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• Largest study to-date on longitudinal blue
space exposures and suicide risk
• Suggestive evidence that women who live
closer to the coast are at greater risk of suicide.
• Living closer to inland blue spaces may
add to the resilience against suicide in
the total population.
• Health-protective effects of coastal areas
may not extend to women being suicidal.
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A B S T R A C T

Exposure to blue spaces may promote psychological wellbeing and reduce mental distress. Whether these effects extend to suicide is unknown. We used register data from 14 million Dutch adults aged 18–64-years between 2007
and 2016 in a nested case-control study to estimate associations between blue space exposures and suicide risk.
Each suicide case was matched to ten randomly selected controls. Two blue space exposures were assigned over a
ten-year residential address history: distance to the closest inland blue space and distance to the coast. We ﬁtted (gender-stratiﬁed) conditional logistic regressions to the data. Possible effect modiﬁcations by income were also examined.
In total, our analyses included 9757 cases and 95,641 controls. Effect estimates for distance to the closest inland blue
space in the total population showed that people living farthest away from inland blue space were at-risk. Suicide risk
was lower among women who lived farther away from the coast; no signiﬁcant effect was observed for men. No evidence was observed that income modiﬁed these associations. Our ﬁndings provide suggestive evidence that living
close to the coast is associated with greater suicide risk for women, while living closer to inland blue spaces may
add to the resilience against suicide in the total population. Past research shows that coastal proximity protects against
milder forms of mental illness, but these protective effects do not appear to hold for suicide. Blue space interventions
for women with severe mental illness or propensities to engage in self-harm should be approached with caution.
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1. Introduction

2. Materials and methods

Death by suicide is a substantial contributor to premature mortality
with an estimated 703,000 people dying from suicide every year
(Naghavi, 2019; World Health Organization, 2021). The suicide rate per
100,000 inhabitants in the Netherlands increased markedly from 8.2 in
2007 to 11.1 in 2016 (Statistics Netherlands, 2017).
Many factors can lead a person to commit suicide (Turecki et al., 2019).
Individual-level factors (e.g., socio-demographics) appear to explain a large
proportion of suicide risk (Qin et al., 2003). Research suggests the living environment further relates to suicide ideation and behavior (Cairns et al.,
2017), yet considerable uncertainty remains around the role of speciﬁc
physio-chemical environmental exposures. A few studies have assessed
air pollution as a suicide risk factor (Braithwaite et al., 2019), and even
less studies have examined associations between suicide and green spaces
(e.g., forests, parks) with varying results for the protective effects of natural
environments on suicide (Helbich et al., 2018; Jiang et al., 2021; Mitchell
and Popham, 2008).
Like green spaces, blue spaces might be environmental factors that
inﬂuence suicide risk. Blue spaces encompass both natural aquatic environments (e.g., rivers and oceans) and manmade surface water features (e.g., canals) (McDougall et al., 2020). A small but inconsistent
evidence base suggests that blue space exposures may be protective
against all-cause mortality and mental illness (Smith et al., 2021;
White et al., 2020). Since mental illness is often a precursor to committing suicide (Turecki et al., 2019), living near blue spaces might also
protect against suicide. The assumed pathways between blue space exposure and reduced risk of suicide include reduced psychosocial stress
(Ulrich et al., 1991) and negative emotions (Kaplan, 1995), among
others. However, a clear understand about the mechanisms has yet to
be established.
We are aware of only a single study that has examined associations
between suicide and blue space exposures (Helbich et al., 2018). That
study showed null associations for higher numbers of blue spaces in a
municipality and coastal proximity, but their estimates originated
from spatially aggregated data. Such ﬁndings are susceptible to ecological confounding due to a lack of adjustment in individual-level characteristics (Chang and Gunnell, 2018). The results were also crosssectional and failed to incorporate long-term changes in environmental
exposures that accumulate over a person's lifetime, as has been recommended in risk accumulation models for life course analyses (Kuh
et al., 2003). Long-term exposure assessments are particularly important for phenomena like suicide, which exhibit a certain latency and develop into formative behaviors and propensities later in life (Gunnell
and Lewis, 2005; Turecki et al., 2019). Therefore, the available evidence cannot answer whether the potential protective effects of blue
space exposures on poor mental health extend to suicide. Further limiting our understanding of environmental factors of suicide risk is the
widespread observation that exposures vary along socio-economic proﬁles (Mitchell and Popham, 2008; Qin et al., 2003). Notably, low socioeconomic status groups cannot afford high-quality neighbourhoods and
are disproportionally exposed to environmental pollutants and less
green and blue spaces (Hajat et al., 2021).
We responded to these knowledge gaps by addressing the following objectives: 1) testing the hypothesis that women and men with more blue
space exposure across a ten-year residential address history were less likely
to commit suicide; and 2) evaluating whether these associations varied
across socio-economic status. The Netherlands are an ideal location to pursue these objectives given its 450 km of coastline and numerous inland waterways and canals, and striking gender disparities in the number of
suicides (Statistics Netherlands, 2017). Addressing these objectives has relevance for public health; blue space interventions are increasingly used to
improve mental health, particularly among vulnerable populations, and
could be expanded to reduce suicide risk (White et al., 2020). Thus, determining health-supportive factors in the environment is paramount because
each suicide is preventable.

2.1. Study population
Our data for the Dutch population were extracted from administrative
registers (Bakker et al., 2014). Every resident has an assigned anonymous
personal identiﬁcation number, which allows for person-by-person register
linkages. Eligibility criteria were: 1) legally residing in the country for more
than ten years; 2) aged 18–64 years between January 1, 2007 and December 31, 2016; and 3) not living in institutional homes (e.g., prisons or care
homes). This resulted in an eligible population of 14,171,753 people for our
matched case-control study (Essebag et al., 2005).
We identiﬁed suicide cases and corresponding dates of suicide based on
death certiﬁcates extracted from the cause-of-death register. Suicide included intentional self-harm coded as X60–X84 according to the 10th edition of the International Statistical Classiﬁcation of Diseases and Related
Health Problems (Supplementary Table S1). Each suicide case was matched
through incidence-density sampling with ten randomly selected controls
from the eligible study population of the same age and gender as the suicide
case and who were alive at the time of the suicide case's death (Woodward,
2013).
Because registers have been computerized since 1997, we traced residential locations and move dates for ten years prior to the date of suicide
or matching. The exact coordinates of each residential address were
geocoded through the cadaster. Register data preprocessing was conducted
in Stata, version 14.

2.2. Blue space exposure assessment
We used the normalized difference water index (NDWI) from satellite
imagery to map annual blue spaces (McFeeters, 1996). Other time-series
data on land use and land cover of consistent quality were unavailable.
NDWI values were calculated by subtracting the near-infrared band from
the green band divided by the sum of the green and near-infrared bands
(McFeeters, 1996). Depending on the earth surface's spectral reﬂectance,
NDWI ranges from −1 to +1 with positive values representing water and
negative ones representing non-liquid features (e.g., soil).
Data used to calculate the annual NDWI were multispectral Landsat satellite scenes with nationwide coverage between 1997 and 2016 retrieved
from and processed in Google Earth Engine. We queried the available
Tier 1 scenes (i.e., those of highest data quality and processing level) with
a 30 × 30 m resolution from the Landsat 5, 7, and 8 satellites (N =
1323). Images were processed by ﬁltering the radiometrically corrected
scenes with cloud interference of <40 %. Individual pixels with cloud scores
>25 were masked before computing the pixel-wise median NDWI values in
each year. Pixels with an NDWI value between >0 and +1 were classiﬁed
as blue spaces. Visual accuracy assessments showed an accurate detection
of water bodies.
We assumed that a case/control's primary exposure receptor point was
their home address, which rendered a more complex multilevel design
(i.e., people nested in spatial units) unnecessary. Due to the absence of a
universal blue space metric (Smith et al., 2021), we calculated two exposure estimates:
1. Distance to the closest inland blue space was measured by the straight-line
distance (in m) between the residential address coordinates and the closest inland blue space. The Euclidean distance was chosen because blue
spaces can typically be reached off-road along trails not always mapped
in ofﬁcial data.
2. Distance to the coast was measured as the shortest road network distance
(in m) from the residential address coordinates to the coast. For coastal
access, we sampled points every 100 m along the coast. Roads were extracted from the Dutch topographic map 1:10,000 for 2016.
To account for time-varying exposures and residential moves, both metrics were measured annually and weighted by the time spent at each
2
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was minimally adjusted by design for age. Model 2 added the personlevel covariates (i.e., ethnicity, employment status, movers, household income, marital status, and household type). Model 3, which was our main
model, added the environmental covariates over the residential trajectory
(i.e., PM2.5, green spaces, population density, deprivation, and social fragmentation). Analyses were performed in the R software, version 4.0.

residential location over the ten-year address history. First, we divided the
ten-year residential address history into annual spells. Exposure time in
each spell was assessed by the number of days (i.e., 365 or 366 days for
full years). If a person lived at several addresses in a year, the year was divided into multiple spells based on the number of days lived at each address
(e.g., 125 days at address i and 240 days at address j). To obtain the relative
exposure time in each spell, we divided the number of days in the spell by
the total number of days in the residential history (e.g., 3653 days for a full
ten-year residential history). For example, the relative exposure time at address i in year t is 125/3653 = 0.034 days. Second, we added the exposure
value corresponding to the address and year of each spell (e.g., a distance to
the coast of 5600 m). Third, we time-weighted exposure estimates by multiplying blue space exposure by the relative time spent in each spell
(e.g., 5600 m × 0.034 = 191 m). Finally, we obtained the overall exposure
scores for each blue space metric by summing all time-weighted exposure
across the 10-year residential history.

2.4.2. Secondary analyses
To distinguish subpopulations who might be more vulnerable than
others (Mitchell and Popham, 2008), we tested potential effect modiﬁcation by introducing interaction terms between categorized household income and the blue space exposure estimates that were signiﬁcant in
Model 3. We chose individual-level socioeconomic status since it tends to
be stronger associated with health than area-level measures (Hajat et al.,
2021; Qin et al., 2003). The interaction term was tested for signiﬁcance
through a likelihood ratio test. If signiﬁcant, the data were split for strataspeciﬁc estimates between those with low and high income.

2.3. Covariates
Covariates were identiﬁed a priori based on the literature. In addition to
age (in years) and sex (male, female), which were implicitly adjusted for in
our matched case-control design, the following person-level covariates at
matching date were included from the registers: ethnicity (Dutch, nonDutch) to capture ethnic variation in suicide risk (Turecki et al., 2019), employment status (employed, unemployed, or nonworking) to account for
labor market absences resulting in self-esteem declines (Nordt et al.,
2015; Qin et al., 2003), a dummy variable differentiating movers from
non-movers (i.e., those who did not change their address location)
(Hagedoorn and Helbich, 2022), categorized standardized household income (low, mid, or high) as an indicator of socioeconomic status, marital
status (married, never married, or not currently married), and household
type (couple with children, couple without children, single parent with children, or other [mainly single]).
We also included ﬁve environmental covariates measured in 300 m
buffers (i.e., intended to capture the immediate residential surroundings)
centered on a case/control's address over the residential trajectory. Similar
to blue space exposure estimates, the environmental covariates were timeweighted based on the proportion of time spent at each residential location
in the ten-year period. We included mean concentration of ultra-ﬁne particles (PM2.5, in μg m−3) for the year 2009, since pollutants can induce oxidative stress and neuroinﬂammation (Braithwaite et al., 2019); annual
normalized difference vegetation index values to capture green spaces,
since such exposures may reduce emotional pain and suicidal thoughts
(Helbich et al., 2020); annual population density to capture urban-rural suicide inequalities (Mitchell and Popham, 2008); area-level unemployment
rates as a proxy for neighbourhood deprivation (Hagedoorn et al., 2020);
and social fragmentation to account for poorly integrated communities
being at higher risk of suicide (Hagedoorn et al., 2020). In-depth variable
descriptions are given in the Supplementary Text.

2.4.3. Sensitivity analyses
We performed several uncertainty tests with the fully adjusted main
models. First, we tested another distance category (i.e., <6 km, 6–15 km,
>15–25 km, and >25 km; a narrower ﬁrst category led to too few suicide
cases) (Garrett et al., 2019) to determine whether our estimates were stable. Second, to evaluate whether estimates were dependent on 300 m
buffers, we repeated the modeling with 1000 m buffers. This distance represents typical neighbourhood activity spaces (Crouse et al., 2018). Third,
for exposure estimates that were signiﬁcant in the main model, we tested
the possibility of complex non-linear associations by replacing the quartiles
of the exposure estimates with thin plate splines (Wood, 2003). Fourth, due
to possible residual confounding between suicide and mental illness
(i.e., healthier people might choose and be able to live nearer blue spaces),
we additionally adjusted for antidepressant prescriptions in the year prior
to the matching date (Li et al., 2011). Dummy-coded medication data
(‘N06A’ in the Anatomical Therapeutic Chemical Classiﬁcation System)
represented prescriptions that were paid for by healthcare insurance companies as part of the obligatory basic insurance coverage in the
Netherlands. Fifth, we tested for associations with only the latest address
as the exposure window.

3. Results
3.1. Description of the study population
In total, 9757 suicide cases and 95,641 controls were included in
the analyses (Supplementary Fig. S1). Table 1 provides descriptive information on the study population. Chi2 tests showed that suicide cases
had lower rates of marriage, children in the home, employment, and
mid/high income earnings than control cases. In contrast, a greater
share of suicide cases had moved residential addresses than had control cases.
Exposure-related descriptive statistics are given in Supplementary
Table S2. We found few differences in blue space exposure estimates between cases and controls. A signiﬁcant case-control difference was observed for distance to the coast among women but not for men or for the
total study population. We observed no signiﬁcant case-control differences
in distance to the closest inland blue space across the ten-year residential
address history or at the latest address. There were case-control differences
for the other environmental exposures, however. Independent of buffer size
and the exposure window, there were signiﬁcant differences (p < 0.001) for
women, men, and the total study population regarding urbanicity, social
fragmentation, deprivation, green spaces, and PM2.5. Supplementary
Tables S3 and S4 further summarize the characteristics of the study population based on the quartiles of both blue space measures.

2.4. Statistical analyses
2.4.1. Main analyses
Descriptive statistics summarized the data. Exposure correlations were
assessed with Spearman's coefﬁcients (r). We tested for associations between blue space exposures and suicide risk with conditional logistic regression models within the total population and within subpopulations
stratiﬁed by gender. Correlations introduced by the case-control matching
necessitated conditional logistic regressions. The three exposure estimates
were split into quartiles to allow for the possibility of different doseresponse relationships. Generalized variance inﬂation factors (GVIF) measured multicollinearity with values <3 were deemed acceptable. Regression
coefﬁcients were expressed as odds ratios (ORs) and 95 % conﬁdence intervals (CIs).
We speciﬁed three models with incremental levels of potential covariate
adjustment. Model 1 included the two blue space exposure estimates and
3
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Table 1
Socio-demographic proﬁles of the study population stratiﬁed by gender as well as by suicide cases vs. controls.
Total study population

Age (mean [SD])
Nationality: Dutch
Non-Dutch
Marital status: Married
Never married
Non-married
Household: Couple with child(ren)
Couple without children
Single parent
Other
Employment status: Employed
Unemployed
Non-working
Household income: Low
Mid
High
Mover: No
Yes

Suicide cases
(N = 9757)

Controls
(N = 95,641)

46.217 (11.982)
8372 (85.8 %)
1385 (14.2 %)
3464 (35.5 %)
4086 (41.9 %)
2207 (22.6 %)
2793 (28.6 %)
1971 (20.2 %)
749 (7.7 %)
4244 (43.5 %)
4198 (43.0 %)
349 (3.6 %)
5210 (53.4 %)
4190 (42.9 %)
4149 (42.5 %)
1418 (14.5 %)
4440 (45.5 %)
5317 (54.5 %)

46.201 (11.989)
80,900 (84.6 %)
14,741 (15.4 %)
56,882 (59.5 %)
27,867 (29.1 %)
10,892 (11.4 %)
47,286 (49.4 %)
27,929 (29.2 %)
5229 (5.5 %)
15,197 (15.9 %)
71,649 (74.9 %)
2375 (2.5 %)
21,617 (22.6 %)
25,588 (26.8 %)
48,570 (50.8 %)
21,483 (22.5 %)
46,957 (49.1 %)
48,684 (50.9 %)

Men
p-val.
0.907
0.001
<0.001

<0.001

<0.001

<0.001

<0.001

Women

Suicide cases
(N = 6748)

Controls
(N = 66,133)

45.890 (12.123)
5828 (86.4 %)
920 (13.6 %)
2379 (35.3 %)
3036 (45.0 %)
1333 (19.8 %)
2096 (31.1 %)
1229 (18.2 %)
434 (6.4 %)
2989 (44.3 %)
3229 (47.9 %)
279 (4.1 %)
3240 (48.0 %)
2719 (40.3 %)
3034 (45.0 %)
995 (14.7 %)
3105 (46.0 %)
3643 (54.0 %)

45.873 (12.129)
56,258 (85.1 %)
9875 (14.9 %)
38,749 (58.6 %)
20,832 (31.5 %)
6552 (9.9 %)
33,910 (51.3 %)
18,402 (27.8 %)
2794 (4.2 %)
11,027 (16.7 %)
52,216 (79.0 %)
1698 (2.6 %)
12,219 (18.5 %)
16,760 (25.3 %)
34,148 (51.6 %)
15,225 (23.0 %)
32,115 (48.6 %)
34,018 (51.4 %)

p-val.
0.927
0.004
<0.001

<0.001

<0.001

<0.001

<0.001

Suicide cases
(N = 3009)

Controls
(N = 29,508)

46.951 (11.629)
2544 (84.5 %)
465 (15.5 %)
1085 (36.1 %)
1050 (34.9 %)
874 (29.0 %)
697 (23.2 %)
742 (24.7 %)
315 (10.5 %)
1255 (41.7 %)
969 (32.2 %)
70 (2.3 %)
1970 (65.5 %)
1471 (48.9 %)
1115 (37.1 %)
423 (14.1 %)
1335 (44.4 %)
1674 (55.6 %)

46.934 (11.638)
24,642 (83.5 %)
4866 (16.5 %)
18,133 (61.5 %)
7035 (23.8 %)
4340 (14.7 %)
13,376 (45.3 %)
9527 (32.3 %)
2435 (8.3 %)
4170 (14.1 %)
19,433 (65.9 %)
677 (2.3 %)
9398 (31.8 %)
8828 (29.9 %)
14,422 (48.9 %)
6258 (21.2 %)
14,842 (50.3 %)
14,666 (49.7 %)

p-val.
0.938
0.143
<0.001

<0.001

<0.001

<0.001

<0.001

SD = standard deviation.

3.2. Correlations across exposure estimates

3.3. Associations between suicide risk and blue space exposure estimates

Supplementary Fig. S2 (top left) shows the pairwise Spearman correlation
analysis. Distance to the coast and distance to the closest inland blue space
were moderately correlated (r = 0.37; p < 0.001). Distance to the closest inland blue space was positively correlated with green spaces within 300 m
buffers (r = 0.51; p < 0.001), while the correlations between distance to the
coast and green spaces were minor (r = 0.24; p < 0.001). Urbanicity and
green space were the strongest correlated exposures (r = −0.73; p < 0.001).

Unless stated otherwise, conditional logistic regressions results were
based on environmental covariates with 300 m buffers as these fully adjusted models had lower Akaike information criterion scores than models
using 1000 m buffers (Supplementary Table S5). GVIF values indicated
no multicollinearity. Fig. 1 summarizes the estimated associations between
suicide risk and blue space exposure estimates. Full numeric results are
given in Supplementary Tables S6.

Distance to the closest inland blue space

Distance to the coast

1.2
1.1
Men

1.0
0.9

1.2
1.1
1.0

Total

OR (95% CI)

0.8

0.9
0.8
1.2
1.1

Women

1.0
0.9
0.8
Q2

Q3

Q4

Model

Q2

1

2

Q3

Q4

3

Fig. 1. Associations between suicide risk, distance to the closest inland blue space (Q2: >580–960 m, Q3: >960–1591 m, Q4: >1591–9843 m), and distance to the coast (Q2:
>11–27 km, Q3: >27–61 km, Q4: >61–172 km). Odds ratios (OR) and 95 % conﬁdence intervals (CI) are shown for quartiles of exposures across a ten-year residential address
history among the total study population, among only men, and among only women. ORs are relative to the lowest quartiles (Q1). Effect estimates were obtained through
conditional logistic regressions. Model 1 was adjusted for age. Model 2 was additionally adjusted for ethnicity, household income, employment status, mover, marital
status, and household type. Model 3 was additionally adjusted for PM2.5, green spaces, urbanicity, deprivation, and social fragmentation. The environmental covariates
were measured based on 300 m buffers.
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coastal proximity and suicide risk for 398 Dutch municipalities. In support
of our ﬁndings, a study in Australia (Lawes et al., 2021) and one in the
United Kingdom (Middleton et al., 2008) found striking patterns of heightened suicide rates in census areas near the coast. Such ﬁndings could have
been the result of increased stigmatization to mental health problems in
these small and isolated coastal communities as well as the attraction to
these areas by elderly people with elevated suicide risk (Whitty, 2021).
Parts of the Dutch Bible Belt communities (i.e., those with a high concentration of conservative orthodox Protestants) are also located more inland,
where people tend to believe that human life has spiritual and religious
meaning (Gearing and Lizardi, 2009). Therefore, suicidal ideation and behavior may be less likely in these non-coastal areas within the Bible Belt.
We additionally contemplate that a closer connectedness with the ocean
may provoke stimuli to reﬂect upon the meaning of life and intensify emotions, which may lead to psychological distress and suicide ideation. Supported by the integrated motivational–volitional model of suicidal
behavior (O'Connor and Kirtley, 2018), such effects are thought to operate
in the motivational phase through distal factors (e.g., environmental inﬂuences across the lifespan) as well as proximal factors (e.g., entrapment)
leading to suicide. In the volitional phase, access to suicide means
(e.g., drowning in the sea) may confer greater risk.
Our individual-level data uncovered that living >1.5 km away from an
inland blue space may be a suicide risk factor. Of note, this effect was
only observed for the total population, and was not signiﬁcant in either gender. Explanations for these results remain speculative. Like an ecological
Dutch study (Helbich et al., 2018), gender-speciﬁc null ﬁndings like ours
could be attributed to a lack of statistical power and/or insufﬁcient numbers of blue spaces around our study populations' homes, which may have
affected our estimates.
Due to a rather limited evidence base, the health effects of blue spaces
are inconclusive when looking at mental health and mortality studies in
general (Smith et al., 2021; White et al., 2020). In a pooled multi-cohort
study from the Netherlands (Generaal et al., 2019) and registered patients
of Dutch general practitioners (Zock et al., 2018), blue space of total land
use was, as in our case, not associated with the prevalence and severity of
depressive symptoms. In contrast, another Dutch study on adults reported
a protective association between the available blue space within 1 km of
the participant's home and mood disorders (de Vries et al., 2016), while
small inland lakes in the United States were associated with higher rates
of mood disorder hospitalizations (Pearson et al., 2019). Our nonsigniﬁcant
results conﬂict with those in Canadian cities, which found a reduced mortality risk of people living within 250 m of blue space (Crouse et al.,
2018). Yet Spanish evidence showed that all-cause premature mortality
risk increased with greater blue space exposure, which was predominantly
observable in deprived areas (Nieuwenhuijsen et al., 2018). Depending on
how blue space exposure was estimated, an Australian study of elderly men
found that residential proximity to blue spaces was associated with lower
mortality risk, while a higher number of residential blue spaces seemed to
increase mortality risk (Zijlema et al., 2019). Of note, directly contextualizing these previous results with ours is difﬁcult since only a small share of
deaths is caused by suicide.

Distance to the coast was statistically signiﬁcantly associated with suicide among women. Women in the 3rd and 4th quartile of distance to the
coast had lower suicide risk than women in the lowest quartile. The magnitude of the effect estimates between distance to the coast and suicide were
stronger after covariate adjustments (Models 1 vs. 3). Fully adjusted effect
estimates for men and the total population were nonsigniﬁcant (Model 3).
Model 3 for the total study population showed that people living farthest
away from inland blue space (4th quartile) had greater suicide risk than
those living closer-by (1st quartile). Distance to the closest inland blue
space showed null associations with suicide among men and women
(Model 3).
Secondary analyses showed no evidence of heterogeneity in effect estimates for distance to the coast and the closest inland blue space across income categories. The likelihood ratio tests did not reach signiﬁcance (p >
0.05).
Sensitivity tests conﬁrmed the robustness of the signiﬁcant association
between blue space exposures and suicide across levels of adjustments,
stratiﬁcations, and exposure assessments. The results of rerunning Model
3 with 1000 m buffer sizes for the environmental covariates were like
those with 300 m buffer sizes (Supplementary Table S7) as were the results
with other coastal distance classes (i.e., <6 km, 6–15 km, >15–25 km, and
>25 km) (Supplementary Table S8). There was no indication that distance
to the coast and distance to the closest inland blue space were nonlinearly
related with suicide in Model 3 (e.g., Supplementary Fig. S3). In agreement
with the quartile-speciﬁc estimates, the splines had effective degrees of
freedoms of approximately 1.0 and supported linear associations. Additional adjustments for antidepressants did not alter the signiﬁcance of the
distance to the coast associations nor the distance to the closest inland
blue space associations (Supplementary Table S9). Distance to the coast associations did not change markedly when using the latest address rather
than the ten-year residential address history, but distance to the associations of closest inland blue space with suicide risk became insigniﬁcant in
these models (Supplementary Tables S10–S11).
Suicide risk among the total population and women was higher with increased concentrations of PM2.5 regardless of the buffer size. Social fragmentation was identiﬁed as another risk factor for women. Green spaces
were positively associated with suicide risk but only among women and
the association was inconsistent across buffer sizes.
4. Discussion
This nationwide study of >105,000 adults is the largest evaluation of
potential associations between blue spaces and suicide and the ﬁrst assessment of long-term exposure to blue spaces over a ten-year residential address history.
4.1. Main ﬁndings and interpretation
In contrast to our expectations, women who live closer to the coast had a
higher risk of suicide. These associations remained statistically signiﬁcant
and became more pronounced after comprehensive model adjustments
for air pollution, green spaces, urbanicity, deprivation, and social fragmentation. Such ﬁndings substantiate the importance of co-exposure assessments that would otherwise bias environment-health associations
(Klompmaker et al., 2021). Reasons for our gender-speciﬁc ﬁndings are difﬁcult to establish but could relate to trends in women spending more time
at home (e.g., Dutch women predominantly work part-time) and the potential for women having different perceptions of coastal areas than men. Importantly, our ﬁndings imply that the slowly converging notion of mental
health beneﬁts of coastal areas (Smith et al., 2021) may not hold for
women being suicidal. Evidence that suicide-distance to the coast associations varied across socioeconomic and geographic strata was inconclusive.
We saw no signiﬁcant differences in risk estimates across income groups.
Our results partly conﬂict with the only other study on blue spaces and
suicide, though that study used cross-sectional and ecological data (Helbich
et al., 2018). The authors reported nonsigniﬁcant associations between

4.2. Strengths and limitations
A clear strength of our study was full access to individual-level data on
14 million people aged 18–64 years. This allowed us to randomly draw controls from the eligible full population, which minimized the risk of selection
bias while being nationally representative. These high-quality register data
also provided vast resources of accurate and reliable person, household,
and area-level factors with ample power to detect even weak associations.
We advanced existing research by taking advantage of people's long-term
exposure history through reconstructing their ten-year residential address
history, thus making exposure estimates less error-prone. We acknowledged the lengths of stay at each address to reﬁne these long-term exposure
assessments. With a biennial relocation rate of approximately 22 % in the
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directed to Statistics Netherlands. The environmental exposure maps are
available on request from the corresponding author.

Netherlands (own calculation), disregarding moving patterns would have
otherwise yielded substantial exposure misclassiﬁcation.
This study also had limitations. Landsat imagery enabled us to map blue
spaces objectively in a consistent manner over two decades, yet due to
sensor-speciﬁc technical limitations (e.g., spatial resolution, minimum
mapping unit), smaller blue spaces (e.g., canals) that are ubiquitous in the
Netherlands remained unrecognized. This potential limitation was inevitable, since ﬁner-grained remotely sensed data over two decades were unavailable. Despite capturing blue spaces with remotely sensed imagery
over time, there was no way to represent how cases/controls perceived
the quality of and actively used blue spaces (White et al., 2020). In keeping
with other register studies (Hagedoorn et al., 2020; Qin et al., 2003), these
factors would have required population-wide self-reported data, which
were unavailable. While we made comprehensive covariate adjustments,
we may have missed important ones that biased our results. For example,
we lacked information on previous suicide attempts, but this limitation
was to some extent accounted for by medical treatments for mental illness
the year before death. Therefore, we believe that incorporating previous
suicide attempts into our models would have had minimal impacts on our
results. Similarly, we did not account for the likelihood that the observed
associations were inﬂuenced by other environmental factors, such as meteorological conditions (Frangione et al., 2022). Due to the small number of
blue space-related suicides, we were also unable to conduct robust statistical analyses on suicide means (e.g., suicide by drowning). To the extent our
ﬁndings are generalizable to other (European) countries remains open and
warrants further research, given the homogenous and ﬂat Dutch coastline.
Finally, our analyses precluded causal inferences that are difﬁcult to infer
from observational studies.
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We found suggestive evidence that women (but not men) living closer
to the coast are at greater risk of suicide. This ﬁnding implies that the
health-supportive effects coastal areas may not hold for woman facing suicide risk. For the total population, our results partially supported that living
at a distance from inland blue spaces may diminish resilience against suicide. If future research supports our main ﬁndings, than blue space interventions for women with severe mental illness or propensities to engage
in self-harm should be approached with caution. More broadly, our ﬁndings
support the need for additional research on suicide and long-term environmental exposures.
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