconsistent for
Eco-Health
linkage

Green spaces—clean air/polluted air—
CVD

Green spaces—heat hazard
mitigation/heat hazard—heat
morbidities

Support for
hypothesis

Support for
hypothesis

Support for
hypothesis

Is GI disease prevalence related to green space measures (presence,
% cover, etc.) in areas exposed to water pollution?

Is GI disease prevalence related to green space measures (presence,
% cover, etc.) in flood prone areas?

Is mold more common in houses prone to natural flooding? Does
household mold correlate to asthma?

What are the best indicators to detect the impact of air quality on
respiratory illnesses (e.g., oxidative potential vs pollutant mass)?

Are there consistent confounding factors (demographics, seasonality)
determining the impact of air pollutants?

Could we define transferable green space restoration guidelines to
enhance pollution removal and reduce allergen potential?

How can we incorporate flow dynamic principles into the design of
green space restoration?

What are the best indicators to detect the impact of air quality on
CVD (e.g., inflammatory response, coagulation, CVD prevalence)?

Are there consistent confounding factors (demographics, seasonality)
determining the impact of air pollutants on CVD?

What is the main mediator between green spaces and CVD-physical
activity or clean air?

What are the barriers to establishing green space policy for heat
morbidity prevention in cities?

Gl disease gastrointestinal disease, CVD cardiovascular disease, EGS ecosystem goods and services

benefits is enhanced in cities if considered alongside design
aspects such as selection of tree species, attention to
placement and configuration of trees, and aspects of the
built environment that encourage use of green spaces. This
evidence should encourage green space planning within
cities by showing human health is an achievable objective
of restoration investments.
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