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Visiting nature is associated
with lower socioeconomic
inequalities in well-being in Wales
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Natural environments can promote well-being through multiple mechanisms. Many studies have
investigated relationships between residential green/blue space (GBS) and well-being, fewer explore
relationships with actual use of GBS. We used a nationally representative survey, the National Survey
for Wales, anonymously linked with spatial GBS data to investigate associations of well-being with
both residential GBS and time in nature (N=7631). Both residential GBS and time spent in nature
were associated with subjective well-being. Higher green-ness was associated with lower well-being,
counter to hypotheses (predicting the Warwick and Edinburgh Mental Well-Being Scale (WEMWABS):
Enhanced vegetation index 8 = - 1.84, 95% confidence interval (Cl) - 3.63, - 0.05) but time spent in
nature was associated with higher well-being (four hours a week in nature vs. none =3.57, 95%
C13.02, 4.13). There was no clear association between nearest GBS proximity and well-being. In
support of the equigenesis theory, time spent in nature was associated with smaller socioeconomic
inequalities in well-being. The difference in WEMWABS (possible range 14-70) between those who did
and did not live in material deprivation was 7.7 points for those spending no time in nature, and less at
4.5 points for those spending time in nature up to 1 h per week. Facilitating access and making it easier
for people to spend time in nature may be one way to reduce socioeconomic inequalities in well-being.

Promoting mental well-being is an important preventative public health strategy’ that aims to reduce the risk
of mental health disorders?. There is a growing body of evidence that exposure and access to green and blue
spaces (GBS) is positively associated with mental health and well-being®-°. There are many proposed pathways
and mechanisms that may explain relationships between GBS exposure and well-being®®. Markevych, et al.®
categorises these as: reducing harm from the environment, including the mitigation of urban noise’~!; building
capacities, such as increased social cohesion '>* and physical activity'%; and restoring capacities depleted by
everyday life, including cognitive capacities'>™, and reducing stress'®*-’. Although some of these benefits can
be obtained by living near GBSs (e.g. restoration through visual exposure, noise mitigation), other potential
pathways to well-being (e.g. physical activity, social interactions) are assumed to require visiting GBSs. While
the evidence on residential exposure and health and well-being has grown rapidly?, few studies have explored
the relationships between GBS visits and well-being (although see Refs.?*-2*).

The methods used to assess exposure to nature vary widely. Residential exposure has been operationalised
in a variety of ways, typically as measures of quantity or accessibility>* in the area around the home. Measures
of the use of GBS also vary”. Each of these measures differ slightly in their likely associated pathways to mental
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health and well-being. Here, we consider both green and blue spaces as well as measures of quantity, accessibility
and use, which is comparatively rare.

We used the Secure Anonymised Information Linkage (SAIL) Databank?*-* to link respondents to the
National Survey of Wales (NSW) with high spatial resolution GBS metrics for the area immediately around their
home. Our residential GBS measures include measures of both quantity and accessibility. These were: residential
green-ness as measured by the Enhanced Vegetation Index (EVI; quantity); and proximity to the nearest GBS
from the home (access). Our measure for actual use of GBS was weekly time spent outdoors for leisure in open
spaces such as paths, woodland, parks and farmland (hereafter referred to as ‘time in nature’) which was derived
from a number of questions in the NSW.

Mental well-being is thought to be multi-dimensional, incorporating the balance of positive and negative
emotions (affect); an evaluation of how one’s life is going (evaluative); and purpose or feeling life is worthwhile
(eudaimonic)*-¥. The Warwick-Edinburgh Mental Well-being Scale (WEMWBS) is a metric intended to cap-
ture affective, evaluative and eudaimonic wellbeing dimensions®. This is often applied in studies investigating
relationships between well-being and GBS**~*. We therefore applied this measure of well-being along with a sin-
gle-item question about life satisfaction (an additional measure of evaluative well-being). This gave a longer-term
view of an individual’s mental well-being than WEMWBS, and has also often been used in studies investigating
relationships between well-being and GBS*21,243337:40,

Access/proximity to green and blue spaces have been found to mitigate socio-economic inequalities in mental
health and well-being, the ‘equigenesis’ hypothesis*"*2. Here, we extend this work to test whether the use of these
spaces may also reduce mental health inequalities. We used a binary measure of material deprivation based on
an additive score summarising whether or not the participant could afford a series of items. This measure is
designed to capture long-term poverty, rather than short term financial strain**.

Thus, we considered the following hypotheses: greater residential GBS exposure (hypothesis 1a) and greater
GBS use (hypothesis 1b) is associated with higher subjective mental well-being and life satisfaction for Welsh
residents. To test the equigenesis theory, our hypothesis 2 was: associations between residential GBS exposure
(2a) and GBS use (2b) with subjective well-being and life satisfaction are modified by household deprivation.

Results

Participants. There were a total of 19,869 respondents to the National Survey for Wales in 2016/17 and
2018/19 combined***¢, of which 1453 could not be linked (n=18,416). Of these, there were 11,378 respondents
who completed the Natural Resources for Wales module of the survey. After excluding cases with missing data
for exposures, outcomes or covariates there were 7631 adults in the analysis sample (see “Methods and data”).

Descriptive statistics. Residential green-ness as measured by the Enhanced Vegetation Index (EVI) has values
theoretically ranging from — 1 to + 1. Nearly 60% (weighted %) of survey respondents in Wales lived in areas with
an EVI range of 0.2-0.4, with only 10% with an EVI 0of < 0.2, and ~ 6% with EVI>0.6 (Table 1). For context, typi-
cal values in broadleaf woodlands range from ~ 0.2-0.3 in winter to ~ 0.6-0.7 in summer ¥/, and the mean EVI of

Life
WEMWBS* satisfaction®

Category Counts | Weighted % | Mean | SD Mean | SD
Total 7631 50.92 9.36 |7.77 1.84

Residential green-ness (EVI)

0-<0.2 815 10.02 50.92 917 |7.71 1.79
0.2-<0.4 4330 56.26 51.15 9.14 |7.82 1.81
0.4-<0.6 2100 28.22 51.19 9.28 |7.93 1.69
0.6-<0.82 386 5.50 52.46 8.05 |7.92 1.61
GBS proximity (m)

0-<100 2189 29.53 51.15 9.63 |7.85 1.79
100-<300 3957 51.28 51.19 9.03 |7.83 1.76
300-<500 1197 15.31 51.02 8.78 | 7.84 1.76
500-1100 288 3.88 52.61 7.79 | 8.00 1.69
GBS use

Weekly time in nature (mins)

0 2309 26.19 48.89 |10.25 |7.46 2.14
>0-<60 1210 16.25 51.30 8.54 |7.98 1.62
60-<120 953 13.51 51.30 8.16 |7.89 1.62
120-<240 1205 17.08 51.68 8.29 |7.89 1.59
240-420 1954 26.97 53.06 8.82 |8.08 1.55

Table 1. Sample descriptive statistics and mean well-being scores by GBS exposure categories (full descriptive
statistics in Supplementary Table 2.1). *‘WEMWBS can range from 14 to 70 (higher scores indicate more
positive mental well-being). °0=‘not at all satisfied’ and 10 =‘completely satisfied’ with “your life nowadays”
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a 500 m buffer around the home of a study in London (UK) was 0.37*% (negative values typically indicate a lack
of vegetation, or presence of water).

In terms of home proximity to the nearest publicly accessible GBS, the majority of people (81%) lived less
than 300 m, and only 4% lived 500-1100 m, from the nearest green or blue space. Time spent in nature was
measured by self-reported recreational GBS use, and over 40% of the sample reported spending more than two
hours in nature per week, although one quarter reported spending no time per week (Table 1). Thirteen percent
were classified as living in material deprivation and 60% lived in larger urban areas (Supplementary Table 2.1).

GAM-based modelling decisions. Given some evidence of non-linear relationships between GBS use
and well-being** we took the relatively novel approach of first applying generalised additive models (GAMs;
Supplemental materials Sect. 1), to indicate the nature of the underlying relationship (e.g. linear or non-linear).
We then used these results to inform generalised linear models (GLMs), for example, categorising values where
appropriate. This facilitated the interpretation of any patterns in statistical strength. Full details can be found
in Supplementary materials Sect. 1 and modelling decisions are summarised here. GAMs indicated that there
was no evidence of association between residential EVI and WEMWBS. Given previous literature explored only
urban residents**, and potential for correlation between urbanity and residential GBS, we stratified by urban
residents as a post-hoc analysis. A (negative) linear association was found between residential EVI and WEM-
WBS for urban residents only. Therefore, residential EVI was modelled with a linear term when predicting both
WEMWBS and life satisfaction in subsequent GLMs.

Complex non-linear relationships were found between proximity to the nearest GBS and subjective well-being
for categories of urban/rural and deprivation status. As such, categories were derived based on visually inspecting
the relationships for both identified complex relationships (Supplemental materials Sect. 1; Figs. 1.6, 1.7) and
adjusting cut-off points to the nearest 50 m. These were 0- <100, 100- < 300, 300- < 500 and 500-1100 m. Cat-
egories for proximity to nearest GBS correspond with previous work in the literature®® and 300 m is considered
to correspond to an approximate walking time of 5 min®'.

Complex non-linear relationships were found between time in nature and subjective well-being and informed
the time in nature categories (Supplementary material Fig. 1.8). Categories were 0, >0-60 min, 60— <120 min,
120- < 240 min, and > 240 min weekly time outdoors.

GLM results: GBS associations with well-being. In fully adjusted generalised linear models, there was
an inverse association between residential EVIand WEMWBS (B = —1.84, 95% CI-3.63,-0.05; Fig. 1a), and this
was also the case for urban residents only in a stratified model (f= —3.12, 95% CI-5.76, — 0.49; Supplementary
Table 2.2). EVI was not related to WEMWBS in models that were either unadjusted, or adjusted for all covariates
except urban status. EVI was positively associated with life satisfaction in unadjusted models only (f=0.32, 95%
CI0.03, 0.61) but there was no evidence of association with life satisfaction in either adjusted models (f = —0.12,
95% CI—-0.47, 0.22; Fig. 1b) or stratified for those in urban areas only (Supplementary Table 2.3).

Living 500-1100 m (vs. <100 m) from the nearest GBS was associated with higher WEMWBS in the unad-
justed model only (B =1.46, 95% CI 0.36, 2.57). After adjustment, there were no clear trends in WEMWBS with
increasing distance to GBS. In fully adjusted models, living 300-500 m from the nearest GBS was found to be
associated with lower WEMWBS (vs. <100 m, = —0.69, 95% CI= —1.32,-0.06; Fig. 2). For those living in
urban areas only, living 100- <300 m from the nearest GBS was associated with lower WEMWBS (vs. <100 m,
B=-0.60, 95% CI—-1.17,—-0.02), although categories at greater distances were not related (Supplementary
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Figure 1. Predicted subjective well-being as measured by (a) WEMWBS and (b) life satisfaction. by
neighbourhood green-ness (EVI). Predictions are based on fully adjusted models (see “Methods and data”) with
fixed covariates. The y axes have been scaled to represent approximately equivalent proportions of the range
(~8%).
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Figure 2. Coefficients for association between WEMWBS and life satisfaction with proximity to nearest

GBS from the home versus reference category (< 100 m). Coefficients result from fully adjusted generalised
linear models (see “Methods and data”). The y axes have been scaled to represent approximately equivalent
proportions of the range (~5%) for each outcome scale. Full model results in Supplemental Tables 2.4 and 2.5.

Table 2.4). Proximity to nearest GBS was not found to be associated with life satisfaction in any of the models
(Fig. 2 and Supplementary Table 2.5).

Weekly time in nature was consistently positively associated with higher subjective well-being as measured
by both WEMWABS (fully adjusted, 4-7 h vs 0: p=3.57, 95% CI 3.02, 4.13) and life satisfaction (fully adjusted,
4-7hvs. 0: p=0.49, 95% CI 0.38, 0.59; Fig. 3). There were higher well-being scores as the weekly time in nature
reached 60 min and more. However, spending at least a little time (> 0- <60 min) in nature each week was asso-
ciated with a higher than expected coeflicient considering the subsequent trend. This was particularly the case
for life satisfaction (Fig. 3; Supplementary Tables 2.6, 2.7).

Moderation by deprivation. 'When an interaction term was included between the residential exposure measures
and deprivation status, there was no evidence that deprivation status moderated the association between either
EVI or proximity to the nearest GBS and subjective well-being, for either well-being measure (e.g. EVI x In dep-
rivation vs. EVI x not, WEMWBS: f=- 1.92, 95% CI- 6.35, 2.51; Supplementary Table 2.8). Likelihood ratio
tests (LRTs) comparing models with and without interaction terms were non-significant for all combinations of
residential exposure and subjective mental well-being (e.g. LRT; EVI and WEMWRBS, x2=0.72, p =0.395; Sup-
plementary Table 2.8), suggesting that adding interactions did not result in significant differences between the
models.

There was evidence of interactions between weekly time in nature and deprivation for both WEMWBS and life
satisfaction, indicating that deprivation status moderated the relationship between time in nature and subjective
well-being (e.g. LRT; Time in nature and WEMWBS, X2 =17.82, p=0.001; Supplementary Table 2.8). For those
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Figure 3. Model coeflicients for weekly time in nature associated with subjective well-being for both
WEMMWRBS and life satisfaction (reference category =no time outdoors). Coeflicients are for fully adjusted
generalised linear models predicting WEMWABS (left) and life satisfaction (right). The y axes have been scaled
to represent approximately equivalent proportions of the range (~6%). Full model results in Supplemental
Tables 2.6, 2.7.
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not in material deprivation, both WEMWBS and life satisfaction were generally higher, and there was a general
gradual increase in subjective well-being with increasing time in nature. Those in material deprivation and
spending no time in nature weekly reported considerably lower subjective well-being in comparison to those not
in material deprivation. On average, with no time in nature, being in deprivation was associated with subjective
mental well-being scores that were 7.7 lower for WEMWBS and 1.7 lower for life satisfaction, compared to those
not in deprivation (Supplementary Table 2.8). However, when spending more than zero minutes, but less than
one hour outdoors weekly (>0 to < 60 min), this inequality was reduced to — 4.5 for WEMWBS and to — 1.22 for
life satisfaction (Fig. 4 and Supplementary Table 2.8).

Discussion

We explored the relationships between different measures of nature exposure and mental well-being. We did not
find evidence to support hypothesis 1a. In contrast, we found that residential green-ness was negatively associ-
ated with mental well-being (as measured by WEMWBS). We did not find evidence that residential green-ness
was related to life satisfaction. There was some indication that living further from the nearest GBS was related
to lower levels of WEMWABS, although there were no clear trends across distance categories. Living 300-500 m
from the nearest GBS was related to lower levels of WEMWBS (vs. < 100 m) for the full sample and 100-300 m
from the nearest GBS was related to lower levels of WEMWBS (vs. <100 m) for those in urban areas only. Again,
there was no association with the one-item life satisfaction and proximity to nearest GBS. Supporting hypothesis
1b, spending more time in nature was consistently related to well-being, for both WEMWBS and life satisfaction
measures.

Contrary to hypothesis 2a, we found no evidence that deprivation status moderates the relationship between
residential GBS and well-being. However, supporting hypothesis 2b, we did find evidence that household material
deprivation status moderates the relationship between time in nature and well-being in support of the equigenesis
theory. This means that well-being inequalities by material deprivation were lower amongst people spending any
time in nature compared to those spending no time.

Our finding that residential green-ness is negatively associated with well-being is in contrast with other results
in the literature. In China, greenery as measured with both NDVT and streetscape greenery, were related to higher
well-being (World Health Organisation 5-item index)%. And, in the Australian cities of Sydney and Melbourne,
green-ness (NDVI) was associated with both the WHO-5 and a multi-item life satisfaction index (although
not the two New Zealand cities in the study)®*. Well-being as measured using WEMWBS was also found to be
positively related to NDVI in a 250-m buffer for respondents to a survey in England®*®. However, two of these
studies used non-random and non-representative samples*>>. Further studies link green-ness with mental health
measures including in Canada®, and England™ with lower odds of poor mental health outcomes with increasing
residential green-ness. However, other studies have also found no or mixed associations. Residential availability
(surrounding green-ness and presence/absence of GBS) was not related to any mental health outcome in four
European cities?® and in England, greenspace coverage (of a residential administrative unit) was not related to
well-being (a short version of WEMWBS) once an urban/rural covariate was included®.

There is a lack of studies linking coastal proximity with well-being specifically, however, proximity to the coast
has been found to be related to positive mental health in England*">”. Many of Wales’s largest urban areas (e.g.
Swansea, Cardiff, Newport) are close to the coast (although there are exceptions), such that these urban areas
with correspondingly low EVI are also often relatively close to the coast and associated well-being benefits. It is
possible that the omission of blue spaces specifically contributes to the observed inverse relationship between
EVI and well-being.

a) b)
55 9
c
8 g
= o
E 50 % 8
= o
3 + £ o
= o
L 45 g7
3]
o S
o o
40 6
0 >0-<60 60-<120 120 -<240 240 - 420 0 >0-<60 60-<120 120 -<240 240 -420
Weekly time outdoors (mins) Weekly time outdoors (mins)
Not in material deprivation + In material deprivation Not in material deprivation + In material deprivation

Figure 4. Predicted subjective well-being (WEMWBS and life satisfaction) by time in nature by deprivation
status. Predictions are based on fully adjusted model results (see “Methods and data”) with fixed covariates. The
y axes have been scaled to represent approximately equivalent proportions of the range (~27%). Full model
results are in Supplementary Table 2.8.
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It is somewhat surprising that proximity to the nearest GBS was not found to be consistently related to well-
being, particularly when proximity has been found to be related to visit frequency®**. Further, the measure
used here is considered to be relatively accurate as it follows the road/path network rather than a straight-line
distance®. Our results may reflect the high proportion of people within our sample (>80%) who lived within
300 m of their nearest GBS. Only 4% of our sample lived further than 500 m from their nearest GBS. However,
the GBS included are of various sizes including small spaces, such as grass verges, and these may therefore not
be reflective of the locations individuals visit. Further, people may visit GBS other than that closest to their
home®'. For example, for a sample of residents of Sheffield, UK, who self-selected to download an app, the mean
trip distance to green spaces from home ranged from ~ 1200- ~ 1400 m, although these visits include incidental
visits and did not include visits outside the city®. While, in Borger, et al.%, the average round trip distance for
visits to blue spaces (most recent) was 24.80 km for nearly 6000 respondents to the BlueHealth International
Survey in 14 European countries.

We found consistent positive relationships between time spent in nature and both measures of well-being.
Our findings of a lack of a relationship for residential green-ness, but a positive relationship for time in nature
and well-being, are consistent with a European four city study conducted by Triguero-Mas, et al.*® that used
more objective measures of time in nature using GPS tracking. Other previous findings have been more mixed.
For instance, a systematic review on this issue® found only four ‘good’ quality studies included in the review
(all cross-sectional), one found positive associations with time in nature and mental health and vitality domains
of the SF-36 in four European cities®, one found a positive relationship in England for eudaimonic well-being
(feeling life is worthwhile) but not life satisfaction using the same metric as in the current study®, and two studies
conducted in Scotland found no association including using the WEMWBS as used here®*.

Our findings are similar to those from a comparable study using a survey conducted in England, although
with key differences. White et al.?* also analysed associations between self-reported time in nature and life sat-
isfaction using a nationally (for England) representative recreation survey. This study suggested that individuals
needed to spend at least 120 min per week in natural environments (both green and blue spaces, in urban and
rural environments) to have higher life satisfaction relative to those who spent no time in nature. Whereas our
findings in Wales suggested that those who spent any time in nature (>0 min per week) also had significantly
higher life satisfaction. These differences may be the result of different methodological and statistical approaches
and/or different strengths in the relationships across the two countries. However, they are consistent in showing
that spending time in nature is associated with higher well-being.

Our findings provide evidence in support of the equigenesis hypothesis, that the association between time
spent visiting GBS was larger for those who were deprived relative those who were not, such that inequalities
in well-being were narrowed. As Mitchell, et al.** suggest, it is feasible that those under greater stress—such as
those living in materially deprived circumstances—may benefit more from the stress recovery and restorative
potential of time spent in natural environments. Contrary to Mitchell, et al.*2, however, we did not find modera-
tion between accessibility and well-being. Instead, we found moderation of actual use, which was not measured
in Mitchell et al.*>. Indeed, most other studies exploring similar questions have also focused on area indicators
rather than recreational time?*6-68,

The variation observed in our results, and in the wider literature, may be at least partly due to the variation
in the methods used to assess exposure to nature and mental health and well-being outcomes. Quantity can
be measured in terms of area coverage, density or ‘green-ness, typically within a radius around the home or
administrative unit®, based on either satellite imagery or established landcover maps**+>>¢77071 More recently,
‘street-view’ perspectives have been applied””. Access is typically measured in terms of proximity to GBS*"737,
either as a Euclidian distance, or via road/path networks®, although public accessibility cannot be assumed. The
nature of some blue spaces (e.g. linear features such as the coast) means they are perhaps more often measured
in terms of proximity rather than area coverage*7>-7>. Measures of the use of GBS also vary?, and can include
recreational visit frequency to specific spaces or types of environment (e.g. Refs.?**”%57); time spent recreating in
nature within a specific period of time>*”’-"’; as well as incidental use (e.g. commuting®). For residents of Wales,
our findings suggest that actual use of GBS seems to be more strongly associated with well-being than measures
of GBS access and quantity, although these findings are subject to design and sample limitations.

A key strength of this study was the nationally representative nature of the survey and the unique anonymised
linkage of respondents to data on high-resolution residential GBS exposure measures within the SAIL databank.
Linked data permitted the analysis of residential GBS exposure at much higher spatial resolution than is typically
possible, with address-level geolocation coupled with road/footpath network proximity analysis. These GBS
data are based on a large, integrated, national-scale spatial dataset of potentially accessible spaces enabling the
identification of the closest accessible space for analysis.

A further strength was the exploratory analyses using GAMs, which permitted the nature of associations to
be assessed before implementation of more traditional GLMs developed to reflect the underlying patterns in
the data with interpretable model results. Exploring the robustness across two conceptually different well-being
outcomes was also an advantage. Assessment of effect modification by socio-economic status was able to make
use of a composite individual/household-level indicator, more precisely characterising individual level depriva-
tion compared to the often used small-area deprivation indicators.

The most important limitation is the cross-sectional data used here. Although the wider project® did have
home exposure and health data on the same individuals over time, the NSW data on recreational visits was
collected from individuals cross-sectionally. We therefore cannot confirm causation nor the direction of the
associations. For example, these results may indicate that people with higher well-being spend more time out-
doors. Whilst it does not discount this possibility, previous multi-country work has suggested that people taking
medication for anxiety and/or depression may actually visit nature as much or even more than those without
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such conditions®, potentially to help them self-manage their symptoms, suggesting that our results are unlikely
to solely be reflecting people with poorer mental health not making these kinds of visits.

EVI is a general measure of green-ness and does not capture the diversity of environmental conditions in
people’s home neighbourhoods. Similarly, our GBS proximity measure does not distinguish between different
types, sizes or qualities of spaces, and therefore we would expect a fairly substantial degree of heterogeneity in
what this exposure measure reflects, and opportunities afforded for recreation. Further covariates may have
been of relevance for visitation and well-being, but could not be included in analyses due to lack of data such as
dog ownership®! and time spent in private gardens?*®. It is also possible that there is a mediating relationship
between household material deprivation and well-being through the mechanism of spending time in nature and
this could be explored in further work.

Social desirability bias is possible in the responses to the NSW questions, in particular because data collec-
tion was carried out in person®. For instance, people may have over-reported visit frequency if they felt this is
a socially acceptable norm. Therefore, we should be cautious about interpreting the absolute values until such
reports can be compared with other methods (e.g. through the use of experience sampling protocols®). A further
issue arises if different groups are more or less affected by such biases—e.g. people not in material deprivation
may feel more pressured to report more visits believing that such visits are more normative for their social group.
Although not impossible, we feel this is unlikely. Specifically, the NSW is a parallel survey to the Monitor of
Engagement in Natural Environments (MENE) in England which used a similar sampling protocol, in-home
interviews, and very similar questions. Results from the MENE found no consistent bias in specific social groups
reporting the quantity of visits to nature. Rather, distinct patterns in frequency were found for visit location, e.g.
with wealthier groups reporting visiting woodlands more often, and poorer groups reporting visiting urban parks
and beaches more often®. Thus, although social desirability bias may play some role, we consider it unlikely to
be systematically affecting respondents’ overall visits frequency reports as a function of household deprivation.

Further research is needed to understand the characteristics of the natural environments that are being used
for leisure by residents of Wales that seem to be providing benefits. This could then inform efforts to extend the
availability, accessibility and use of these beneficial spaces to a greater proportion of the population through,
for instance, land access strategies or land management and planning policies, removing barriers to greenspace
use in deprived communities, or interventions to encourage use®*-%. The latter could include simple practical
interventions such as improving toilet facilities in natural settings, as well as addressing more complex issues
such as fear of crime or lack of knowledge of how to access greenspaces®. Further, quality of public green spaces
may be negatively correlated with area deprivation® and improvements to the quality of outdoor spaces that are
available and accessible may increase their use®.

Further research could also include exploring the mechanisms between both green-ness and time in nature
and well-being. For example, surveying people regarding physical activity in nature in detail* or recording GPS
and/or accelerometry’'~** Given the lack of relationship observed between proximity to the nearest GBS and
well-being, we suggest a more detailed approach by including not only the proximity to the nearest GBS but also
the type of the nearest GBS. Alternatively, different modelling approaches could be applied such as distance-
decay methods®.

Conclusion

Although we find negative or mixed results for associations between residential GBS amount and proximity
and well-being, we find consistent positive associations between time spent in nature and well-being. To the
best of our knowledge, we provide the first evidence that the association between time spent outdoors and well-
being is moderated by household-level deprivation. Spending time in nature may therefore contribute towards
the mitigation and/or prevention of mental health problems for those exposed to material deprivation. Whilst
further research is needed to fully understand this relationship, policies enabling use of, and access to, GBS for
leisure by more socio-economically deprived groups may be beneficial for equitable population mental health
and well-being. Further, our findings add to the evidence that relationships between nature exposure and well-
being outcomes are complex and may be non-linear.

Methods and data

Data. The current research was part of a larger project looking at green and bluespace exposure across Wales,
which linked medical records of 2.3 million adults to GBS measures® at the household level (1.498 million
residences). This study was approved by the Secure Anonymised Information Linkage (SAIL) Information Gov-
ernance Review Panel (project 0562) in Wales. All data were anonymised prior to access and analysis and the
research was performed in accordance with relevant guidelines/regulations. As part of this exercise, we linked
individuals to available survey information from the National Survey for Wales (NSW). The current research
uses this subset of people who had both area data and self-reported use data from the NSW.

GBS access/proximity and ambient green-ness measures were available for NSW participants via linkage of
NSW data via the Secure Anonymised Information Linkage (SAIL) Databank?-%°.

The NSW (http://gov.wales/national-survey-wales) is commissioned by the Welsh Government and carried
out by the Office for National Statistics (ONS). A Natural Resources Wales module of the NSW includes questions
on environmental issues and use of outdoor spaces. For those who consented, NSW responses from individuals
were linked into the SAIL Databank (as above). Data were derived from responses to survey data from 2016/17
(adults n=8932) and 2018/19 (n=10,937)*. Data from 2017/18 were not used because of differences in the
Natural Resources Wales survey module in that year, with relevant questions not asked.

Full details of survey methodologies can be found in the NSW technical reports®>®°. Briefly, NSW interviews
were conducted by trained interviewers in person at participants’ homes. Residential addresses in Wales were
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randomly selected, stratified by local authority, LA, n=22), with survey effort approximately proportional to
LA populations. Only one participant (aged 16 +) per residential address was interviewed. Surveys took place
throughout the year, so include responses across seasons. Certain modules of the questionnaire were only asked
of a random sub-sample of total participants, including the Natural Resources Wales module. Survey weights
were provided that compensate for differences in sampling probability between different types of household,
and for differences between sub-sample and population profiles; analysis conducted by the NSW indicated that
non-response bias was negligible and weights therefore do not adjust for this.

Outcome measures. For the WEMWABS, participants were presented with a series of 14 positively-worded
statements, such as Tve been feeling good about myself” and Tve been thinking clearly. They were asked to
indicate how often they have had these thoughts or feelings within the last two weeks, giving responses on a five-
category scale: ‘none of the time), ‘rarely; ‘some of the time] ‘often; or ‘all of the time’ These responses are scored
from one to five and summed, giving an overall score between 14 and 70 (higher scores indicate more positive
mental well-being).

Life satisfaction is a measure of evaluative well-being based on responses to the question, “Overall, how satis-
fied are you with your life nowadays?”*”. Responses are scored 0-10, with zero being ‘not at all satisfied’ and 10
being ‘completely satisfied.

Exposure measures. Two measures of residential GBS (residential green-ness and access/proximity), and
one measure of use (leisure time in nature) were considered as exposures in this analysis. Detailed methodology
regarding the green-ness and access/proximity measures is provided in supplementary materials Sect. 3.

Residential Green-ness. 'The residential green-ness measure is estimated using satellite imagery as the annual
mean Enhanced Vegetation Index (EVI) averaged using a 300 m buffer centred on each household location,
clipped to the coastline. Although NDVThas been more commonly used in studies investigating the links between
green-ness and well-being’, EVI was chosen as it reduces both atmospheric and soil background noise®®. Values
theoretically range from -1 to + 1 where negative values indicate a lack of vegetation. Typical values in broadleaf
woodlands range from ~0.2-0.3 in winter to ~0.6-0.7 in summer*, and the mean EVI of a 500 m buffer around
the home of a study in London (UK) was 0.37%°. See supplementary materials Sect. 3 for full details.

Proximity to nearest GBS.  Vector data from multiple sources were used to calculate access to GBS. These sources
were: MasterMap (Topography Layer'®), Local green spaces'®'; Local Government Audits (provided by 14 of 22
local authorities); the Lle geoportal'?, and OpenStreetMap (OSM)'®. See supplementary materials Sect. 3 and
future papers for further details'*. Potential GBS were categorised according to a pre-defined hierarchical typol-
ogy to only include accessible blue or green spaces, this excluded farmland and gardens'®. These confirmed
GBS were then assigned access points snapped to the road and footpath network. Proximities to residences were
calculated to a maximum distance of 1600 m and proximity to the nearest GBS was the final measure for GBS
access. The maximum distance from any residence in the final sample to the nearest GBS was 1050 m.

Time in nature. An estimate of weekly leisure time spent in natural environments (‘time in nature’) was based
on a number of questions about visits to GBS in Wales. The NSW survey specifies these visits as follows: “The
next questions are about outdoor recreation in Wales. We are interested in leisure visits and excursions to the Welsh
outdoors of any length. These visits may have been made from your home or during holidays. By outdoors, we mean
open spaces anywhere in the countryside or in towns and cities, including your local neighbourhood, paths, wood-
land, parks and farmland. Visits may have involved both active and passive pursuits.” Questions used to derive
time outdoors included those establishing which activities had been undertaken during these visits, and how
long was spent doing them*>*. Due to heavy skewing in the distribution, this value was capped at 420 min per
week (equivalent to an hour a day, see also Ref.?*. Fifteen percent (of the final sample; n=1125) of values were
recoded this way.

Covariates. Variables to be included in statistical models were selected on the basis of data availability and
theoretical understanding of their potential importance and associations with either/both exposure and out-
come variables (Table 2)!3°+7>85105106 "The material deprivation measure is a derived binary indicator included
in the NSW dataset; and the same as that used in the UK Family Resources Survey®. It is based on an additive
score summarising whether the participant could afford a series of items, such as ‘a holiday away from home for
at least a week a year’. These items differed for adults of pensionable age e.g. a warm home and access to a car or
taxi when needed*. The series were scored and a threshold applied to assign binary categories of either in mate-
rial deprivation or not*.

Data linkage. Data are linked via an individual-based unique “Anonymised Linking Field” (ALF) and
household-level “Residential Anonymised Linking Fields” (RALFs)!*”!%, The anonymised linkage process per-
mitted high spatial resolution (address-level) linkage of survey participants to GBS metrics for the area immedi-
ately around their home. Missing data were excluded (Table 3).

Analysis. Instead of making assumptions about the shape of the relationship, we took the approach of first
applying generalised additive models (GAMs), to inform analysis using a generalised linear modelling (GLM)
approach. GAMs are an extension of GLMs, which are highly flexible and do not assume linearity in the relation-
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Variable (role) Data source | Description Continuous/categorical
Gender (confounder) NSW Male/Female (other responses too few for inclusion) Categorical (two levels)
Age (confounder) NSW Individual age in years at time of survey; 16-24, 25-44, 45-64, Categorised
65-79, 80+
Economic status (confounder) NSW Emp 1oyed; economically inactive (incl. full-time students and Categorical (three levels)
pensioners); unemployed
Material deprivation (confounder/modifier) NSwW il:l(rin;;zi?l deprivation/not in material deprivation (see “Methods Categorical (two levels)
Use of car (confounder) NSW Yes/No Categorical (two levels)
Season (confounder) NSW Spring (Mar/Apr/May); Summer (Jun/Jul/Aug); Autumn (Sep/Oct/ Categorical (four levels)

Nov); Winter (Dec/Jan/Feb)

Welsh index of multiple deprivation (WIMD) 2014 (confounder) SAIL

Quintiles of rankings of LSOA®-level deprivation based on eight

domains Categorical (five levels)

Rural-urban category (confounder/modifier) NSW urban (> 10,000 people); town and fringe; village, hamlet and Categorical (three levels)

LSOA?®level classification derived from ONSP data. Three categories:

isolated dwellings

Local authority (confounder)

For proximity to nearest GBS only, local authority is also included to
NSW account for potential differences in GBS data provided by each local | Categorical
authority (not required for EVI or time in nature models)

Table 2. Covariates included in modelling. *Lower layer super output area (LSOA), the smallest area for UK
statistics, designed to have similar population sizes of ~ 1500. ®Office for National Statistics (ONS).

Sample Sample size | Excluded n
NSW full sample (2016/17 and 2018/19) 19,869

Missing linkages 18,416 1453
NRW subsample 11,378 7038
Identifier dates match 10,744 634
With WIMD* (joined by LSOA) 10,706 38
With EVI 10,149 557
‘With time in nature 10,072 77
With outcome variables 8452 1620
With covariates: gender, economic status, age, and deprivation | 8360 92
With GBS proximity 7631 729

Table 3. Data joining and resulting sample sizes. Data were excluded where there were missing data. *Welsh
Index of Multiple Deprivation (WIMD). *Lower layer super output area (LSOA).

ships between explanatory variables and the mean of the response!®. The fitted relationships between explana-
tory variables and outcomes were plotted and used to inform the specification of GLMs (Supplemental materials
Sect. 1). Results from GLMs are more straightforward to interpret and hence the GLM results are the focus here.
To test for effect modification, interaction terms were included. All analyses were undertaken in RStudio (ver-
sion 2021.09.0 +351) with R (version 4.1.1'', using the ‘mgcv’ package!® for GAMS.

Models were weighted using NSW sampling design weights®>*, which were converted to frequency weights
using the ‘rescale_weights()’ function in the ‘parameters’ R package'!!. The covariates described above were
included in fully adjusted models. However, given the potential for over-adjustment, models were also run
without inclusion of urban/rural categories. For example, urban/rural category correlates strongly with ambient
green-ness by definition because urban areas are classified as such due to the density of residential population
and built environment.

In order to visualise key findings (Figs. 1 and 4), regression coefficients from fully adjusted models were used
to derive predicted well-being scores across GBS exposure scales based on a typical set of covariate values, these
were: WIMD = Q3, gender = female, age = 16-24, economic status =employed, deprivation status =not in material
deprivation, use of a car =yes, urban status = urban, season = Autumn and survey wave =2016-17.

Data availability

The data used in this study were accessed through the SAIL Databank at Swansea University, Swansea, UK.
All proposals to use SAIL data are subject to review by an independent Information Governance Review Panel
(IGRP). Information on the application process can be found at: https://www.saildatabank.com/application-
process.

Received: 18 November 2022; Accepted: 17 May 2023
Published online: 15 June 2023

Scientific Reports |

(2023) 13:9684 | https://doi.org/10.1038/s41598-023-35427-7 nature portfolio


https://www.saildatabank.com/application-process
https://www.saildatabank.com/application-process

www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

World Health Organization. Mental health action plan 2013-2020. 45 https://www.who.int/publications/i/item/9789241506021
(2013).

Schotanus-Dijkstra, M., Ten Have, M., Lamers, S., de Graaf, R. & Bohlmeijer, E. T. The longitudinal relationship between flour-
ishing mental health and incident mood, anxiety and substance use disorders. Eur. J. Pub. Health 27, 563-568. https://doi.org/
10.1093/eurpub/ckw202 (2017).

Callaghan, A. et al. The impact of green spaces on mental health in urban settings: A scoping review. J. Ment. Health 30, 179-193.
https://doi.org/10.1080/09638237.2020.1755027 (2021).

Gascon, M., Zijlema, W., Vert, C., White, M. P. & Nieuwenhuijsen, M. J. Outdoor blue spaces, human health and well-being: A
systematic review of quantitative studies. Int. . Hyg. Environ. Health 220, 1207-1221. https://doi.org/10.1016/j.ijheh.2017.08.
004 (2017).

van den Bosch, M. Urban natural environments as nature-based solutions for improved public health—A systematic review of
reviews. Environ. Res. 158, 373-384. https://doi.org/10.1016/j.envres.2017.05.040 (2017).

Markevych, I. et al. Exploring pathways linking greenspace to health: Theoretical and methodological guidance. Environ. Res.
158, 301-317. https://doi.org/10.1016/j.envres.2017.06.028 (2017).

White, M. P, Elliott, L. R., Gascon, M., Roberts, B. & Fleming, L. E. Blue space, health and well-being: A narrative overview and
synthesis of potential benefits. Environ. Res. 191, 110169. https://doi.org/10.1016/j.envres.2020.110169 (2020).

Hartig, T., Mitchell, R. J., de Vries, S. & Frumkin, H. Nature and Health. Annu. Rev. Public Health 35, 207-228. https://doi.org/
10.1146/annurev-publhealth-032013-182443 (2014).

Leung, T, Xu, ], Chau, C. K., Tang, S. K. & Pun-Cheng, L. The effects of neighborhood views containing multiple environmental
features on road traffic noise perception at dwellings. J. Acoust. Soc. Am. 141, 2399-2407. https://doi.org/10.1121/1.4979336
(2017).

Van Renterghem, T. Towards explaining the positive effect of vegetation on the perception of environmental noise. Urban For.
Urban Green. 40, 133-144. https://doi.org/10.1016/j.ufug.2018.03.007 (2019).

Dzhambov, A. M. & Dimitrova, D. D. Urban green spaces’ effectiveness as a psychological buffer for the negative health impact
of noise pollution: A systematic review. Noise Health 16, 157. https://doi.org/10.4103/1463-1741.134916 (2014).

van den Bogerd, N. et al. Urban blue space renovation and local resident and visitor well-being: A case study from Plymouth,
UK. Landsc. Urban Plan. 215, 104232. https://doi.org/10.1016/j.Jandurbplan.2021.104232 (2021).

De Bell, S., Graham, H., Jarvis, S. & White, P. The importance of nature in mediating social and psychological benefits associ-
ated with visits to freshwater blue space. Landsc. Urban Plan. 167, 118-127. https://doi.org/10.1016/j.landurbplan.2017.06.003
(2017).

Pasanen, T. P, White, M. P,, Wheeler, B. W,, Garrett, . K. & Elliott, L. R. Neighbourhood blue space, health and wellbeing: The
mediating role of different types of physical activity. Environ. Int. 131, 105016. https://doi.org/10.1016/j.envint.2019.105016
(2019).

Ohly, H. et al. Attention restoration theory: A systematic review of the attention restoration potential of exposure to natural
environments. J. Toxicol. Environ. Health B 19, 305-343. https://doi.org/10.1080/10937404.2016.1196155 (2016).

Stevenson, M. P, Schilhab, T. & Bentsen, P. Attention Restoration Theory II: A systematic review to clarify attention processes
affected by exposure to natural environments. J. Toxicol. Environ. Health B 21, 227-268. https://doi.org/10.1080/10937404.2018.
1505571 (2018).

Moll, A., Collado, S., Staats, H. & Corraliza, J. A. Restorative effects of exposure to nature on children and adolescents: A sys-
tematic review. J. Environ. Psychol. 84, 101884. https://doi.org/10.1016/j.jenvp.2022.101884 (2022).

Roe, J. J. et al. Green space and stress: evidence from cortisol measures in deprived urban communities. Int. J. Environ. Res.
Public Health 10, 4086-4103. https://doi.org/10.3390/ijerph10094086 (2013).

Hoj, S. B., Paquet, C., Caron, J. & Daniel, M. Relative “greenness” and not availability of public open space buffers stressful life
events and longitudinal trajectories of psychological distress. Health Place 68, 102501. https://doi.org/10.1016/j.healthplace.
2020.102501 (2021).

Triguero-Mas, M. et al. Natural outdoor environments and mental health: Stress as a possible mechanism. Environ. Res. 159,
629-638. https://doi.org/10.1016/j.envres.2017.08.048 (2017).

Chang, C. et al. Life satisfaction linked to the diversity of nature experiences and nature views from the window. Landsc. Urban
Plan. 202, 103874. https://doi.org/10.1016/j.Jlandurbplan.2020.103874 (2020).

Cox, D. T. C. et al. Doses of nearby nature simultaneously associated with multiple health benefits. Int. J. Environ. Res. Public
Health 14, 172. https://doi.org/10.3390/ijerph14020172 (2017).

Garrett, J. K. et al. Urban blue space and health and wellbeing in Hong Kong: Results from a survey of older adults. Health Place
55, 100-110. https://doi.org/10.1016/j.healthplace.2018.11.003 (2019).

White, M. P. et al. Spending at least 120 minutes a week in nature is associated with good health and wellbeing. Sci. Rep. 9, 1-11.
https://doi.org/10.1038/s41598-019-44097-3 (2019).

White, M. P. et al. Associations between green/blue spaces and mental health across 18 countries. Sci. Rep. 11, 8903. https://doi.
0rg/10.1038/s41598-021-87675-0 (2021).

Bancroft, C. et al. Association of proximity and density of parks and objectively measured physical activity in the United States:
A systematic review. Soc. Sci. Med. 138, 22-30. https://doi.org/10.1016/j.socscimed.2015.05.034 (2015).

Holland, 1. et al. Measuring nature contact: A narrative review. Int. J. Environ. Res. Public Health 18, 4092. https://doi.org/10.
3390/ijerph18084092 (2021).

Ford, D. V. et al. The SAIL Databank: Building a national architecture for e-health research and evaluation. BVMC Health Serv.
Res. 9, 157. https://doi.org/10.1186/1472-6963-9-157 (2009).

Mizen, A. et al. Longitudinal access and exposure to green-blue spaces and individual-level mental health and well-being:
protocol for a longitudinal, population-wide record-linked natural experiment. BMJ Open 9, €027289. https://doi.org/10.1136/
bmjopen-2018-027289 (2019).

Johnson, R. D. et al. Deriving household composition using population-scale electronic health record data—A reproducible
methodology. PLOS ONE 16, €0248195. https://doi.org/10.1371/journal.pone.0248195 (2021).

Linton, M.-J., Dieppe, P. & Medina-Lara, A. Review of 99 self-report measures for assessing well-being in adults: Exploring
dimensions of well-being and developments over time. BMJ Open 6, €010641. https://doi.org/10.1136/bmjopen-2015-010641
(2016).

Tennant, R. et al. The Warwick-Edinburgh mental well-being scale (WEMWBS): Development and UK validation. Health Qual.
Life Outcomes 5, 1-13. https://doi.org/10.1186/1477-7525-5-63 (2007).

Vik, M. H. & Carlquist, E. Measuring subjective well-being for policy purposes: The example of well-being indicators in the
WHO “Health 2020” framework. Scand. J. Public Health 46, 279-286. https://doi.org/10.1177/1403494817724952 (2018).
Houlden, V., Weich, S., de Albuquerque, J. P, Jarvis, S. & Rees, K. The relationship between greenspace and the mental wellbeing
of adults: A systematic review. PLoS ONE 13, 1-35. https://doi.org/10.1371/journal.pone.0203000 (2018).

Krefis, A., Augustin, M., Schlnzen, K., Oenbrgge, J. & Augustin, ]. How does the urban environment affect health and well-being?
A systematic review. Urban Sci. 2, 21. https://doi.org/10.3390/urbansci2010021 (2018).

Scientific Reports |

(2023) 13:9684 |

https://doi.org/10.1038/s41598-023-35427-7 nature portfolio


https://www.who.int/publications/i/item/9789241506021
https://doi.org/10.1093/eurpub/ckw202
https://doi.org/10.1093/eurpub/ckw202
https://doi.org/10.1080/09638237.2020.1755027
https://doi.org/10.1016/j.ijheh.2017.08.004
https://doi.org/10.1016/j.ijheh.2017.08.004
https://doi.org/10.1016/j.envres.2017.05.040
https://doi.org/10.1016/j.envres.2017.06.028
https://doi.org/10.1016/j.envres.2020.110169
https://doi.org/10.1146/annurev-publhealth-032013-182443
https://doi.org/10.1146/annurev-publhealth-032013-182443
https://doi.org/10.1121/1.4979336
https://doi.org/10.1016/j.ufug.2018.03.007
https://doi.org/10.4103/1463-1741.134916
https://doi.org/10.1016/j.landurbplan.2021.104232
https://doi.org/10.1016/j.landurbplan.2017.06.003
https://doi.org/10.1016/j.envint.2019.105016
https://doi.org/10.1080/10937404.2016.1196155
https://doi.org/10.1080/10937404.2018.1505571
https://doi.org/10.1080/10937404.2018.1505571
https://doi.org/10.1016/j.jenvp.2022.101884
https://doi.org/10.3390/ijerph10094086
https://doi.org/10.1016/j.healthplace.2020.102501
https://doi.org/10.1016/j.healthplace.2020.102501
https://doi.org/10.1016/j.envres.2017.08.048
https://doi.org/10.1016/j.landurbplan.2020.103874
https://doi.org/10.3390/ijerph14020172
https://doi.org/10.1016/j.healthplace.2018.11.003
https://doi.org/10.1038/s41598-019-44097-3
https://doi.org/10.1038/s41598-021-87675-0
https://doi.org/10.1038/s41598-021-87675-0
https://doi.org/10.1016/j.socscimed.2015.05.034
https://doi.org/10.3390/ijerph18084092
https://doi.org/10.3390/ijerph18084092
https://doi.org/10.1186/1472-6963-9-157
https://doi.org/10.1136/bmjopen-2018-027289
https://doi.org/10.1136/bmjopen-2018-027289
https://doi.org/10.1371/journal.pone.0248195
https://doi.org/10.1136/bmjopen-2015-010641
https://doi.org/10.1186/1477-7525-5-63
https://doi.org/10.1177/1403494817724952
https://doi.org/10.1371/journal.pone.0203000
https://doi.org/10.3390/urbansci2010021

www.nature.com/scientificreports/

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Robinson, J. M., Brindley, P, Cameron, R., MacCarthy, D. & Jorgensen, A. Nature’s role in supporting health during the COVID-
19 pandemic: A geospatial and socioecological study. Int. J. Environ. Res. Public Health 18, 2227. https://doi.org/10.3390/ijerp
h18052227 (2021).

Coldwell, D. E & Evans, K. L. Visits to urban green-space and the countryside associate with different components of mental
well-being and are better predictors than perceived or actual local urbanisation intensity. Landsc. Urban Plan. 175, 114-122.
https://doi.org/10.1016/j.landurbplan.2018.02.007 (2018).

Gilchrist, K., Brown, C. & Montarzino, A. Workplace settings and wellbeing: Greenspace use and views contribute to employee
wellbeing at peri-urban business sites. Landsc. Urban Plan. 138, 32-40. https://doi.org/10.1016/j.landurbplan.2015.02.004 (2015).
Mitchell, R. Is physical activity in natural environments better for mental health than physical activity in other environments?.
Soc. Sci. Med. 91, 130-134. https://doi.org/10.1016/j.socscimed.2012.04.012 (2013).

White, M. P, Alcock, I., Wheeler, B. W. & Depledge, M. H. Would you be happier living in a greener urban area? A fixed-effects
analysis of panel data. Psychol. Sci. 24, 920-928. https://doi.org/10.1177/0956797612464659 (2013).

Garrett, J. K., Clitherow, T. J., White, M. P, Wheeler, B. W. & Fleming, L. E. Coastal proximity and mental health among urban
adults in England: The moderating effect of household income. Health Place 59, 102200. https://doi.org/10.1016/j.healthplace.
2019.102200 (2019).

Mitchell, R. J., Richardson, E. A., Shortt, N. K. & Pearce, J. R. Neighborhood environments and socioeconomic inequalities in
mental well-being. Am. J. Prev. Med. 49, 80-84. https://doi.org/10.1016/j.amepre.2015.01.017 (2015).

Hafferty, C. What factors are linked to people living in households that are in material deprivation?, 13 https://www.gov.wales/
sites/default/files/statistics-and-research/2020-03/what-factors-are-linked-to-people-living-in-households-that-are-in-mater
ial-deprivation.pdf, (2020).

Welsh Government. National Survey for Wales 2018-19: Questionnaire Guidance Document. . 40 https://gov.wales/national-
survey-wales-questionnaires (2018).

Welsh Government. National Survey for Wales 2018-19 questionnaire. 285 https://gov.wales/sites/default/files/statistics-and-
research/2020-01/national-survey-wales-questionnaire-2018-19.pdf (2018).

Welsh Government. National Survey for Wales 2016-17 questionnaire. 246 https://gov.wales/sites/default/files/statistics-and-
research/2020-01/national-survey-wales-questionnaire-2016-17.pdf (2016).

Huete, A. R. Vegetation indices, remote sensing and forest monitoring. Geogr. Compass 6, 513-532. https://doi.org/10.1111/j.
1749-8198.2012.00507.x (2012).

de Keijzer, C. et al. Long-term greenspace exposure and progression of arterial stiffness: The Whitehall IT cohort study. Environ.
Health Perspect. 128, 067014. https://doi.org/10.1289/EHP6159 (2020).

Alcock, I., White, M. P, Wheeler, B. W,, Fleming, L. E. & Depledge, M. H. Longitudinal effects on mental health of moving to
greener and less green urban areas. Environ. Sci. Technol. 48, 1247-1255. https://doi.org/10.1021/es403688w (2014).

Gascon, M. et al. Long-term exposure to residential green and blue spaces and anxiety and depression in adults: A cross-sectional
study. Environ. Res. 162, 231-239. https://doi.org/10.1016/j.envres.2018.01.012 (2018).

World Health Organization. Regional Office for Europe. Urban green spaces and health. 91. https://apps.who.int/iris/handle/
10665/345751 (2016).

Wang, R. et al. Urban greenery and mental wellbeing in adults: Cross-sectional mediation analyses on multiple pathways across
different greenery measures. Environ. Res. 176, 108535. https://doi.org/10.1016/j.envres.2019.108535 (2019).

Taylor, L., Hahs, A. K. & Hochuli, D. E. Wellbeing and urban living: Nurtured by nature. Urban Ecosystems 21, 197-208. https://
doi.org/10.1007/s11252-017-0702-1 (2018).

Crouse, D. L. et al. Residential greenness and indicators of stress and mental well-being in a Canadian national-level survey.
Environ. Res. 192, 110267. https://doi.org/10.1016/j.envres.2020.110267 (2021).

Sarkar, C., Webster, C. & Gallacher, J. Residential greenness and prevalence of major depressive disorders: A cross-sectional,
observational, associational study of 94 879 adult UK Biobank participants. Lancet Planet. Health 2, e162-e173. https://doi.org/
10.1016/S2542-5196(18)30051-2 (2018).

Houlden, V., Weich, S. & Jarvis, S. A cross-sectional analysis of green space prevalence and mental wellbeing in England. BMC
Public Health 17, 9. https://doi.org/10.1186/5s12889-017-4401-x (2017).

White, M. P, Alcock, I., Wheeler, B. W. & Depledge, M. H. Coastal proximity, health and well-being: Results from a longitudinal
panel survey. Health Place 23, 97-103. https://doi.org/10.1016/j.healthplace.2013.05.006 (2013).

Elliott, L. R. et al. Research Note: Residential distance and recreational visits to coastal and inland blue spaces in eighteen
countries. Landsc. Urban Plan. 198, 103800. https://doi.org/10.1016/j.landurbplan.2020.103800 (2020).

Edwards, N. J., Giles-Corti, B., Larson, A. & Beesley, B. The effect of proximity on park and beach use and physical activity
among rural adolescents. J. Phys. Act. Health 11, 977-984. https://doi.org/10.1123/jpah.2011-0332 (2014).

Higgs, G., Fry, R. & Langford, M. Investigating the implications of using alternative GIS-based techniques to measure acces-
sibility to green space. Environ. Plann. B. Plann. Des. 39, 326-343. https://doi.org/10.1068/b37130 (2012).

Laatikainen, T., Tenkanen, H., Kyttd, M. & Toivonen, T. Comparing conventional and PPGIS approaches in measuring equality
of access to urban aquatic environments. Landsc. Urban Plan. 144, 22-33. https://doi.org/10.1016/j.landurbplan.2015.08.004
(2015).

Mears, M., Brindley, P,, Barrows, P., Richardson, M. & Maheswaran, R. Mapping urban greenspace use from mobile phone GPS
data. Plos One 16, €0248622. https://doi.org/10.1371/journal.pone.0248622 (2021).

Borger, T. et al. The value of blue-space recreation and perceived water quality across Europe: A contingent behaviour study.
Sci. Total Environ. 771, 145597. https://doi.org/10.1016/j.scitotenv.2021.145597 (2021).

van den Berg, M. et al. Visiting green space is associated with mental health and vitality: A cross-sectional study in four European
cities. Health Place 38, 8-15. https://doi.org/10.1016/j.healthplace.2016.01.003 (2016).

White, M. P, Pahl, S., Wheeler, B. W., Depledge, M. H. & Fleming, L. E. Natural environments and subjective wellbeing: Differ-
ent types of exposure are associated with different aspects of wellbeing. Health Place 45, 77-84. https://doi.org/10.1016/j.healt
hplace.2017.03.008 (2017).

Mitchell, R. J. & Popham, E. Effect of exposure to natural environment on health inequalities: An observational population study.
Lancet 372, 1655-1660. https://doi.org/10.1016/S0140-6736(08)61689-X (2008).

Wheeler, B. W. et al. Beyond greenspace: An ecological study of population general health and indicators of natural environment
type and quality. Int. J. Health Geogr. 14, 1-17. https://doi.org/10.1186/s12942-015-0009-5 (2015).

Brown, S. C. et al. Health disparities in the relationship of neighborhood greenness to mental health outcomes in 249,405 US
Medicare beneficiaries. Int. J. Environ. Res. Public Health 15, 430. https://doi.org/10.3390/ijerph15030430 (2018).

van den Berg, M. et al. Health benefits of green spaces in the living environment: A systematic review of epidemiological studies.
Urban For. Urban Green. 14, 806-816. https://doi.org/10.1016/j.ufug.2015.07.008 (2015).

Alcock, . et al. What accounts for “England’s green and pleasant land”? A panel data analysis of mental health and land cover
types in rural England. Landsc. Urban Plan. 142, 38-46. https://doi.org/10.1016/j.landurbplan.2015.05.008 (2015).

Orban, E., Sutcliffe, R., Dragano, N., Jockel, K.-H. & Moebus, S. Residential surrounding greenness, self-rated health and inter-
relations with aspects of neighborhood environment and social relations. J. Urban Health 94, 158-169. https://doi.org/10.1007/
$11524-016-0112-3 (2017).

Scientific Reports |

(2023) 13:9684 |

https://doi.org/10.1038/s41598-023-35427-7 nature portfolio


https://doi.org/10.3390/ijerph18052227
https://doi.org/10.3390/ijerph18052227
https://doi.org/10.1016/j.landurbplan.2018.02.007
https://doi.org/10.1016/j.landurbplan.2015.02.004
https://doi.org/10.1016/j.socscimed.2012.04.012
https://doi.org/10.1177/0956797612464659
https://doi.org/10.1016/j.healthplace.2019.102200
https://doi.org/10.1016/j.healthplace.2019.102200
https://doi.org/10.1016/j.amepre.2015.01.017
https://www.gov.wales/sites/default/files/statistics-and-research/2020-03/what-factors-are-linked-to-people-living-in-households-that-are-in-material-deprivation.pdf
https://www.gov.wales/sites/default/files/statistics-and-research/2020-03/what-factors-are-linked-to-people-living-in-households-that-are-in-material-deprivation.pdf
https://www.gov.wales/sites/default/files/statistics-and-research/2020-03/what-factors-are-linked-to-people-living-in-households-that-are-in-material-deprivation.pdf
https://gov.wales/national-survey-wales-questionnaires
https://gov.wales/national-survey-wales-questionnaires
https://gov.wales/sites/default/files/statistics-and-research/2020-01/national-survey-wales-questionnaire-2018-19.pdf
https://gov.wales/sites/default/files/statistics-and-research/2020-01/national-survey-wales-questionnaire-2018-19.pdf
https://gov.wales/sites/default/files/statistics-and-research/2020-01/national-survey-wales-questionnaire-2016-17.pdf
https://gov.wales/sites/default/files/statistics-and-research/2020-01/national-survey-wales-questionnaire-2016-17.pdf
https://doi.org/10.1111/j.1749-8198.2012.00507.x
https://doi.org/10.1111/j.1749-8198.2012.00507.x
https://doi.org/10.1289/EHP6159
https://doi.org/10.1021/es403688w
https://doi.org/10.1016/j.envres.2018.01.012
https://apps.who.int/iris/handle/10665/345751
https://apps.who.int/iris/handle/10665/345751
https://doi.org/10.1016/j.envres.2019.108535
https://doi.org/10.1007/s11252-017-0702-1
https://doi.org/10.1007/s11252-017-0702-1
https://doi.org/10.1016/j.envres.2020.110267
https://doi.org/10.1016/S2542-5196(18)30051-2
https://doi.org/10.1016/S2542-5196(18)30051-2
https://doi.org/10.1186/s12889-017-4401-x
https://doi.org/10.1016/j.healthplace.2013.05.006
https://doi.org/10.1016/j.landurbplan.2020.103800
https://doi.org/10.1123/jpah.2011-0332
https://doi.org/10.1068/b37130
https://doi.org/10.1016/j.landurbplan.2015.08.004
https://doi.org/10.1371/journal.pone.0248622
https://doi.org/10.1016/j.scitotenv.2021.145597
https://doi.org/10.1016/j.healthplace.2016.01.003
https://doi.org/10.1016/j.healthplace.2017.03.008
https://doi.org/10.1016/j.healthplace.2017.03.008
https://doi.org/10.1016/S0140-6736(08)61689-X
https://doi.org/10.1186/s12942-015-0009-5
https://doi.org/10.3390/ijerph15030430
https://doi.org/10.1016/j.ufug.2015.07.008
https://doi.org/10.1016/j.landurbplan.2015.05.008
https://doi.org/10.1007/s11524-016-0112-3
https://doi.org/10.1007/s11524-016-0112-3

www.nature.com/scientificreports/

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.
104.

105.

106.

107.

108.

109.
110.

Rahimi-Ardabili, H. et al. Green space and health in Mainland China: A systematic review. Int. J. Environ. Res. Public Health
18, 9937. https://doi.org/10.3390/ijerph18189937 (2021).

Ballesteros-Olza, M., Gracia-de-Renteria, P. & Pérez-Zabaleta, A. Effects on general health associated with beach proximity in
Barcelona (Spain). Health Promot. Int. 35, 1406-1414. https://doi.org/10.1093/heapro/daaa013 (2020).

Brereton, E, Clinch, J. P. & Ferreira, S. Happiness, geography and the environment. Ecol. Econ. 65, 386-396. https://doi.org/10.
1016/j.ecolecon.2007.07.008 (2008).

Wheeler, B. W., White, M. P, Stahl-Timmins, W. & Depledge, M. H. Does living by the coast improve health and wellbeing?.
Health Place 18, 1198-1201. https://doi.org/10.1016/j.healthplace.2012.06.015 (2012).

Martin, L. et al. Nature contact, nature connectedness and associations with health, wellbeing and pro-environmental behaviours.
J. Environ. Psychol. 68, 101389. https://doi.org/10.1016/j.jenvp.2020.101389 (2020).

Kruize, H. et al. Exploring mechanisms underlying the relationship between the natural outdoor environment and health and
well-being-Results from the PHENOTYPE project. Environ. Int. 134, 105173. https://doi.org/10.1016/j.envint.2019.105173
(2020).

Astell-Burt, T. & Feng, X. Time for ‘greenduring COVID-19? Inequities in green and blue space access, visitation and felt benefits.
Int. ]. Environ. Res. Public Health 18, 2757. https://doi.org/10.3390/ijerph18052757 (2021).

Shanahan, D. E. et al. Health benefits from nature experiences depend on dose. Sci. Rep. 6, 1-10. https://doi.org/10.1038/srep2
8551 (2016).

Tester-Jones, M. ef al. Results from an 18 country cross-sectional study examining experiences of nature for people with com-
mon mental health disorders. Sci. Rep. 10, 19408. https://doi.org/10.1038/s41598-020-75825-9 (2020).

White, M. P, Elliott, L. R., Wheeler, B. W. & Fleming, L. E. Neighbourhood greenspace is related to physical activity in England,
but only for dog owners. Landsc. Urban Plan. 174, 18-23. https://doi.org/10.1016/j.landurbplan.2018.01.004 (2018).

de Bell, S. et al. Spending time in the garden is positively associated with health and wellbeing: Results from a national survey
in England. Landsc. Urban Plan. 200, 103836. https://doi.org/10.1016/j.Jlandurbplan.2020.103836 (2020).

Cernat, A., Couper, M. P. & Ofstedal, M. B. Estimation of mode effects in the health and retirement study using measurement
models. J. Surv. Stat. Methodol. 4, 501-524. https://doi.org/10.1093/jssam/smw021 (2016).

De Vries, S., Nieuwenhuizen, W., Farjon, H., Van Hinsberg, A. & Dirkx, J. In which natural environments are people happiest?
Large-scale experience sampling in the Netherlands. Landsc. Urban Plan. 205, 103972. https://doi.org/10.1016/j.Jandurbplan.
2020.103972 (2021).

Elliott, L. R. et al. Recreational visits to marine and coastal environments in England: Where, what, who, why, and when?. Mar.
Policy 97, 305-314. https://doi.org/10.1016/j.marpol.2018.03.013 (2018).

Cohen, D. A. et al. The paradox of parks in low-income areas: Park use and perceived threats. Environ. Behav. 48, 230-245.
https://doi.org/10.1177/0013916515614366 (2016).

Veitch, J. et al. The REVAMP natural experiment study: The impact of a play-scape installation on park visitation and park-based
physical activity. Int. J. Behav. Nutr. Phys. Act. 15, 10. https://doi.org/10.1186/s12966-017-0625-5 (2018).

Austin, G., Duncan, M. J. & Bell, T. Codesigning parks for increasing park visits and physical activity in a low-socioeconomic
community: The active by community design experience. Health Promot. Pract. 22, 338-348. https://doi.org/10.1177/15248
39919900768 (2021).

Cronin-de-Chavez, A., Islam, S. & McEachan, R. R. Not a level playing field: A qualitative study exploring structural, community
and individual determinants of greenspace use amongst low-income multi-ethnic families. Health Place 56, 118-126. https://
doi.org/10.1016/j.healthplace.2019.01.018 (2019).

Hoffimann, E., Barros, H. & Ribeiro, A. I. Socioeconomic inequalities in green space quality and accessibility—Evidence from
a Southern European city. Int. J. Environ. Res. Public Health 14, 916. https://doi.org/10.3390/ijerph14080916 (2017).

Garrett, J. K., White, M. P, Elliott, L. R., Wheeler, B. W. & Fleming, L. E. Urban nature and physical activity: Investigating
associations using self-reported and accelerometer data and the role of household income. Environ. Res. 190, 109899. https://
doi.org/10.1016/j.envres.2020.109899 (2020).

Firth, C. L. et al. Using combined Global Position System and accelerometer data points to examine how built environments
and gentrification are associated with physical activity in four Canadian cities. Int. J. Behav. Nutr. Phys. Act. https://doi.org/10.
1186/512966-022-01306-z (2022).

Holliday, K. M. et al. Where are adults active? An examination of physical activity locations using GPS in five US cities. J. Urban
Health 94, 459-469. https://doi.org/10.1007/s11524-017-0164-z (2017).

Chen, X. & Jia, P. A comparative analysis of accessibility measures by the two-step floating catchment area (2SFCA) method.
Int. J. Geogr. Inf. Sci. 33, 1739-1758. https://doi.org/10.1080/13658816.2019.1591415 (2019).

Aumeyr, M. et al. National Survey for Wales 2016-17 Technical Report. 143 Welsh Government. https://gov.wales/national-
survey-wales-technical-information#section-18010 (2017).

Helme, M., Brown, Z. & Perez-Dominguez, R. National Survey for Wales 2018-19: technical report. 133 Welsh Government.
https://gov.wales/national-survey-wales-technical-information#section-18010 (2019).

Tinkler, L. & Hicks, S. Measuring Subjective Well-being. 27 https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.366.
3593&rep=repl&type=pdf (2011).

Matsushita, B., Yang, W, Chen, J., Onda, Y. & Qiu, G. Sensitivity of the enhanced vegetation index (EVI) and normalized differ-
ence vegetation index (NDVI) to topographic effects: A case study in high-density cypress forest. Sensors 7, 2636-2651. https://
doi.org/10.3390/s7112636 (2007).

de Keijzer, C. et al. Green and blue spaces and physical functioning in older adults: Longitudinal analyses of the Whitehall II
study. Environ. Int. 122, 346-356. https://doi.org/10.1016/j.envint.2018.11.046 (2019).

Ordnance Survey. OS MasterMap Topography Layer, 2017).

Natural Resources Wales. Local Green Spaces. https://naturalresources.wales/about-us/what-wedo/green-spaces/local-green-
spaces/?lang=en (2020).

Welsh Government & Natural Resources Wales. Lle A Geo-Portal for Wales. Access 2nd April 2020, http://lle.gov.wales/home
(2020).

OpenStreetMap. OSM Wales. http://download.geofabrik.de/europe/great-britain/wales.html (2017).

Mizen, A. et al. The Green, Green Grass of home: Understanding vegetation indices in relation to greenspace types at a neigh-
bourhood level Environment International (Submitted).

White, M. P, Pahl, S., Ashbullby, K., Herbert, S. & Depledge, M. H. Feelings of restoration from recent nature visits. J. Environ.
Psychol. 35, 40-51. https://doi.org/10.1016/j.jenvp.2013.04.002 (2013).

Elliott, L. R. et al. The effects of meteorological conditions and daylight on nature-based recreational physical activity in England.
Urban For. Urban Green. 42, 39-50. https://doi.org/10.1016/j.ufug.2019.05.005 (2019).

Rodgers, S. E. et al. Residential anonymous linking fields (RALFs): A novel information infrastructure to study the interaction
between the environment and individuals’ health. J. Public Health 31, 582-588. https://doi.org/10.1093/pubmed/fdp041 (2009).
Rodgers, S. E., Demmler, J. C., Dsilva, R. & Lyons, R. A. Protecting health data privacy while using residence-based environment
and demographic data. Health Place 18, 209-217. https://doi.org/10.1016/j.healthplace.2011.09.006 (2012).

Wood, S. N. Generalized Additive Models: An Introduction with R (CRC Press, 2017).

R Development Core Team. R: A language and environment for statistical computing. (2021).

Scientific Reports |

(2023) 13:9684 |

https://doi.org/10.1038/s41598-023-35427-7 nature portfolio


https://doi.org/10.3390/ijerph18189937
https://doi.org/10.1093/heapro/daaa013
https://doi.org/10.1016/j.ecolecon.2007.07.008
https://doi.org/10.1016/j.ecolecon.2007.07.008
https://doi.org/10.1016/j.healthplace.2012.06.015
https://doi.org/10.1016/j.jenvp.2020.101389
https://doi.org/10.1016/j.envint.2019.105173
https://doi.org/10.3390/ijerph18052757
https://doi.org/10.1038/srep28551
https://doi.org/10.1038/srep28551
https://doi.org/10.1038/s41598-020-75825-9
https://doi.org/10.1016/j.landurbplan.2018.01.004
https://doi.org/10.1016/j.landurbplan.2020.103836
https://doi.org/10.1093/jssam/smw021
https://doi.org/10.1016/j.landurbplan.2020.103972
https://doi.org/10.1016/j.landurbplan.2020.103972
https://doi.org/10.1016/j.marpol.2018.03.013
https://doi.org/10.1177/0013916515614366
https://doi.org/10.1186/s12966-017-0625-5
https://doi.org/10.1177/1524839919900768
https://doi.org/10.1177/1524839919900768
https://doi.org/10.1016/j.healthplace.2019.01.018
https://doi.org/10.1016/j.healthplace.2019.01.018
https://doi.org/10.3390/ijerph14080916
https://doi.org/10.1016/j.envres.2020.109899
https://doi.org/10.1016/j.envres.2020.109899
https://doi.org/10.1186/s12966-022-01306-z
https://doi.org/10.1186/s12966-022-01306-z
https://doi.org/10.1007/s11524-017-0164-z
https://doi.org/10.1080/13658816.2019.1591415
https://gov.wales/national-survey-wales-technical-information#section-18010
https://gov.wales/national-survey-wales-technical-information#section-18010
https://gov.wales/national-survey-wales-technical-information#section-18010
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.366.3593&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.366.3593&rep=rep1&type=pdf
https://doi.org/10.3390/s7112636
https://doi.org/10.3390/s7112636
https://doi.org/10.1016/j.envint.2018.11.046
https://naturalresources.wales/about-us/what-wedo/green-spaces/local-green-spaces/?lang=en
https://naturalresources.wales/about-us/what-wedo/green-spaces/local-green-spaces/?lang=en
http://lle.gov.wales/home
http://download.geofabrik.de/europe/great-britain/wales.html
https://doi.org/10.1016/j.jenvp.2013.04.002
https://doi.org/10.1016/j.ufug.2019.05.005
https://doi.org/10.1093/pubmed/fdp041
https://doi.org/10.1016/j.healthplace.2011.09.006

www.nature.com/scientificreports/

111. Lidecke, D., Makowski, D., Ben-Shachar, M. S., Patil, I. & Hojsgaard, S. ackage “parameters”: Processing of Model paramaters.
Version 0.12.0. 145 https://cran.r-project.org/web/packages/parameters/parameters.pdf (2021).

Acknowledgements

The GBS and Mental Health in Wales cohort was developed as part of independent research funded by the
National Institute for Health Research (NIHR), project number 16/07/07, and the UK Prevention Research Part-
nership, GroundsWell (MR/V049704/1). The views expressed are those of the author(s) and not necessarily those
of the NHS, the NIHR or the Department of Health and Social Care. Sarah Rodgers is part-funded by the NTHR
Applied Research Collaboration North West Coast. This study was approved by the Secure Anonymised Informa-
tion Linkage (SAIL) Information Governance Review Panel (project 0562) in Wales. All data were anonymised
prior to access and analysis. This study makes use of anonymised data held in the Secure Anonymised Informa-
tion Linkage (SAIL) Databank. We would like to acknowledge all the data providers who make anonymised
data available for research.

Author contributions

Conceptualisation: ].K.G., EM.R.,, M.PW,,R.L, R.J.E,R.A.L, M.N.,, G.S,, JW.,, AW, S.E.R., BW.W,; Methodol-
ogy: ] K.G., EM.R,, Formal analysis: ].K.G., EM.R.; Data linkage, GIS and preparation: EM.R,, R.J.E, D.A.T,, A.M,,
A.A, R.AL,JS,; Typology and stakeholder engagement: J.S., A.M., S.W,, R.L.; Writing—original draft: ] K.G.,
EM.R., B.W.W;; Visualisation: ].K.G.; Supervision: B.W.W., S.E.R; Project administration: BW.W,, R.G., S.E.R.;
Funding acquisition: M.PW,, R L., R.J.E, R AL, M.N,, G.S., JW.,, AW, S.E.R., BW.W. All authors contributed
to: Writing—review and editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-35427-7.

Correspondence and requests for materials should be addressed to J.K.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:9684 | https://doi.org/10.1038/s41598-023-35427-7 nature portfolio


https://cran.r-project.org/web/packages/parameters/parameters.pdf
https://doi.org/10.1038/s41598-023-35427-7
https://doi.org/10.1038/s41598-023-35427-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Visiting nature is associated with lower socioeconomic inequalities in well-being in Wales
	Results
	Participants. 
	Descriptive statistics. 

	GAM-based modelling decisions. 
	GLM results: GBS associations with well-being. 
	Moderation by deprivation. 


	Discussion
	Conclusion
	Methods and data
	Data. 
	Outcome measures. 
	Exposure measures. 
	Residential Green-ness. 
	Proximity to nearest GBS. 
	Time in nature. 

	Covariates. 
	Data linkage. 
	Analysis. 

	References
	Acknowledgements


