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I. IMPACT OF CONTACT WITH NATURE AND ACOUSTIC STRESS 

ON MENTAL HEALTH 
 

 Common mental disorders comprise a spectrum of nonpsychotic anxiety 

and depressive disorders (Risal, 2011; Kendrick & Pilling, 2012; Stansfeld et al., 

2014) that are widespread and associated with considerable societal losses 

(Stansfeld et al., 2014; WHO, 2017; Зарков, 2015; Зарков et al., 2018). 

Interventions at the genesis of mental disorders in young age can reduce their 

severity, however, traditional approaches fail to effectively mitigate the high rate 

of depression, anxiety, and inadequate emotion regulation among young 

Bulgarians. In many cases, management of the treatment process in patients with 

mental disorders is also unsatisfactory. This warrants exploration of novel, 

alternative methods of prevention, therapy, and rehabilitation.  

 Apart from data on genetic determinants, there is growing evidence of the 

residential environment acting as an epigenetic factor, which can modulate the 

expression of psychopathology (Uher, 2004; van Os et al., 2010). According to 

some authors, patients with anxiety-depression spectrum disorders are 

genetically hypersensitive to the biological effect of environmental noise and are 

characterised by an abnormally high level of noise sensitivity, reflecting 

maladaptive coping with psychophysiological stress (Stansfeld, 1992; Shepherd 

et al., 2016). Conversely, contact with nature, especially with green vegetation, 

may have neuroprotective effects (Bratman et al., 2015; Kühn et al., 2017; Tang 

et al., 2017; Dadvand et al., 2018), thus reducing the risk of mental disorders 

and supporting rehabilitation of psychiatric patients. Interventions like group 

gardening, purposeful exposure to nature and spending time in green spaces 

have already shown promising results (Park et al., 2010; Fieldhouse, 2003; de 

Seixas et al., 2017).  

 In 2016, an international consortium of experts, including the author of 

the present work, discussed pathways linking greenspace to health (Markevych 

et al., 2017) (Figure 1). Together, those pathways are believed to explain some 

of the protective effects of greenspace and its potential to support mental health. 

It is well known that green systems can mitigate air pollution (Nowak et al., 

2014; Hirabayashi & Nowak, 2016; Planting Healthy Air, 2016) and traffic 

noise (Van Renterghem et al., 2015). One of the important mechanisms is 

believed to be modifying the subjective psychophysiological response to traffic 

noise exposure (Van Renterghem, 2018), which, in addition to being a stressor 

per se, may act as a constraint on restoration and thus, negatively impinge on 

mental health and recovery from other stressors and undermine mental health-

promoting social behaviour (von Lindern et al., 2016). According to Van 

Renterghem (2018), restorative quality in greenspace is the key mechanism 

behind its beneficial psychological effect on noise perception. 
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The arrows represent hypothetical patterns of influence, with specific pathways in each domain 

potentially influencing one or more specific pathways in the other domains  

Figure 1. Three domains of protective pathways linking greenspace to 

better mental health  
 

 

  The Attention restoration theory in environmental psychology posits that 

greenspace, and natural elements in general, allow for restoration of 

psychological and neurocognitive attentional resources exhausted by everyday 

psychological wear and tear, and that the capacity for sustaining directed 

attention is key to maintaining resilience to stress. For an individual whose 

adaptive resources have been depleted, restoration can take place in an 

environment characterised by psychological distance from everyday stressors 

and positive engagement with what transpires around (Hartig et al., 2003). 

Hence, an environment of high restorative quality does not simply passively 

allow for restoration, but rather actively promotes restoration, increases the level 

of mindfulness, and decreases the tendency to ruminate. 

 Moreover, greenspace can promote social cohesion and physical activity. 

Social cohesion – that is, close relations between people in a community, the 

sense of trust and belonging – has been associated with better quality of life, 

well-being (Cramm et al., 2013), mental health (Fone et al., 2014), and coping 

with distress (Erdem et al., 2015; Rios et al., 2012). High physical activity has 

also been linked to a reduction in depressive symptoms and psychological stress 

(Chu et al., 2014; Vankim & Nelson, 2013). There is evidence of greater 

benefits of sport in nature (i.e., “green sport”) to physical and mental health, 

compared with indoor sport (Rogerson et al., 2016; Barton et al., 2016).  
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The arrows represent hypothetical patterns of influence, with specific pathways in each 

domain potentially influencing one or more specific pathways in the other domains  

Figure 2. Three domains of harmful pathways linking traffic noise to poor 

mental health  
 

 

For decades, researchers have been interested in traffic noise as a risk 

factor for poor health. Following the above-outlined conceptualization of 

pathways mediating the effects of greenspace, pathways underlying the effects 

of noise can be organized into similar domains (Figure 2). Noise causes 

psychophysiological stress manifested as negative affect (annoyance) and sleep 

disturbance. It may also act as constraint on restorative experience in the 

residential environment by evoking increased vigilance. Noise may also 

contribute to social isolation in the community by reducing time spent outdoors 

in social interaction, willingness to cooperate, interpretation of social cues, and 

place attachment (Jones et al., 1981; Cohen & Spacapan, 1984; Cassidy, 1997; 

Honold et al., 2014). In addition, high levels of traffic noise (Roswall et al., 

2017) and noise annoyance (Foraster et al., 2016) have been linked to lower 

level of leisure-time physical activity, which can be explained by noise 

disrupting normal sleep architecture and leading to daytime sleepiness, and by 

the constrained restoration hypothesis proposed by von Lindern et al. (2016), 

where high noise level can make the residential environment unattractive setting 

for outdoor recreation and active commuting.  

The review of the literature showed still limited evidence of effects of 

greenspace and traffic noise on mental health. There is a dearth of data 

concerning the transitional developmental period between childhood and 
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adulthood, when many mental disorders begin. Little research has been done on 

clinical populations of patients with anxiety and depressive disorders, who are 

believed to be more susceptible to environmental influences. There is also a 

clear lack of studies from South-East Europe, where cultural and socioeconomic 

circumstances are idiosyncratic (Gascon et al., 2015; Clark & Paunovic, 2018). 

Little is known about the potential of different ecological and psychosocial 

pathways to mediate the effects of greenspace and traffic noise on mental health. 

The same applies to epidemiological data on the joint effects of greenspace and 

traffic noise, the potential of greenspace to modify the effect of noise, as well as 

the shared mediating processes underlying the effects of those factors (Figure 3). 

Earlier empirical research has largely treated those pathways as independent and 

orthogonal, which could have led to underestimation of the importance of 

certain pathways, heterogeneity in findings, and misleading conclusions. Hence, 

it is necessary to determine whether using different approaches to testing 

multiple pathways would yield different conclusions. To confirm the results of 

the mediation modelling, longitudinal research would be needed. The gaps in the 

literature outlined above call for the present transdisciplinary investigation in 

Bulgaria. 
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The arrows in green represent positive associations, and the arrows in red – negative associations.  

Figure 3. Conceptual model of the joint effects of greenspace and traffic noise on mental health  
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II. AIM AND OBJECTIVES 

 

 

1. AIM 
 

To investigate the joint effects of residential greenspace and traffic noise 

on anxiety/depression levels.   

 

 

2. Objectives 

 

1. To investigate whether greenspace was associated with lower 

anxiety/depression levels, what was the contribution of different 

underlying mediating processes, and whether using different approaches 

to testing those pathways would yield different conclusions; 

2. To investigate whether traffic noise was associated with higher 

anxiety/depression levels, what was the contribution of different 

underlying mediating processes, and whether using different approaches 

to testing those pathways would yield different conclusions; 

3. To determine whether higher greenspace level could buffer the 

association between traffic noise and anxiety/depression; 

4. To compare the acoustic and psychological effects of greenspace on 

traffic noise annoyance; 

5. To investigate the joint effects of greenspace and traffic noise on 

anxiety/depression; 

6. To investigate the longitudinal effect of greenspace on anxiety/depression;  

7. To compare healthy volunteers to individuals with anxiety-depression 

spectrum disorders with respect to their greenspace and acoustic stress 

exposure and the effects of those factors on anxiety and depression levels.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

III. MATERIAL AND METHODS 

 

The dissertation is based on the results of three studies (Figure 4). The 

first two included non-clinical samples of school children/students because the 

student occupation is highly stressful and a considerable proportion of students 

shows symptoms of anxiety/depression (Brown & Schiraldi, 2004), with even 

subclinical symptoms correlating with structural changes in the brain seen in 

clinically-significant forms (Besteher et al., 2017). The third study was a case-

control study and included a sample of patients because they are considered 

highly susceptible to environmental influences.  

Study I investigated pathways linking greenspace and traffic noise to 

symptoms of anxiety/depression measured with the GHQ-12 and underlying 

indirect pathways. The analysis sample comprised 399 youth (15 – 25 years) 

from several high schools and universities in Plovdiv. We used a rich set of 

greenspace measures. The data were analysed using single, parallel, and serial 

mediation modelling. In addition, we tested whether the association between 

traffic noise and mental health was modified by the level of residential 

greenspace.  

 Study II builds on Study I. It included 720 students (18 – 35 years) living 

in Southern Bulgaria and studying in the Medical University of Plovdiv. We 

considered additional pathways and developed a holistic model of the joint 

effects of greenspace and traffic noise on mental health. We also compared the 

acoustic and psychological effects of greenspace on traffic noise annoyance. A 

subsample of the participants (n ≈ 200) was followed for two to seven months in 

order to infer causal relationships in the model.  

 In Study III, we compared the effects of greenspace and noise on severity 

of symptoms in healthy volunteers vs patients (18 – 72 years) diagnosed 

according to DSM – IV and treated for anxiety-depression spectrum disorders. 

They were examined by a psychiatrist using a general clinical interview and a 

structured neuropsychiatric interview. The two groups were compared on 

environmental exposures, perceived acoustic situation in their neighbourhood, 

and the magnitude of associations between environmental factors and 

anxiety/depression symptoms. The assessment of symptoms was done with the 

Zung Self-Rating Depression Scale and the State – Trait Anxiety Inventory. 
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Figure 4. Design of the studies included in the dissertation  
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1. Study I 

 

1.1. Mental health assessment 

 Participants’ mental health was measured with the 12-item form of the 

General Health Questionnaire (GHQ-12) (Goldberg & Blackwell, 1970), which 

has been validated in Bulgarian (Георгиева, 2010; Мутафова & Малешков, 

2001). The questionnaire is an established tool for screening anxiety and 

depressive disorders in epidemiological research in youth (Tait et al., 2003; 

Baksheev et al., 2011) and is often used in studies on greenspace and mental 

health (e.g., Astell-Burt et al., 2014b; Gascon et al., 2015). Each item was 

scored from 0 to 3, with higher summary scores indicating worse mental health. 

The internal consistency of the GHQ-12 in our sample was high (α = 0.85). 

 

1.2. Greenspace assessment  

 We calculated several objective greenspace measures (Markevych et al., 

2017): Normalized Difference Vegetation Index (NDVI; Tucker, 1979), Soil 

Adjusted Vegetation Index (SAVI; Huete, 1988), tree cover density, and 

Euclidean distance to the green space nearest to the home. NDVI and SAVI 

range between -1 and +1 and were calculated from satellite images based on the 

spectral reflectance of the earth’s surface in two wavelengths informative of 

green vegetation – visible red and near infrared light. Tree cover density was 

calculated in percent based on the Tree Cover Density 2012 map, developed by 

the European Environment Agency. NDVI, SAVI, and tree cover were 

expressed as mean values in circular buffers around the home address – 50 m, 

100 m, 300 m, 500 m, and 1000 m. Euclidean distance to the nearest green 

space was measured as the straight line based on the greenspace layer in Open 

Street Maps.  
 In addition to objective measures, the questionnaire asked several 

questions on perceived greenspace, which were combined in a scale: Perceived 

neighborhood greenness; Visible greenery from home; Walking time from 

home to the nearest greenspace; Time spent in neighborhood greenspace; 

Perceived neighborhood greenspace quality.  

 

1.3. Noise exposure assessment 

 Participant’s addresses were linked to the strategic noise map of Plovdiv 

(Spectri, 2009), to determine participants’ exposure to day-evening-night 

traffic noise level (Lden).  

 

1.4. Potential mediators 

 We selected the following mediating factors on the basis of expert 

recommendations and the literature (Hartig et al., 2014; Markevych et al., 2017): 

restorative quality of the neighborhood, neighborhood social cohesion, 

physical activity, road traffic noise annoyance, and perceived air pollution. 
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 Perceived restorative quality of the neighborhood was assessed with 

items from the Perceived Restorativeness Scale (PRS) (Hartig et al., 1997a, 

1997b), a measure of psychologically restorative qualities of environmental 

experience grounded in Attention restoration theory (Kaplan, 1995; Kaplan & 

Kaplan, 1989).  

 Neighborhood social cohesion was measured with the brief form of the 

Perceived Neighborhood Social Cohesion questionnaire (PNSC-BF)  (Dupuis et 

al., 2017, 2016).  

 Participants’ commuting and leisure time physical activity was 

measured with the Short Questionnaire to Assess Health-enhancing physical 

activity (SQUASH) (Wendel-Vos et al., 2003), and metabolic equivalent of task 

values were assigned to each activity depending on its intensity.  

 A single item similar to the International Commission on Biological 

Effects of Noise scale (Brink et al., 2016) queried about road traffic noise 

annoyance (Fields et al., 2001): „ To what extent does road traffic noise coming 

from outside bother, disturb or annoy you, when you are at home?“ (“0 = Not at 

all” to “10 = Extremely”). Perceived air pollution was measured with another 

single item (Egondi et al., 2013; Dimitrova & Dzhambov, 2016).  

 

1.5. Other covariates 

 We gathered data on participants’ age, gender, ethnicity, orientation of 

rooms at home, duration of residence, average time spent at home/day, an 

individual-level socioeconomic status index. Noise sensitivity was measured 

with a single 6-point scale. We determined population density within 1 km 

around the home address, presence of bluespace, and air pollution around the 

home. 

 

1.6. Statistical analyses   
1.7.1. For Objective 1, we used two types of multivariate models:  

 

 Mixed linear models with random intercept, taking into account the 

clustering of participants on schools – to test the associations between the 

greenspace measures and putative mediators;  

 Linear mediation modelling – to test the effect of different greenspace 

measures on mental health (GHQ) via the candidate mediators.  

 

 Our analysis proceeded through four steps. First, we regressed each 

hypothesized mediator on the greenspace measures. Second, we estimated the 

total and indirect effects of the different greenspace measures on GHQ-12 with 

the individual mediators, one-at-a-time (single mediation models; see Figure 5, 

Panel A). Third, we tested for parallel mediation, simultaneously including all of 

the potential mediators in the model (see Figure 5, panel B), thus estimating the 

independent contributions of the different paths, “adjusting for” the other paths 
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rather than assuming they could work together in some causal sequence. Fourth, 

we fitted four theoretically-indicated serial mediation models (see Figure 5, 

panel C).  
 

 
Figure 5. Conceptual diagrams of alternative approaches to modelling 

pathways linking greenspace to mental health      
 

 

1.7.2. For Objective 2, we used two approaches to model the total, direct, and 

indirect effects of Lden on GHQ-12 (Hayes et al., 2017):  

 

 Path analysis based on least squares linear regression (PROCESS v. 

2.16; Hayes, 2013) for single and parallel mediation modelling; 

 

 Structural equation modelling (SEM) (SPSS Amos) to account for the 

theoretically-indicated relations between Lden, candidate mediators, and 

GHQ-12.  

  

 

1.7.3. For Objective 3, we tested whether the effect of Lden on GHQ-12 was 

modified by residential greenness level acting as a moderator. We used 

PROCESS (Hayes, 2013) to conduct moderation analysis.  
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2. Study II 

 

2.1. Mental health assessment 

 Like in Study I, anxiety/depression symptoms were taped with the GHQ-

12.  

 

2.2. Greenspace assessment 

Residential greenspace was assessed similarly to Study I. The new 

measure we employed in Stduy II was the percentage structure green spaces 

around the home, calculated from Urban Atlas 2012.  

 

2.3. Noise exposure assessment 

Noise exposure of the dwelling (LAeq) was determined using a land use 

regression model.  

 

2.4. Potential mediators 

Mediators considered here were perceived greenspace, restorative 

quality of the living environment, neighborhood social cohesion, 

commuting/leisure time physical activity, residential noise and air pollution, 

and annoyance from environmental pollution.  

 Nitrogen dioxide (NO2) was calculated as a proxy for residential air 

pollution. It was calculated by means of a global LUR model for NO2 (Larkin et 

al., 2017).  

We combined traffic noise, other noise sources, air pollution, and 

vibration in our measure of environmental annoyance experienced in the 

residential context (i.e., both in the dwelling and the neighbourhood). The mean 

of responses served as the score for analysis. (von Lindern et al., 2016).  

Self-reported sleep disturbance (0 to 10) was measured by averaging 

responses to two items (r = 0.47), mimicking previously used questions (cf. 

Basner and McGuire, 2018).  

 

2.5. Other covariates 

 We gathered data on participants’ age, gender, ethnicity, duration of 

residence, and average time spent at home/day. Additionally, we used single 

items to assess recently experienced stressful life events and perceived 

individual-level economic status. Population density in a 500-m buffer around 

the address was calculated based on the 2011 Census population grid. 

  

2.6. Statistical analyses 

2.7.1. For Objective 4, we tested mediation models linking objectively-

measured greenspace to noise annoyance through noise exposure and perceived 

greenspace.   
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2.7.2. For Objective 5, we employed two types of multivariate models: 

 

 Linear regression and mediation models (PROCESS; Hayes, 2013) for 

the associations between greenspace and LAeq with GHQ-12; 

 SEM (SPSS Amos) to examine the joint effects of greenspace and LAeq on 

GHQ-12. 

 

 2.7.3. For Objective 6, we followed two subgroups – 101 participants 

completed the questionnaire after two months from baseline (October to 

December 2017) and 109, after seven months (October 2017 to May 2018).  

 In the first subgroup, we used a two-occasion within-subjects design to 

assess short-term changes in GHQ ensuing from seasonal change in the living 

environment. Next, we examine the direction of the causal relationships between 

GHQ and each of the mediators, using cross-lagged panel mediation models 

(Cole & Maxwell, 2003).   

 In the second group, we tested single mediation models with cross-

sectional data collected at baseline (October 2017). We investigated the effect of 

NDVI on GHQ-12 through LAeq, NO2, environmental annoyance, restorative 

quality, social cohesion, physical activity, and sleep disturbance. Next, the same 

pathways were modelled using longitudinal data.  

 

 

3. Study III 

 

3.1. Mental health assessment 

 For assessment of depression, we used the Bulgarian translation of the 

Zung Self-Rating Depression Scale (Zung, 1965). Anxiety was measured using 

the State – Trait Anxiety Inventory; STAI (Spielberger, 1983).  

  

3.2. Greenspace assessment  

Residential greenspace was measured with the NDVI, as previously 

described. Similarly to Study II, we assessed perceived neighbourhood 

greenspace.  

 

3.3. Acoustic stress assessment   

LAeq exposure was determined using the LUR previously described in 

Study II. Noise sensitivity was assessed with a single item: „To what extent are 

you sensitive to everyday noises compared with most people?“ („0 = Not at all“ 

to „10 = Extremely“). Perceived helplessness/lack of control with respect to 

noise: „To what extent do you feel that you are helpless and can do nothing 

about noise in your neighbourhood?“ („0 = not at all“, „1 = somewhat“, „2 = 

moderately“, „3 = very much“ and „4 = extremely“) (cf. Riedel et al., 2018). 
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Traffic noise annoyance and annoyance by other sources were measured using 

single items as in the previous studies.  

 

3.4. Other covariates 

We collected information on the same demographic factors as in Study II. 

In addition, we considered participant’s relationship status, taking medication 

for anxiety/depression, and family history of mental disorders.   

 

3.5. Statistical analyses 

3.7.1. For Objective 7, we compared cases and controls according to their mean 

depression and anxiety scores, NDVI, and acoustic indicators. For that, we used 

ANOVAs.  

 As a next step, we tested whether participants’ case-control status 

modified the associations between environmental factors and levels of anxiety 

and depression. We conducted moderation analyses using PROCESS (Hayes, 

2013).  
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IV. RESULTS AND DISCUSSION  

 

1. Study I 

 

1.1. General description of the sample 

  Participants’ mean age was 17.89 ± 2.27 years (15 to 25 years), 

68% were male and almost all were Bulgarian (92%).  

 

1.2. Objective 1 results  

 Higher NDVI 500-m was associated with higher restorative quality. Higher 

perceived greenspace was associated with higher physical activity, social 

cohesion, and restorative quality, but only some perceived measures were 

predictive of lower noise annoyance and perceived air pollution. (Table 1) 

 Table 2 shows results of tests of the single mediation models. We did not 

detect a significant total effect of the objective greenspace measures on GHQ-

12. However, restorative quality mediated the effect of NDVI 500-m. Perceived 

greenness, walking time to greenspace, and greenspace quality each had a 

significant total effect. Significant indirect effects were observed for different 

combinations of self-reported measures and mediators.  

 Table 3 shows parallel mediation models (all mediators included 

simultaneously in the model). Looking at the specific indirect paths, no 

significant mediation was observed for the objective greenspace measures. For 

the self-reports, indications of mediation were observed for physical activity, 

social cohesion, and noise annoyance.  
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Table 1. Associations between greenspace and potential single mediators 
Greenspace measures Mediators  

 Restorative quality  Social cohesion Physical activity Noise annoyance Perceived air pollution 

Objective       

NDVI 500-m  10.01 (2.08, 17.94)* -1.23 (-32.11, 29.64) 0.61 (-0.35, 1.56) -0.36 (-9.15, 8.44) -3.72 (-12.67, 5.23) 

SAVI 500-m 15.28 (-1.04, 31.60) -24.65 (-87.91, 38.61) 1.30 (-0.65, 3.24) -2.47 (-20.43, 15.49) -1.51 (-19.86, 16.83) 

Tree cover 500-m 0.05 (-0.01, 0.10) 0.03 (-0.17, 0.24) -0.0003 (-0.01, 0.01) -0.005 (-0.06, 0.05) -0.02 (-0.07, 0.04) 

Distance to greenspace (per 50 m)  -0.01 (-0.04, 0.02) -0.002 (-0.12, 0.12) 0.002 (-0.002, 0.006) -0.02 (-0.06, 0.01) 0.04 (-0.03, 0.04) 

      

Self-reported       

Perceived greenness  0.31 (0.22, 0.41)* 1.26 (0.88, 1.64)* 0.01 (0.001, 0.02)* -0.09 (-0.21, 0.02) -0.10 (-0.22, 0.01) 

Visible greenery from home 0.58 (0.36, 0.81)* 1.75 (0.86, 2.65)* 0.01 (-0.02, 0.04) -0.25 (-0.51, 0.01) -0.64 (-0.89, -0.38)* 
Walking to greenspace (≤ 5 min)  0.59 (0.08, 1.09)* 3.23 (1.28, 5.18)* 0.07 (0.01, 0.14)* -0.90 (-1.46, -0.35)* -0.97 (-1.53, -0.41)* 

Time in greenspace (> 1 hour) 0.81 (0.37, 1.27)* 2.25 (0.50, 4.01)* 0.13 (0.07, 0.18)* 0.07 (-0.43, 0.57) 0.06 (-0.45, 0.57) 

Greenspace quality  0.08 (0.07, 0.09)* 0.20 (0.15, 0.25)* 0.003 (0.001, 0.005)* -0.02 (-0.03, -0.002)* -0.03 (-0.05, -0.01)* 

Abbreviations: NDVI – Normalized Difference Vegetation Index, SAVI – Soil Adjusted Vegetation Index. A separate mixed linear model is fitted for each 

greenspace measure and each potential mediator. Unstandardized regression coefficients and 95% CI are reported. *p < 0.05. The models are adjusted for age, 

gender, ethnicity (Bulgarian/other), individual-level socioeconomic status, time spent at home/day (≤ 8 hours/> 8 hours), duration of residence at the address 

(≤ 5 years/> 5 years), population density (1 km
 
buffer), and month of outcome assessment (October/ November/December).  
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Table 2. Single mediation models linking greenspace to mental health (GHQ-12)  
Greenspace 

measures 

Total effect Specific indirect effects (mediators tested one-at-a-time) 

  Restorative 

quality  

Social cohesion Physical activity Noise annoyance Perceived air 

pollution 

Objective        

NDVI 500-m -2.32  

(-22.00, 17.37) 
-2.90  

(-7.73, -0.22)* 

-0.37 (-8.22, 7.18) -1.58 (-5.71, 0.52) -0.26  

(-6.36, 5.94) 

-1.69 (-6.80, 1.44) 

SAVI 500-m -15.61  

(-56.48, 25.25) 

-4.26 (-13.09, 0.11) 5.27 (-10.44, 22.51) -3.36 (-11.80, 1.02) -1.47  

(-13.43, 10.86) 

-0.75 (-8.69, 5.87) 

Tree cover 500-m 0.05 (-0.08, 0.18) -0.01 (-0.04, 0.001) -0.02 (-0.07, 0.03) 0.001 (-0.02, 0.02) -0.01 (-0.05, 0.03) -0.01 (-0.04, 0.01) 

Distance to 

greenspace (per 50 m) 

-0.03 (-0.15, 0.08) 0.002 (-0.01, 0.02) -0.003(-0.04, 0.04) -0.01 (-0.02, 0.04) -0.02 (-0.13, 0.09) 0.001 (-0.01, 0.02) 

       

Self-reported        

Perceived greenness  -0.59  

(-0.85, -0.32)* 

-0.04 (-0.14, 0.05) -0.26  

(-0.41, -0.15)* 

-0.03  

(-0.08, -0.001)* 

-0.06 (-0.16, 0.02) -0.03 (-0.11, 0.01) 

Visible greenery from 

home 

-0.55 (-1.16, 0.05) -0.15 (-0.36, 0.01) -0.42  

(-0.68, -0.19)* 

-0.04 (-0.15, 0.03) -0.18 (-0.41, 0.01) -0.22 (-0.44, -0.06)* 

Walking to greenspace 

(≤ 5 min)  
-2.54  

(-3.96, -1.12)* 

-0.14 (-0.43, 0.002) -0.72  

(-1.25, -0.29)* 

-0.16  

(-0.45, -0.01)* 

-0.59  

(-1.11, -0.20)* 

-0.30 (-0.69, -0.07)* 

Time in greenspace (> 1 

hour) 

-0.75 (-1.91, 0.41) -0.22  

(-0.55, -0.01)* 

-0.50  

(-0.98, -0.09)* 

-0.30  

(-0.68, -0.06)* 

-0.06 (-0.27, 0.42) 0.03 (-0.17, 0.28) 

Greenspace quality  -0.08  

(-0.12, -0.04)* 

0.001 (-0.03, 0.03) -0.04  

(-0.06, -0.03)* 

-0.01  

(-0.01, 0.0002) 
-0.01  

(-0.03, -0.002)* 

-0.01  

(-0.02, -0.002)* 

Abbreviations: GHQ-12 – General Health Questionnaire-12, NDVI – Normalized Difference Vegetation Index, SAVI – Soil Adjusted Vegetation Index. A 

separate mediation model is fitted for each greenspace measure and each potential mediator. Independent indirect paths are tested. Unstandardized regression 

coefficients and 95% CI are reported. Standard errors of indirect effects are heteroscedasticity-consistent and generated with bias-corrected and accelerated 

bootstrapping (the 95% CI could be asymmetric). *p < 0.05. The models are adjusted for age, gender, ethnicity (Bulgarian/other), individual-level 

socioeconomic status, time spent at home/day (≤ 8 hours/> 8 hours), duration of residence at the address (≤ 5 years/> 5 years), population density (1 km
 

buffer), school (dummy variables), and month of outcome assessment (October/ November/December). Higher scores on the GHQ indicate worse mental 

health. 
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Table 3. Parallel mediation models linking greenspace to poor mental health (GHQ-12) 
Greenspace measures Specific indirect effects (mediators tested in parallel simultaneously) 

 Restorative quality  Social cohesion Physical activity Noise annoyance Perceived air pollution 

Objective       

NDVI 500-m 0.15 (-2.43, 3.32) -0.34 (-8.06, 6.56) -1.35 (-4.92, 0.44) -0.23 (-5.96, 5.05) 0.23 (-0.79, 3.19) 

SAVI 500-m 0.37 (-3.69, 5.99) 4.87 (-9.18, 20.47) -2.86 (-10.64, 0.90) -1.28 (-12.13, 9.63) 0.10 (-1.75, 4.10) 

Tree cover 500-m 0.001 (-0.01, 0.02) -0.02 (-0.06, 0.02) 0.001 (-0.01, 0.02) -0.01 (-0.05, 0.03) 0.001 (-0.01, 0.02) 

Distance to greenspace (per 50 m) -0.0001 (-0.007, 0.005) -0.003 (-0.03, 0.03) -0.005 (-0.02, 0.003) -0.01 (-0.04, 0.0004) -0.0002 (-0.007, 0.003) 

      

Self-reported       

Perceived greenness  0.02 (-0.06, 0.12) -0.25 (-0.39, -0.15)* -0.03 (-0.08, -0.002)* -0.06 (-0.15, 0.02) 0.004 (-0.02, 0.06) 

Visible greenery from home 0.01 (-0.15, 0.18) -0.39 (-0.67, -0.19)* -0.03 (-0.13, 0.02) -0.16 (-0.38, -0.01)* 0.03 (-0.13, 0.21) 

Walking to greenspace (≤ 5 min)  0.02 (-0.13, 0.22) -0.69 (-1.21, -0.30)* -0.15 (-0.42, -0.02)* -0.54 (-1.09, -0.21)* 0.06 (-0.16, 0.37) 

Time in greenspace (> 1 hour) 0.01 (-0.21, 0.24) -0.46 (-0.91, -0.08)* -0.27 (-0.61, -0.05)* 0.05 (-0.23, 0.38) -0.004 (-0.13, 0.05) 

Greenspace quality  0.01 (-0.01, 0.03) -0.04 (-0.06, -0.03)* -0.01 (-0.01, -0.001)* -0.01 (-0.03, -0.002)* 0.002 (-0.01, 0.01) 

Abbreviations: GHQ-12 – General Health Questionnaire-12, NDVI – Normalized Difference Vegetation Index, SAVI – Soil Adjusted Vegetation Index. A 

separate mediation model is fitted for each greenspace measure. Orthogonal indirect paths are tested. Unstandardized regression coefficients and 95% CI are 

reported. Standard errors of indirect effects are heteroscedasticity-consistent and generated with bias-corrected and accelerated bootstrapping (the 95% CI 

could be asymmetric). The models are adjusted for age, gender, ethnicity (Bulgarian/other), individual-level socioeconomic status, time spent at home/day (≤ 

8 hours/> 8 hours), duration of residence at the address (≤ 5 years/> 5 years), population density (1 km
 
buffer), school (dummy variables), and month of 

outcome assessment (October/ November/December). Mediators are adjusted for each other.  
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Next, we fitted several serial mediation models, some of which yielded 

quite different results compared to the parallel mediation models (Table 4). The 

indirect path through restorative quality and social cohesion (Model 1) was 

significant for NDVI 500-m and all self-reported measures except for Greenspace 

quality. The path through restorative quality and physical activity (Model 2) was 

significant for NDVI, SAVI, and tree cover density, and all self-reports except 

for greenspace quality. The paths through perceived traffic pollution and 

restorative quality (Model 3), as well as through noise annoyance and physical 

activity (Model 4) were not significant.  
 

 

Table 4. Serial mediation models linking greenspace to poor mental health 

(GHQ-12)   
Serial components   Indirect effects 

Model 1: Restorative quality → Social cohesion → GHQ-12  

 Objective measures  

 NDVI 500-m -2.53 (-5.34, -0.63)* 

 SAVI 500-m -3.87 (-9.41, 0.18) 

 Tree cover 500-m -0.01 (-0.03, 0.001) 

 Distance to greenspace (per 50 m) 0.002 (-0.01, 0.01) 

   

 Self-reported measures  

 Perceived greenness  -0.05 (-0.10, -0.02)* 

 Visible greenery from home -0.13 (-0.24, -0.07)* 

 Walking to greenspace (≤ 5 min)  -0.13 (-0.30, -0.02)* 

 Time in greenspace (> 1 hour) -0.19 (-0.38, -0.08)* 

 Greenspace quality  -0.01 (-0.02, 0.0002) 

  

Model 2: Restorative quality → Physical activity → GHQ-12  

 Objective measures  

 NDVI 500-m -0.35 (-1.16, -0.05)* 

 SAVI 500-m -0.53 (-2.12, -0.04)* 

 Tree cover 500-m -0.002 (-0.008, -0.00005)* 

 Distance to greenspace (per 50 m)  0.0003 (-0.001, 0.003) 

   

 Self-reported measures  

 Perceived greenness  -0.01 (-0.03, -0.0003)* 

 Visible greenery from home -0.02 (-0.06, -0.003)* 

 Walking to greenspace (≤ 5 min)  -0.02 (-0.07, -0.001)* 

 Time in greenspace (> 1 hour) -0.02 (-0.08, -0.001)* 

 Greenspace quality  -0.001 (-0.01, 0.001) 

  

Model 3: Perceived traffic pollution → Restorative quality → 

GHQ-12 

 

 Objective measures  

 NDVI 500-m -0.06 (-0.55, 0.05) 

 SAVI 500-m -0.05 (-0.86, 0.20) 

 Tree cover 500-m -0.0004 (-0.004, 0.0004) 

 Distance to greenspace (per 50 m) -0.0003 (-0.002, 0.0001) 

   

 Self-reported measures  

 Perceived greenness  -0.001 (-0.01, 0.001) 



24 
 

 Visible greenery from home -0.01 (-0.03, 0.002) 

 Walking to greenspace (≤ 5 min)  -0.01 (-0.07, 0.003) 

 Time in greenspace (> 1 hour) 0.002 (-0.005, 0.03) 

 Greenspace quality  0.000001 (-0.0004, 

0.0004) 

  

Model 4: Noise annoyance → Physical activity → GHQ-12  

 Objective measures  

 NDVI 500-m -0.005 (-0.25, 0.11) 

 SAVI 500-m -0.03 (-0.69, 0.14) 

 Tree cover 500-m -0.0001 (-0.003, 0.0005) 

 Distance to greenspace (per 50 m) -0.0003 (-0.002, 0.0001) 

   

 Self-reported measures  

 Perceived greenness  -0.001 (-0.01, 0.0003) 

 Visible greenery from home -0.003 (-0.02, 0.001) 

 Walking to greenspace (≤ 5 min)  -0.01 (-0.05, 0.01) 

 Time in greenspace (> 1 hour) 0.001 (-0.003, 0.02) 

 Greenspace quality  -0.0001 (-0.001, 0.0001) 

Abbreviations: GHQ-12 – General Health Questionnaire-12, NDVI – Normalized Difference 

Vegetation Index, Perceived traffic pollution – noise annoyance + perceived air pollution, SAVI – Soil 

Adjusted Vegetation Index. Each mediation model is independent from the others. A separate 

mediation model is fitted for each greenspace measure. Serial mediation is tested. Unstandardized 

regression coefficients and 95% CI are reported. Standard errors of indirect effects are 

heteroscedasticity-consistent and generated with bias-corrected and accelerated bootstrapping (the 

95% CI could be asymmetric). *p < 0.05. The models are adjusted for age, gender, ethnicity 

(Bulgarian/other), individual-level socioeconomic status, time spent at home/day (≤ 8 hours/> 8 

hours), duration of residence at the address (≤ 5 years/> 5 years), population density (1 km
 
buffer), 

school (dummy variables), and month of outcome assessment (October/ November/December).  

 

 

 

 Our results illustrate the need for caution in specifying and testing indirect 

paths from greenspace to health. In particular, testing mediators in parallel, each 

adjusted for the others, may engender errors in estimation when the different 

mediators are causally related. Doing so violates one of the assumptions of 

confounding – that a confounder should not be in the causal pathway between 

the potential risk factor and outcome (Rothman et al., 2008). As suggested by 

our study, some important paths might have been incorrectly interpreted as non-

significant in parallel mediation models tested in earlier studies (cf. Dadvand et 

al., 2016; de Vries et al., 2013). An accumulation of such findings could entail 

misguided public health interventions, should allegedly non-significant 

pathways not get targeted. Theory-guided models are needed to adequately 

address the interdependencies between indirect pathways that have otherwise 

been treated individually in the literature.  

 More specifically, social cohesion was not a significant mediator between 

objective greenspace measures and mental health in our single and parallel 

mediation models. However, results for serial mediation were consistent with 

the idea that restorative quality works as a motivational antecedent to social 

cohesion in a causal chain between greenspace and mental health; that is, in that 
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they offer restorative experiences, green settings may attract residents outdoors, 

where they can socialize with other residents and enhance the sense of 

community (cf. Kuo et al., 1998). In other studies, results have been mixed; 

social cohesion has been identified as a mediator in some studies (Dadvand et 

al., 2016; de Vries et al., 2013; Maas et al., 2009; Sugiyama et al., 2008), but not 

in others (Triguero-Mas et al., 2015). This could depend on the way that social 

cohesion (or a similar variable) has been treated as a mediator, alone or with 

other candidate mediators.  

   Similarly, physical activity did not act as a significant mediator of 

objective greenspace measures in single or parallel mediation models. 

Conversely, serial mediation tests suggested that for NDVI, SAVI, and tree 

cover density, the restorative quality of the neighborhood was associated with 

higher physical activity leading to better mental health. Thus, greener 

environments may attract people to be more active outdoors by providing 

opportunities for desired experiences, such as those that serve psychological 

restoration (Hartig, 2008; cf. Dahlkvist et al., 2016). The findings of other 

studies that physical activity does not underlie an indirect effect of greenspace 

on mental health (Dadvand et al., 2016; de Vries et al., 2013; Triguero-Mas et 

al., 2015) could be due in whole or part to incorrect specification of orthogonal 

pathways in the mediation model.  

 

1.3. Objective 2 results  

In the single mediation models (candidate mediators entered one-at-a-

time), for every 5-dB increase in Lden GHQ-12 increased with β = 0.54 (95% CI: 

0.02, 1.06) (Table 5). However, the direct path for Lden was non-significant, 

suggesting full-mediation. There were statistically significant indirect paths 

through noise annoyance, physical activity, and social cohesion, but not through 

restorative quality.  

Next, including all candidate mediators simultaneously in the parallel 

mediation model (assuming that the indirect paths were orthogonal) yielded the 

same conclusion – there was no direct effect, and all mediation paths were 

significant, except for the one through restorative quality (Table 6).  
 

Table 5. Single mediation models for the association between residential 

road traffic noise (Lden) and poor mental health problems (GHQ-12) 
Path  Single mediators (β unstandardized, 95% CI) 

 Noise annoyance Restorative quality Physical activity Social cohesion 

Total  0.54 (0.02, 1.06) 0.54 (0.02, 1.06) 0.54 (0.02, 1.06) 0.54 (0.02, 1.06) 

Direct  0.28 (-0.24, 0.79) 0.52 (-0.002, 1.04) 0.48 (-0.05, 1.02) 0.32 (-0.17, 0.82) 

Indirect  0.27 (0.13, 0.48)
*
 0.03 (-0.03, 0.13) 0.06 (0.003, 0.19)

*
 0.22 (0.04, 0.44)

*
 

Note. All models are adjusted for sex, age, ethnicity, socioeconomic status, noise sensitivity, and 

school/university. Regression coefficients are unstandardized. Higher GHQ-12 score is indicative of 

worse mental health.*Coefficient is significant at the p < 0.05 level.  
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Table 6. Parallel mediation model for the association between residential 

road traffic noise (Lden) and poor mental health problems (GHQ-12) 
Path  Parallel mediators (β unstandardized, 95% CI) 

 Noise annoyance Restorative quality Physical activity Social cohesion 

Total  0.54 (0.02, 1.06) 0.54 (0.02, 1.06) 0.54 (0.02, 1.06) 0.54 (0.02, 1.06) 

Direct  0.04 (-0.46, 0.54) 0.04 (-0.46, 0.54) 0.04 (-0.46, 0.54) 0.04 (-0.46, 0.54) 

Indirect  0.23 (0.10, 0.41)
*
 0.001 (-0.03, 0.05) 0.06 (0.01, 0.18)

*
 0.21 (0.04, 0.42)

*
 

Note. The model is adjusted for sex, age, ethnicity, socioeconomic status, noise sensitivity, and 

school/university. Regression coefficients are unstandardized. Higher GHQ-12 score is indicative of 

worse mental health.*Coefficient is significant at the p < 0.05 level.  

 

 

Next, we used SEM to test how the conceptual model in Figure 1 fits the 

data (Figure 6). The model was reasonably consistent with the data (χ
2 

(29)
 
= 

44.56, p = 0.032, SRMR = 0.05, CFI = 0.97, RMSEA = 0.04, standardized 

residuals range: -2.11 to 3.41). There was no direct path linking Lden to GHQ-12 

(β standardized = 0.004; 95% CI: -0.08, 0.09; p = 0.928). Most of the other 

hypothesized paths were significant. “Noise annoyance → restorative quality” (p 

= 0.081) and “Lden → physical activity” (p = 0.079) were marginally-significant, 

and “noise annoyance → physical activity” was non-significant (p = 0.566).  

 
 

 
Note. Abbreviations: GHQ-12 – General Health Questionnaire, Lden – day-evening-night noise level. 

Standardized regression paths and significance values are shown. Higher GHQ-12 score is indicative 

of worse mental health. Confounding paths and errors terms are not displayed to improve the 

presentation.  

Figure 6.  Structural equation model describing the associations between 

road traffic noise (Lden), mediators, and mental health problems (GHQ-12) 
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The indirect paths linking Lden and GHQ-12 are presented in Table 7. The 

total indirect path was significant. It went through noise annoyance (Table 4, 

path I) and physical activity (Table 4, path II), working independently in 

parallel; noise annoyance and social cohesion, working in serial (Table 4, path 

III); noise annoyance, restorative quality and social cohesion, working in serial 

(Table 4, path V); and noise annoyance, restorative quality and physical activity 

also working in serial (Table 4, path VI). There was no serial mediation through 

noise annoyance and physical activity (Table 4, path IV). The pathway “Lden → 

noise annoyance → GHQ-12” accounted for 68.5% of the total indirect path and 

was statistically significantly larger than the other paths (p < 0.05).  

 
 

Table 7. Indirect paths linking road traffic noise (Lden) to poor mental 

health problems (GHQ-12) in the structural equation model 
Indirect paths  β unstandardized (95% CI) P 

Total indirect path 0.31 (0.16, 0.50) <0.001 

Specific indirect paths through:   

(I) Noise annoyance 0.21 (0.10, 0.38) <0.001 

(II) Physical activity 0.04 (-0.0003, 0.14) 0.053 

(III) Noise annoyance → social cohesion 0.04 (0.01, 0.10) 0.011 

(IV) Noise annoyance → physical activity 0.003 (-0.01, 0.02) 0.406 

(V) Noise annoyance → restorative quality → social cohesion 0.01 (0.0001, 0.02) 0.048 

(VI) Noise annoyance → restorative quality → physical activity 0.001 (0.00004, 0.005) 0.036 

Note. Abbreviations: GHQ-12 – General Health Questionnaire, Lden – day-evening-night noise level. 

Unstandardized regression paths are shown. Higher GHQ-12 score is indicative of worse mental 

health.  

 

 

 We demonstrated that with the increase in Lden the mean GHQ-12 also 

increased, indicating worse mental health. Other authors examined the 

association between traffic noise and children’s mental health using simpler 

regression approaches, without estimating the specific indirect paths (Dreger et 

al., 2015; Crombie et al., 2011). None of those adjusted their models for 

restorative quality or social cohesion, which could be one reason why we did not 

detect a significant direct path. On the other hand, studies in adults used SEM to 

linking noise and measures of psychological well-being and quality of life. To 

name a few, Héritier et al. (2014) reported that the association between road 

traffic noise and health-related quality of life was mediated by annoyance and 

sleep disturbance. In the study of Urban and Máca (2013), noise annoyance and 

residential satisfaction stood on the pathway between noise exposure and life 

satisfaction. Roswall et al. (2015) suggested an indirect path through some 

lifestyle factors such as smoking, alcohol consumption, and adiposity.  

 Interestingly, neighborhood social cohesion was not only a significant 

single mediator but was also a serial mediator. Although evidence linking social 

contacts to traffic noise dates back to the 70-ties (Appleyard and Lintell, 1972), 
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our finding is novel in the sense that no previous epidemiological study has 

formally examined this indirect pathway. Larger streets and higher traffic 

volume may increase the interpersonal distance between people (Cassidy, 1997), 

and noise may decrease helping behavior and social support experienced by 

individuals (Cassidy, 1997; Cohen and Spacapan, 1984).    

In similar vein to Roswall et al. (2017), we found modeled road traffic 

noise to be associated with lower level of physical activity, which was a 

mediator in the initial single and parallel mediation models.   

 Notwithstanding the non-significant path from noise annoyance to 

restorative quality, the indirect paths through noise annoyance, restorative 

quality and social cohesion/physical activity were significant, thereby 

supporting the theory that by constraining restoration traffic noise may impede 

physical activity and social cohesion, and in turn diminish mental health. To our 

knowledge, this has only been implied in previous studies, but not formally 

tested.   

 

1.4. Objective 3 results  

 The interaction between Lden and NDVI 500-m was not significant (p = 

0.444). Still, the effect of Lden seemed to decrease as NDVI increased (Figure 7). 

Conversely, results were clearer for the other greenspace measures. The 

interaction “Lden × tree cover density 500-m” was significant (p = 0.155) according 

at our selected α-level. The J-N procedure indicated that in neighborhoods with 

more than 5.84 % of tree cover, road traffic noise was not anymore detrimental 

for mental health (Figure 8). Similar to NDVI, the interaction “Lden × distance to 

green space” was not formally significant (p = 0.290), but noise negatively 

affected mental health only in those neighborhoods where green space was 

within 317 – 644 m from the residence. It also seemed that the greater the 

distance, the stronger the effect of noise was (Figure 9).  
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Figure 7. Conditional effect of road traffic noise (Lden) on mental health 

problems (GHQ-12) depending on overall greenness (NDVI) in 500-m 

buffer  

 

 

 
Figure 8. Conditional effect of road traffic noise (Lden) on mental health 

problems (GHQ-12) depending on the distance to nearest green space 
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Figure 9. Conditional effect of road traffic noise (Lden) on mental health 

problems (GHQ-12) depending on tree cover density in 500-m buffer 

 
 

 

 Moderation analyses showed that living in a neighborhood deprived of 

trees enhanced the negative effect of noise, whereas in neighborhoods with 

higher tree cover density noise had no effect on anxiety/depression. In addition 

to being a physical obstacle for sound waves, urban greenspace may have a 

beneficial impact on traffic noise perception  (Van Renterghem, 2018). In fact, 

the combined audio-visual experience of vegetation and nature sounds may fuel 

the feeling of tranquility in greenspace (Kang et al., 2016). Thus, although 

traffic noise was proposed as a constraint on neighborhood restorative quality 

(von Lindern et al., 2016; Dzhambov et al., 2017), some sounds may be 

beneficial. That is, positive soundscapes at locations visited for relaxation may 

have the potential to independently increase people’s perceived restoration of 

adaptive resources and resilience to annoying acoustic stimuli (van Kamp et al., 

2016).  

 

2. Study II 

 

2.1. General description of the sample 

The directions of correlations between exposure variables, mediators, and 

GHQ-12 were in line with theory. Perceived greenspace was the strongest 

correlate of GHQ-12 (rs = -0.31, p < 0.01); the correlation of GHQ-12 with 
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NDVI 100-m was weaker but significant (rs = -0.19, p < 0.01). GHQ-12 was not 

associated with any of the bluespace measures. The association between 

objective and perceived greenspace measures was strongest for the 100-m buffer 

of NDVI (rs = 0.29, p < 0.01), and distance to bluespace was significantly 

associated with perceived bluespace (rs = -0.31, p < 0.01). Participants living in 

a greener neighbourhood were less annoyed by noise. Higher greenspace was 

also associated with lower LAeq. Higher GHQ was associated with higher LAeq, 

greater annoyance and sleep problems, and with younger age, lower income, and 

lower physical activity. LAeq and NO2 were positively correlated with population 

density, and LAeq – with higher annoyance and lseep disturbance.  

 

2.2. Objective 4 results  

 Tests of the total effect of greenspace showed that higher NDVI and 

percentage of green space were associated with lower noise annoyance across all 

buffers (Table 8). For tree cover density, this association was significant only in 

the 100 m buffer zone. Distance to green space had no effect. Further, only 

NDVI in the larger buffers (300 m and 500 m) had a direct effect on noise 

annoyance, and for all other buffers and metrics, the effect was only indirect. 

More specifically, the associations between NDVI and percentage of green 

space and noise annoyance were mediated by higher perceived greenspace and 

lower Lday, and the coefficients associated with these paths did not differ 

significantly. Perceived greenspace accounted for around 20–25% of these total 

effects. In terms of tree cover, only perceived greenspace was a mediator, 

explaining from 14 to 75% of the total effect depending on the buffer.  

 Overall, our results are in line with a substantial body of literature on 

residential greenspace and its capacity to reduce noise annoyance (Van 

Renterghem & Botteldooren; 2016; Li et al., 2010; Gidlöf-Gunnarsson & 

Öhrström, 2007; Gidlöf-Gunnarsson et al., 2009; Bodin et al., 2015; Dzhambov 

& Dimitrova, 2015; Li et al., 2012). These two mediators worked in parallel and 

seemed equally important. Our findings that both perceived greenspace and 

lower noise level were equally important mediators imply that greenspace may 

support noise perception beyond reduction in noise level. Our findings 

encourage the consideration of both objective and perceptual measures of 

greenspace. Self-reports may better account for the actual interaction with 

greenspace, and therefore reduce misclassification in remote sensing exposure 

assessments, which is due to some well-known issues with GIS-derived metrics 

like the NDVI and land use indices (e.g., poor discrimination between types of 

greenspace and disregarding their actual quality, accessibility, and visibility 

from pedestrian’s point of view) (Gascon et al., 2016).  
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Table 8. Parallel mediation models linking objective greenspace to noise annoyance  

GIS-Metrics Total Effect Direct Effect 
Indirect Paths (% of the Total Effect Explained) 

Lday  Perceived GS 

NDVI 100m −0.16 (−0.26, −0.06) 
*
 −0.08 (−0.19, 0.02) −0.04 (−0.07, −0.02) 

* 
(25%) −0.04 (−0.08, −0.01) 

* 
(25%) 

NDVI 300m −0.26 (−0.39, −0.13) 
*
 −0.18 (−0.31, −0.05) 

*
 −0.04 (−0.07, −0.01) 

*
 (15%) −0.05 (−0.09, −0.02) 

*
 (20%) 

NDVI 500m −0.16 (−0.25, −0.07) 
*
 −0.12 (−0.21, −0.03) 

*
 −0.01 (−0.03, −0.002)

*
 (6%) −0.03 (−0.06, −0.01) 

*
 (19%) 

Tree cover 100m −0.07 (−0.12, −0.01) 
*
 −0.05 (−0.10, 0.001) −0.003 (−0.01, 0.004) (4%) −0.01 (−0.03, −0.003) 

*
 (14%) 

Tree cover 300m −0.05 (−0.14, 0.03) −0.04 (−0.12, 0.05) 0.003 (−0.01, 0.02) (−6%) −0.02 (−0.04, −0.01) 
*
 (40%) 

Tree cover 500m −0.04 (−0.15, 0.07) −0.02 (−0.13, 0.09) 0.01 (−0.003, 0.03) (−25%) −0.03 (−0.06, −0.01) 
*
 (75%) 

GS% 100m −0.05 (−0.09, −0.01) 
*
 −0.03 (−0.07, 0.01) −0.01 (−0.03, −0.004) 

*
 (20%) −0.01 (−0.02, −0.003) 

*
 (20%) 

GS% 300m −0.04 (−0.07, −0.01) 
*
 −0.02 (−0.05, 0.01) −0.01 (−0.02, −0.003) 

*
 (25%) −0.01 (−0.01, −0.002) 

*
 (25%) 

GS% 500m −0.04 (−0.07, −0.004) 
*
 −0.03 (−0.06, 0.01) −0.01 (−0.01, −0.002) 

*
 (25%) −0.004 (−0.01, <0.001) (10%) 

Distance to GS −0.01 (−0.03, 0.01) −0.002 (−0.02, 0.02) −0.01 (−0.02, 0.00) (100%) −0.002 (−0.01, 0.001) (20%) 

Notes: GS: greenspace, Lday: day average noise level, NDVI: Sentinel-derived Normalized Difference Vegetation Index. Models adjusted for age, sex, 

ethnicity (Bulgarian vs. other), individual-level economic status, duration of residence (<5 vs. ≥5 years), time spent at home/day (<8 vs. ≥8 h), stressful life 

events (no vs. yes), population in 500 m buffer, settlement (Plovdiv vs. other), presence of bluespace in the respective buffer (Distance to green space is 

adjusted for distance to bluespace) and month of data collection (October vs. November); in addition, Lday and Perceived GS are mutually adjusted for each 

other. Coefficients for NDVI and Distance to green space are rescaled to an interquartile range increment, and for Tree cover and GS%, to a 5% increment. 

Effect size coefficient is unstandardized regression coefficient with its 95% confidence interval. 
1 
Coefficient is statistically significant at p < 0.05. 
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2.3. Objective 5 results  

 NDVI 300-m was the only objective greenspace measure that had a 

significant and negative total effect on GHQ-12. That association was mediated 

by perceived greenspace and environmental annoyance. Perceived greenspace 

acted as a single mediator for most objective measures, except land use 

greenspace in the 500-m buffer and distance to green space. Results for the other 

candidate mediators were inconsistent across buffer sizes of tree cover density 

and land use greenspace. Perceived greenspace was related to lower GHQ-12, 

with physical activity and annoyance acting as single mediators.    

 We obtained a reasonably well-fitting final model: χ
2 

(133) = 228.913, p < 

0.001, SRMSR = 0.037, RMSEA = 0.032 (90% CI: 0.025, 0.039), CFI = 0.956. 

(Figure 10)  

 

 
Abbreviations: BS – bluespace, GHQ-12 – General Health Questionnaire-12, Lday – daytime road 

traffic noise level, NO2 – nitrogen dioxide. Unstandardized regression weights with their significance 

level (in parenthesis) are given for each path. Bold coefficients are statistically significant. Higher 

GHQ-12 score is indicative of poorer mental health. Control variables, covariances, and errors terms 

are not displayed to enhance readability.  

Figure 10. Structural equation model showing the estimated paths linking 

green- and bluespace to mediators and poor mental health (GHQ-12)  

 

 

Table 9 shows estimated total, direct, and indirect effects in the structural 

model. The total effect of NDVI 300-m on GHQ-12 was significant and fully 

mediated by several serial mediation components. More specifically, NDVI 300-m 

was associated with lower LAeq, which in turn was associated with lower 

environmental annoyance, and in turn with better mental health (path 1); another 

pathway operated through increased perceived greenspace, which in turn was 

associated with decreased annoyance, and in turn with better mental health (path 

7); higher perceived greenspace was also related to higher restorative quality, 

and through it to higher physical activity, and in turn to better mental health 
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(path 11); simultaneously, perceived greenspace worked as a single mediator 

leading to better mental health (path 15).  

 

Table 9. Total, direct, and indirect effects linking green to poor mental 

health (GHQ-12) in the structural equation model 

 
β unstandardized (95% CI) p-value 

NDVI 300-m    

Total effect  -0.624 (-1.276, -0.008)
* 

0.049 

Direct effect  -0.250 (-0.928, 0.406) 0.442 

Total indirect effect  -0.375 (-0.589, -0.213)
* 

< 0.001 

Specific indirect paths through:   

(1) Lday → EA → GHQ-12 -0.049 (-0.109, -0.014)
* 

0.003 

(2) Lday → EA → RQ → SC → GHQ-12 -0.0001 (-0.001, 0.0001) 0.230 

(3) Lday → EA → RQ → PA → GHQ-12 -0.0002 (-0.001, 0.00001) 0.059 

(4) NO2 → EA → GHQ-12 -0.023 (-0.077, 0.026) 0.353 

(5) NO2 → EA → RQ → SC → GHQ-12 -0.00003 (-0.001, 0.00003) 0.240 

(6) NO2 → EA → RQ → PA → GHQ-12 -0.0001 (-0.001, 0.0001) 0.189 

(7) Perceived GS → EA → GHQ-12 -0.071 (-0.137, -0.033)
* 

< 0.001 

(8) Perceived GS → EA → RQ → SC → GHQ-12 -0.0001 (-0.001, 0.0001) 0.250 

(9) Perceived GS → EA → RQ → PA → GHQ-12 -0.0003 (-0.001, 0.00001) 0.060 

(10) Perceived GS → RQ → SC → GHQ-12 -0.003 (-0.013, 0.005) 0.409 

(11) Perceived GS → RQ → PA → GHQ-12 -0.010 (-0.022, -0.003)
*
  0.002 

(12) Lday → EA → SC → GHQ-12 -0.001 (-0.004, 0.001)  0.320 

(13) NO2 → EA → SC → GHQ-12 -0.0003 (-0.004, 0.0005) 0.316 

(14) Perceived GS → EA → SC → GHQ-12 -0.001 (-0.006, 0.002)  0.364 

(15) Perceived GS → GHQ-12 -0.203 (-0.395, -0.066)
* 

0.004 

(16) Perceived GS → SC → GHQ-12 -0.008 (-0.038, 0.016) 0.436 

Abbreviations: EA – environmental annoyance, GHQ-12 – General Health Questionnaire-12, GS – 

greenspace, Lday – daytime road traffic noise level, NDVI – Landsat-derived Normalized Difference 

Vegetation Index, NO2 – nitrogen dioxide, PA – physical activity, RQ – restorative quality, SC – social 

cohesion. Coefficients for NDVI are rescaled to an interquartile range increment. 
*
Coefficient is 

statistically significant at p < 0.05. 

 

 

The next SEM focused on LAeq and GHQ also fit well: χ
2
 (424) = 825.575, p 

< 0.001; CFI = 0.941; RMSEA = 0.036 (90% CI: 0.033, 0.040); SRMR = 0.044. 

(Figure 11) Overall, 56% of the variance in GHQ was explained. Table 10 

shows estimated total, direct, and indirect effects. The standardized total effect 

of LAeq was significant and fully mediated by several serial mediation 

components. More specifically, LAeq was associated with higher annoyance, and 

through it with lower neighborhood restorative quality, and in turn with lower 

physical activity, and in turn with poorer mental health (path 3). Simultaneously, 

higher annoyance was associated with higher sleep disturbance, and in turn with 

poorer mental health (path 6).  
 

 



35 
 

 
Abbreviations: GHQ – General Health Questionnaire, LAeq – day equivalent noise level, NO2 – 

nitrogen dioxide. Standardized regression weights with their significance level (in parenthesis) are 

given for each path. R
2
 – squared multiple correlation. Bold coefficients are statistically significant at 

p < 0.05. Higher GHQ score is indicative of poorer mental health. Control variables, covariances, and 

errors terms are not displayed to enhance readability.  

Figure 11. Structural equation model showing the estimated paths linking 

LAeq and NO2 to mediators and mental ill-health 
 

 

Table 10. Total, direct, and indirect effects of LAeq on mental ill-health 

(GHQ) in the structural equation model 

 
β (95% CI) 

p-

value 

LAeq    

Standardized total effect  0.069 (0.006, 0.131)
a 

0.034 

Standardized direct effect  0.034 (-0.026, 0.095) 0.265 

Standardized total indirect effect  0.035 (0.010, 0.065)
a 

0.004 

Unstandardized specific indirect effects 

through: 
  

(1) LAeq → Annoyance 0.003 (-0.001, 0.011) 0.110 

(2) LAeq → Annoyance → RQ → SC 0.00005 (-0.00006, 0.0003) 0.301 

(3) LAeq → Annoyance → RQ → PA 0.00009 (0.00001, 0.003)
a 

0.010 

(4) LAeq → Annoyance → RQ  0.0002 (-0.0002, 0.001) 0.260 

(5) LAeq → Annoyance → SC  0.0002 (-0.0003, 0.001) 0.365 

(6) LAeq → Annoyance → Sleep  0.010 (0.003, 0.019)
a 

0.003 

(7) LAeq → Annoyance → Sleep → PA 0.00003 (-0.0001, 0.0003) 0.535 
Abbreviations: GHQ – General Health Questionnaire, LAeq – day equivalent noise level, PA – physical 

activity, RQ – restorative quality, SC – social cohesion. 
a
Coefficient is statistically significant at p < 

0.05. 

 

 



36 
 

 This study corroborates findings of Study I that higher surrounding 

greenness was associated with higher perceived greenspace, which in turn was 

related to higher restorative quality, and through it to higher physical activity, 

and thus, to better mental health. These results further illustrate that incorrect 

specification of orthogonal pathways in single or parallel mediation models 

could explain the null (de Vries et al., 2013; Triguero-Mas et al., 2015; Dadvand 

et al., 2016) and sometimes negative (Gascon et al., 2018) indirect effect 

through physical activity in previous research.  

 As in other studies (Gascon et al., 2018; Van Aart et al., 2018; Study I), 

another pathway linking surrounding greenness to mental health involved 

mitigation of noise exposure. SEM results are consistent with the literature 

indicating that perceived greenspace might enable residents to develop a sense 

of control over the acoustic environment, because they know that there is a 

refuge from traffic noise exposure in the neighborhood and do not feel helpless 

(Riedel et al., 2018). 

 

2.4. Objective 6 results  

 We included 101 students in the short-term follow-up (October – 

December 2017). Their mean age was 21.08 years (SD = 4.42), 67.3% (n = 68) 

we female, and 86.1% (n = 87) we Bulgarian. Paired-samples t-tests revealed a 

significant increase in GHQ, that is in anxiety/depression symptoms (10.01 ± 

4.82 vs 11.51 ± 5.60; p = 0.005). As for mediators, no significant changes from 

baseline values were found, although annoyance and physical activity increased 

slightly, and restorative quality and social cohesion decreased.  

 Next, we tested whether changes in mediators mediated the effect of 

season change on GHQ (Table 11). Tests of the single mediation models 

indicated marginally significant indirect effects through annoyance, restorative 

quality, and social cohesion; therefore, mediation could not be established. In 

serial mediation models, the change in GHQ was significantly mediated by 

increased annoyance, and in turn, reduced social cohesion in the neighborhood. 

The other serial mediation components were not significant.  
 

Table 11. Two-occasion within-subjects mediation analysis 
Mediators in the model Direct effect Indirect effect 

Annoyance  1.17 (0.22, 2.13)
* 0.32 (-0.01, 0.86) 

Restorative quality  1.36 (0.41, 2.31)
* 0.13 (-0.11, 0.51) 

Physical activity  1.64 (0.70, 2.59)
* -0.16 (-0.66, 0.16) 

Social cohesion  1.29 (0.33, 2.26)
* 0.20 (-0.13, 0.72) 

Annoyance → Restorative quality 1.08 (0.19, 1.98)
* 0.02 (-0.01, 0.11) 

Annoyance → Social cohesion  1.11 (0.18, 2.05)
* 

0.08 (0.001, 0.31)
*
 

Annoyance → Physical activity  1.33 (0.43, 2.23)
* 0.03 (-0.004, 0.17) 

Restorative quality → Physical activity 1.51 (0.60, 2.42)
* 0.03 (-0.02, 0.19) 

Restorative quality → Social cohesion 1.21 (0.31, 2.10)
* 0.04 (-0.03, 0.25) 

Total effect 
 
= 1.49 (0.47, 2.51)* 

*
p < 0.05. 
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Finally, we examined cross-lagged panel mediation models with two 

waves of measurement. Annoyance was a stronger temporal predictor of GHQ 

than the other way around (β = 0.16; p = 0.074 vs β = -0.04; p = 0.614). 

Together, GHQ and annoyance at time 1 explained 29% of the variance in GHQ 

at time 2. Similar crossed-lagged models were tested with the other putative 

mediators. It was revealed that restorative quality predicted GHQ (β = -0.17; p = 

0.046), but not the other way around (β = -0.03; p = 0.692). None of the paths 

was significant in the model for social cohesion (β = -0.05; p = 0.551; β = 0.01; 

p = 0.958). Unexpectedly, while physical activity did not predict GHQ (β = 

0.07; p = 0.406), poorer mental health in October resulted in higher physical 

activity in December (β = 0.37; p < 0.001). 

 

 109 students were included in the long-term follow-up (October 2017 – 

May 2018). The majority were men (n = 60, 55%) and foreign students (n = 61, 

56%). Median age was 21 years. NDVI had a stronger correlation with lower 

GHQ-12 scores (better mental health) at follow-up. Conversely, its correlation 

with mediator variables was stronger at baseline. GHQ-12 scores and mediator 

variables also correlated better at baseline. 

 Table 12 shows the results of the mediation models. In the cross-sectional 

analysis, NDVI did not directly correlate with GHQ-12, but it was indirectly 

associated with lower GHQ-12 through higher physical activity and restorative 

quality. Interestingly, in the longitudinal analysis, higher NDVI significantly 

correlated with lower GHQ-12, but none of the indirect effects was significant. 

 

Table 12. Single mediation models linking greenspace in October to poor 

mental health (GHQ-12) in October and May 

 Type of analysis 

 Cross-sectional  

(baseline data) 

Longitudinal  

(follow-up data) 

Total effect of NDVI 300-m -12.88 (-37.98, 12.21) -16.08 (-24.05, -8.10)* 

Indirect effects through:   

LAeq -0.10 (-5.08, 4.67) -0.62 (-4.11, 0.40) 

NO2 -0.26 (-5.03, 5.48) -0.63 (-2.25, 1.61) 

Annoyance  -9.21 (-23.94, 0.89) 1.15 (-0.29, 4.90) 

Restorative quality -8.56 (-24.36, -1.58)* 0.13 (-1.68, 2.81) 

Physical activity -8.61 (-22.97, -1.30)* 0.10 (-0.80, 2.29) 

Social cohesion  -5.61 (-16.82, 2.40) 0.54 (-1.89, 3.98) 
GHQ-12 – 12-item General Health Questionnaire; LAeq – average daily noise level, NDVI – 

normalised difference vegetation index; NO2 – nitrogen dioxide. 

All models were adjusted for age, sex, ethnicity, individual-level economic status, duration of 

residence, time spent at home/day. All variables included in the cross-sectional data models are 

measured at baseline (October 2017). The longitudinal data models include GHQ and self-reported 

mediator values measured at follow-up (May 2018) and are adjusted for their values at baseline 

(October 2017). Effect size coefficient is unstandardized regression coefficient (95 % CI). 

*Coefficient is statistically significant at p < 0.05. 
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 Our findings are congruent with previous accounts of cross-sectional 

(Maas et al., 2009; Van den Berg et al., 2010; Richardson et al., 2013) and 

longitudinal studies (Gascon et al., 2015; Alcock et al., 2015; Astell-Burt et al., 

2014; Van Aart et al., 2018). It was interesting that greenspace was associated 

with better mental health only in the longitudinal (follow-up) analysis; the same 

trend was observed in the cross-sectional analysis of the baseline data, but it 

never reached formal statistical significance. One explanation could be that in 

the summer students spent much less time in Plovdiv (especially those who 

come from other places) and had not had enough time at baseline (October) to 

interact with their residential green space for its effect to become significant. 

Another plausible explanation has to do with seasonal variations in the 

vegetation levels and mean temperatures in Plovdiv; in May (follow-up), the 

weather was warmer and the city was "greener" in general than in October 

(baseline). 

 The analysis shows that the restorative quality and physical activity 

functioned as mediators only in the cross-sectional analysis. There may be 

several reasons for that. First, it is well known that cross-sectional mediation 

analysis can yield overconfident results. If such reciprocal effects exist and 

occur simultaneously (e.g., mental health and physical activity changing 

together over time), then longitudinal mediation modelling may fail to capture 

an indirect effect because of inadequate choice of time lag between the two 

waves of data collection (cf. Finkel, 1995; Wong & Law, 1999). Our choice of 

this follow-up period was arbitrary and may not have been relevant for physical 

activity, which may require much shorter time to affect mental health. The 

choice of an optimal follow-up time is a well-known issue in mediation analysis 

and can seriously affect interpretation (Dormann & Griffin, 2015). In fact, 

mediation modelling with psychological variables, such as those employed here, 

may require a shorter follow-up time to reveal the maximum indirect effect, 

since that effect may fade as a function of time between measurements. Several 

solutions have been proposed to identify the optimal follow-up time, including 

pilot studies conducted over short time or multi-wave surveys with waves 

separated by short intervals (Dormann & Griffin, 2015). Hence, future 

green/blue space research should consider alternative follow-up times and 

account for them when interpreting cross-lagged regression coefficients.  
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3. Study III 

 

3.1. General description of the sample 

 Characteristics of healthy controls and patients are psychiatric presented 

in Table 13. Patients were predominantly female, on average 10 years older, 

more often in a relationship, and reported lower economic status. Regarding the 

acoustic factors, their exposure to noise was slightly lower, but their noise 

sensitivity and perceived helplessness to noise in the living environment were 

significantly higher. As expected, their anxiety and depressive symptoms were 

significantly higher, they were more likely to take antidepressants/anxiolytics 

and more often had family history of psychopathology. 
 

 

Table 13. Participant characteristics (N= 86) 
Characteristic   Controls  

(n = 42)  

Patients  

(n = 44) 

р 

Sociodemographic       

Male (n, %) 14 (33.3) 7 (15.9) 0.080 

Age (mean, SD) 34.40 (15.84) 42.75 (12.24) 0.007 

Bulgarians (n, %) 39 (92.9) 43 (97.7) 0.355 

In a relationship (n, %) 16 (38.1) 29 (65.9) 0.017 

Perceived economic status (mean, SD) 2.76 (1.19) 1.94 (1.27) 0.003 

Greenspace     

NDVI 100-m (mean, SD) 0.41 (0.10) 0.41 (0.11) 0.791 

NDVI 300-m (mean, SD) 0.42 (0.06) 0.42 (0.07) 0.991 

NDVI 500-m (mean, SD) 0.42 (0.05) 0.42 (0.06) 0.914 

Perceived greenspace (mean, SD) 3.00 (1.15) 2.84 (1.15) 0.507 

Acoustic factors     

LAeq, dB(A) (mean, SD) 66.80 (1.73) 65.90 (2.07) 0.033 

Noise sensitivity (mean, SD) 4.12 (1.84) 6.07 (2.46) <0.001 

Helplessness (mean, SD) 1.45 (0.99) 2.27 (1.21) 0.001 

Traffic noise annoyance (mean, SD) 1.79 (1.18) 1.86 (1.07) 0.749 

Neighbourhood noise annoyance (mean, SD) 1.60 (1.11) 1.93 (1.15) 0.170 

Mental health     

Depression (mean, SD) 36.79 (9.26) 48.94 (11.98) <0.001 

State-anxiety (mean, SD) 40.55 (13.15) 53.56 (15.01) <0.001 

Trait-anxiety (mean, SD) 42.55 (12.90) 52.55 (13.65) 0.001 

Other covariates    

Family history of mental disorders (n, %) 35 (83.3) 26 (59.1) 0.018 

Antidepressants (n, %) 0 (0.0) 35 (79.5) <0.001 

Anxiolytics (n, %) 0 (0.0) 38 (86.4) <0.001 

Living in Plovdiv (n, %) 39 (92.9) 35 (79.5) 0.118 

Duration of residence ≥ 5 years (n, %) 17 (40.5) 35 (79.5) <0.001 

Time at home/day ≥ 8 hours (n, %) 21 (50.0) 23 (52.3) 1.000 
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3.2. Objective 7 results  

 In terms of greenery and transport noise, there were generally no 

significant differences except for the slightly lower noise level in depressed 

patients. (Figure 12) 

 

 
Figure 12. Comparison of greenspace and noise levels between patients and 

controls 
Abbreviations: LAeq – daytime noise level, NDVI – Normalized Difference Vegetation Index. Models 

are adjusted for sex, age, perceived economic status, relationship status, family history of mental 

disorders, and duration of residence. * p < 0.05 for difference compared with controls. 
 

 

 Figure 13 presents a comparison of the adjusted mean values of the 

perceived acoustic environment. Although the noise sensitivity was higher in 

both patient groups, the difference from controls was significant in those with 

depressive disorders. In patients with anxiety disorders, on the other hand, the 

feeling of helplessness was strongest. 
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Figure 13. Comparison of perceived acoustic environment between patients 

and controls  
Models are adjusted for sex, age, perceived economic status, family history of mental disorders, and 

duration of residence. * p < 0.05 for difference compared with controls; # p < 0.05 for difference 

between anxiety and depression patients. 

 

 

  As a next step, we tested whether there were significant intergroup 

differences in the associations between environmental factors and the levels of 

depression and trait anxiety (Table 14). Higher noise exposure and higher traffic 

noise annoyance were significantly associated with more pronounced depressive 

symptoms only in patients, and these associations were significantly stronger 

than in controls. Results for anxiety showed a negative effect of traffic noise, 

noise sensitivity, and sense of helplessness only in controls. NDVI 300-m may also 

have (non-significant) protective association with anxiety in controls but not in 

patients. 
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Table 14. Associations between environmental factors and depression and trait anxiety (N = 86)  
 Depression (Zung scale)  Trait anxiety (STAI-T) 

 Controls   Patients   p-interaction Controls  Patients  p-interaction 

LAeq (per 5 dB) -2.86 (p = 0.697) 8.89 (p = 0.075) p = 0.189 10.45 (p = 0.065) 9.23 (p = 0.204) p = 0.891 

Noise sensitivity 1.33 (p = 0.162) 0.49 (p = 0.725) p = 0.588 3.15 (p = 0.001) 0.83 (p = 0.443) p = 0.081 

Helplessness  0.85 (p = 0.604) 1.25 (p = 0.404) p = 0.863 4.94 (p = 0.042) -1.26 (p = 0.553) p = 0.068 

Traffic noise annoyance -0.94 (p = 0.520) 3.14 (p = 0.040) p = 0.045 2.12 (p = 0.210) 0.30 (p = 0.909) p = 0.551 

Neighbourhood noise annoyance -0.26 (p = 0.882) 0.18 (p = 0.920) p = 0.854 2.17 (p = 0.331) -0.82 (p = 0.763) p = 0.380 

       

NDVI 100-м  -2.28 (p = 0.242) 1.28 (p = 0.632) p = 0.309 -2.94 (p = 0.321) 2.05 (p = 0.606) p = 0.328 

NDVI 300-м  -2.07 (p = 0.481) 1.24 (p = 0.679) p = 0.391 -6.14 (p = 0.150) 3.35 (p = 0.488) p = 0.140 

NDVI 500-м  1.74 (p = 0.491) 1.92 (p = 0.496) p = 0.958 -1.51 (p = 0.636) 2.08 (p =0.606) p = 0.478 

Perceived greenspace   -0.17 (p = 0.892) 1.00 (p = 0.654) p = 0.634 -1.92 (p = 0.312) 0.12 (p = 0.961) p = 0.515 
Abbreviations: STAI – State-Trait Anxiety Inventory – Trait, LAeq – daytime noise level, NDVI – Normalized Difference Vegetation Index.  

Models are adjusted for sex, age, perceived economic status, family history of mental disorders, antidepressants/anxiolytics intake, and duration of residence.  

Coefficients are unstandardized linear regression coefficients.  
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 Our results are in line with research by British psychiatrist Stephen 

Stansfeld, according to whom people with high sensitivity may have difficulty 

adapting to environmental noise, which may be a biological indicator of their 

vulnerability (Stansfeld, 1992). Their high sensitivity is associated with over-

vigilance towards surrounding sounds and perceiving them as threatening and 

out of control of the individual, while anxious individuals subconsciously devote 

more attention to repulsive environmental stimuli (Mogg & Bradley, 1998; 

Clark & Beck, 2010). The negative affect is likely to cause difficulties in 

ignoring environmental noise, which exhausts cognitive attentional resources 

and reduces resistance to stress (Rutter, 2013, Mimnaugh, 2018). This may in 

part be associated with enhanced amygdalar function and reaction to perceived 

threats, and at the same time worsened regulation of these processes by the 

prefrontal cortex and hippocampus due to structural degeneration in these areas 

(Mah et al., 2016), which may explain why in our study they feel more helpless 

to the noise in the surrounding environment. Depressive patients are also 

considered to be more vulnerable and more likely to feel helpless as a result of 

uncontrollable environmental stressors (Evans & Stecker, 2004), but their 

difference in this indicator relative to controls did not reach statistical 

significance. 

High levels of traffic noise against which the individual can do nothing or 

"escape" can provoke a sense of helplessness (especially in people with an 

external locus of control), the so-called "learned helplessness" that can be 

generalized to other life situations due to the belief that the environment is not 

subject to individual’s control (Hiroto, 1974; Hiroto & Seligman, 1975). This 

may lead to withdrawal from social life, especially in highly sensitive 

individuals. The lack of control over their own exposure further contributes to 

maintaining the state of chronic stress (cf. Riedel et al., 2017). 

 As regards greenspace, given the need for complex structural equation 

modeling to reveal the indirect effects of on mental health in Studies I and II, 

lower statistical power in Study III, which does not allow such an analysis, can 

explain the null results. Despite our inability to show benefits of greenspace in 

mentally ill people, greenspace has been successfully applied in treating patients 

– either as a restorative setting or as an intervention in itself (Rugel, 2015). For 

example, in children with ADHD, a 20-minute walk in nature improved 

attention concentration on a par with pharmacological therapy (Taylor & Kuo, 

2009). Another study showed that pharmacological treatment of patients with 

major depressive disorder was significantly more effective and more likely to 

lead to remission if conducted in a forest environment rather than in a hospital 

(Kim et al., 2009). Physical activity in nature was comparable in efficacy with 

fluoxetine intake (Mind, 2007). Contact with nature increases access to social 

resources that allow greater resilience to stress. People with mental disorders 

have disrupted social functioning leading to impaired integration in social 

networks, and contact with others is necessary to satisfy the need for belonging 
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(Baumeister & Leary, 1995). Cartwright et al. (2018), for example, found that 

people with a green area near their home had high levels of subjective well-

being and a lower probability of low levels of well-being associated with 

depression, even if they had few social contacts. 
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V. CONCLUSIONS 

  

 This is the first comprehensive empirical study of the joined impact of 

residential noise and greenspace on anxiety and depression. The focus of this 

work was on the underlying psycho-social mechanisms, which have so far been 

sporadically investigated, without taking into account the interrelationships 

between them in real life. In formulating the working hypothesis, we stepped on 

theories and empirical evidence in the fields of environmental psychology, 

sociology, and neuroscience, according to which an environment rich in green 

elements provides opportunities for restoration of the neurocognitive adaptive 

resources exhausted during the processing of daily stressors and actively 

promotes behaviors that have neuroprotective effects. The central mechanism 

we explored was the potential of greenspace to modulate the subjective 

cognitive-emotional response caused by exposure to traffic noise, which, in 

addition to being a stressor, has a negative psychological effect as a constraint 

on restoration and undermines initiation and maintenance of mental health-

enhancing social behaviors. 

 Using a number of modern methods, we explored the impact of different 

aspects of contact with greenspace on participants’ perceptions of their 

environment, its restorative potential and the effect of traffic noise. We found 

that living in a greener environment was associated with lower levels anxiety 

and depression, as that environment was characterized by higher perceived 

restorative quality, which in turn promoted higher social cohesion and physical 

activity. On the other hand, higher traffic noise exposure was associated with 

more pronounced symptoms of anxiety and depression. This effect was 

mediated by higher annoyance (negative affect), and hence, worse sleep quality 

and relaxation, reduced sense of social cohesion and lower physical activity. 

Noise and annoyance reduction emerged as an important mechanism. 

Residential greenspace seemed to modify the effect of traffic noise on mental 

health, with noise having a negative effect only in neighbourhoods with scarce 

tree vegetation, whereas in greener areas no such association was observed. This 

effect modification may go beyond physical noise reduction and include 

psychological mechanisms. The results for greenspace were partly confirmed in 

the follow-up substudy. In the study of patients with anxiety/depressive 

disorders, there was a strong negative effect of acoustic factors (increased 

sensitivity and perceived helplessness), but there was no association between 

greenspace and anxiety/depression levels. 

 It is important to find a clear way of informing mental health 

professionals about the relationships between environmental context and 

psychosocial processes. Identifying important mediators can guide future social 

interventions. For example, if restorative quality of the environment supports 

social cohesion and physical activity, and they in turn help to maintain 

psychological resistance to stress, then interventions can focus on creating 
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environments conductive to social interaction and outdoor sport, instead of other 

ecosystem services of lesser importance. 

 Psychiatric healthcare in Bulgaria is under-funded, with no clear 

regulation and personalized treatment. There is also a fragmentation of the 

treatment process "without integration with other disciplines that should 

generally be involved in the rehabilitation of patients" (Hinkov & Nakov, 2015). 

In many countries, different interventions such as group gardening, purposeful 

contact with nature, and spending time in green areas have already shown 

promising results combined with pharmacological therapy in patients with 

mental disorders. The present work sheds light on how the various underlying 

mechanisms "work" together in the epidemiological reality, shaping individual 

and population mental health. The proposed model can serve as a starting point 

for developing a transdisciplinary approach to improved prevention and social 

rehabilitation of common mental disorders. 
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INFERENCES 

 

 Living in a greener environment was associated with lower levels of anxiety 

and depression among participants. That association was mediated by 

perceived residential greenspace and higher restorative quality, conductive 

to higher social cohesion and physical activity;  

 

 Higher traffic noise in the residential environment was associated with more 

pronounced symptoms of anxiety and depression. That association was 

mediated by higher annoyance (negative affect), and in turn, lower 

restorative quality and more sleep problems, and thus, lower social cohesion 

and physical activity; 

 

 Greenspace showed potential to modify the effect of traffic noise on mental 

health. Noise was associated with anxiety and depression only in 

neighborhoods with scarce tree vegetation, whereas in highly green areas no 

such association was observed. Reduction in noise exposure and annoyance 

appeared to be an important underlying mechanism; 

 

 The potential of greenspace to buffer noise likely extended beyond purely 

physical reduction in noise exposure. Living in a greener environment was 

associated with lower annoyance (regardless of objective noise level), and 

that may be explained by psychological and psychoacoustic mechanisms. It 

is necessary to take into account people's perceptions of their residential 

environment in order to gain better understanding of how that environment 

modifies the cognitive-emotional response to noise; 

 

 There is a need to reconsider the way theoretical models of pathways linking 

greenspace/traffic noise to mental health are examined. Testing single and 

parallel mediators can lead to computational errors. Thus, some important 

pathways may be mistakenly underestimated. Accumulation of such 

misleading results may result in ignoring seemingly "unimportant" pathways 

and inadequate management of public health interventions to improve 

mental health. It is therefore necessary to apply theoretically-indicated 

structural models to reduce the likelihood of inadequate interventions in 

practice; 

 

 Patients with depressive disorders seemed more susceptible to noise than 

healthy controls, and those with anxiety disorders felt more helpless against 

environmental noise than their counterparts. Higher noise level and negative 

affect toward the acoustic environment were more strongly associated with 

depression in patients, whereas their association with anxiety was only seen 

in healthy individuals; 
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 We found no evidence that residential greenspace was related to symptoms 

in patients with anxiety-depression spectrum disorders.  
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ORIGINAL CONTRIBUTIONS 

 

Theoretical contributions 

 For the first time in Bulgaria, we tested the effects of greenspace, traffic 

noise, air pollution, and bluespace on anxiety-depression spectrum 

disorders; 

 We developed a functional classification of pathways explaining the 

effects of greenspace and traffic noise on health, and made 

recommendations for future research in this branch of environmental 

epidemiology; 

 It was established that residential greenspace may have the potential to 

modify the effect of traffic noise on mental health and that the 

psychological effect of greenspace seemed equally important to physical 

reduction of noise exposure in terms of reduction of noise annoyance;   

 We investigated the associations of greenspace and traffic noise with 

psychiatric disorders of the anxiety-depression spectrum, as well as in 

different ethnic and cultural groups; 

 Several new mediators linking greenspace and traffic noise to mental 

disorders of the anxiety-depression spectrum were tested;  

 Longitudinal mediation models of the association between greenspace and 

mental health were tested;  

 We systematically summarized the literature on the impact of traffic noise 

on neurodevelopment in children and the potential of greenspace to 

modify the negative effect of noise; 

 

Applied contributions 

 We proposed and tested a complex empirical model of the joined effects 

of greenspace and traffic noise on mental health; 

 It was found that the use of inappropriate techniques for modeling 

mechanisms behind the effects of greenspace and traffic noise on mental 

health, without taking into account the complex interrelationships 

between them, may lead to erroneous conclusions about the relative 

importance of those processes; 

 We determined the applicability of a wide range of greenspace indicators 

in epidemiological research on mental health; 

 For the first time in Bulgaria, we validated questionnaires for assessment 

of neighbourhood restorative quality and social cohesion, and developed a 

regression model for determining the level of traffic noise exposure in 

epidemiological studies.    
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