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Urban street tree biodiversity 
and antidepressant prescriptions
Melissa R. Marselle1,2,3*, Diana E. Bowler1,2,4, Jan Watzema1,2, David Eichenberg1,2,5, 
Toralf Kirsten6,7 & Aletta Bonn1,2,4

Growing urbanisation is a threat to both mental health and biodiversity. Street trees are an important 
biodiversity component of urban greenspace, but little is known about their effects on mental health. 
Here, we analysed the association of street tree density and species richness with antidepressant 
prescribing for 9751 inhabitants of Leipzig, Germany. We examined spatial scale effects of street 
trees at different distances around participant’s homes, using Euclidean buffers of 100, 300, 500, and 
1000 m. Employing generalised additive models, we found a lower rate of antidepressant prescriptions 
for people living within 100 m of higher density of street trees—although this relationship was 
marginally significant (p = 0.057) when confounding factors were considered. Density of street trees at 
further spatial distances, and species richness of street trees at any distance, were not associated with 
antidepressant prescriptions. However, for individuals with low socio-economic status, high density 
of street trees at 100 m around the home significantly reduced the probability of being prescribed 
antidepressants. The study suggests that unintentional daily contact to nature through street trees 
close to the home may reduce the risk of depression, especially for individuals in deprived groups. This 
has important implications for urban planning and nature-based health interventions in cities.

Growing urbanisation is a threat to both mental ill  health1 and  biodiversity2. As global urban cover is projected 
to increase to 1.9 million  km2 with 5.2 billion people expected to live in urban areas by  20302, action is needed 
to reduce future risks to both people and nature. Urban nature-based solutions, such as planting trees, might 
be a preventative solution to tackle both mental health  challenges3 and biodiversity loss. As such, growing the 
urban forest could address the nexus between sustainable and healthy  cities4 and aid progress towards Sustain-
able Development Goals (SDGs) on human health and wellbeing (SDG 3), creating sustainable cities (SDG 11) 
and conserving terrestrial ecosystems (SDG 15)5,6. In order to address these SDGs–and because space in cities 
is scarce due to increasing urbanization–policymakers, urban planners and designers need information about 
which speci�c aspects of the urban forest in�uence human health.

�e urban forest comprises all trees in an urban area — from individual trees to tree assemblages and forested 
areas on both public and private  land5,7. In this study, we focus on a speci�c type of the urban forest: individual 
street trees. Street trees are an important component of the urban forest because: (1) they contribute to the 
conservation of native tree  species8, (2) they are public amenities located throughout the urban matrix, and (3) 
they can be easily retro�tted into urban areas where opportunities for growing the urban forest are  limited9,10. 
Street trees also provide various ecosystem services for human health and well-being, such as air quality and 
climate change  adaptation5,10. To date, little is known, however, about the potential impact of street trees on 
mental  health10–12.

Urban greenspace has a positive bene�t on people experiencing mental ill  health11,13–15. �e focus of much 
of this work has been on exposure to the quantity of generic urban  greenspace14,16,17 o�en measured using Nor-
malized Di�erence Vegetation Index (NDVI)17 or the density of tree  canopy11,18. Far less work has examined the 
in�uence of speci�c  types14,16,17 or ecological  quality14,16,17,19,20—e.g. tree species  richness16—of urban greenspace 
on mental health. As mental health outcomes are in�uenced by the type of  environment21,22 and its ecological 
 quality19, more knowledge is needed on the types and ecological qualities of the urban greenspace that have a 
bene�t for mental  health16,23,24. Such evidence can inform health professionals, urban foresters, city planners, 
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and urban designers on the required policy, planning, and management decisions necessary to ensure the urban 
forest has a positive impact on both public health and nature  conservation25.

With respect to mental health, most studies on the e�ects of greenspace on mental health use self-reported 
 measures14,26 with high variability in the number of di�erent measures  used26. �is variability of measures used to 
assess mental health make comparability, and aggregating evidence on the e�ects of urban greenspace on mental 
health,  di�cult26. �ere is a need for more objective indices of mental  health14. Antidepressant prescriptions 
provides such an objective indicator for depression  prevalence3.

While other studies have investigated the quantity of greenspace and antidepressant  prescriptions27–29, only 
one study has investigated antidepressant prescriptions in relation to street  trees30. At an area-level, across 31 
districts of London, Taylor et al.30 found that a higher density of street trees was signi�cantly associated with 
fewer antidepressant prescriptions. To date, no study has investigated the relationship between ecological quality 
of street trees and antidepressant  prescriptions16. It is therefore unknown whether ecological quality (i.e. species 
richness) or quantity of street trees matter.

O�en, epidemiological studies on the association of greenspace exposure on mental health examine area-level 
e�ects, in which the quantity of greenspace is measured at a geographically de�ned area (e.g. London borough, 
Lower Super Output Area)14,27. As the previous studies examined area-level  greenspace27,28 or street  trees30 and 
antidepressant prescriptions, they are limited by the ecological fallacy—whereby relationships found at the 
aggregate area-level may not exist at the individual-level16. Individual-level data allows for a more detailed inves-
tigation of the association between street trees and antidepressants. While one study examined individual-level 
greenspace exposure (using NDVI) and antidepressant  medication29, no study has yet examined individual-level 
exposure to ecological quality of street trees and antidepressant prescriptions.

Exposure, or amount of contact that an individual has with urban greenspace, is typically estimated through 
geographic  metrics3. At an individual-level, exposure is usually based on the cumulative opportunity metric, 
determined as the quantity or quality of urban greenspace within a spatial bu�er around the  home3,17,20. �ere 
is no consensus on spatial  distance16,20,31, with studies assessing the amount of greenspace within bu�ers rang-
ing from 100 m29,32 to 3 km33,34. �e speci�c hypothetical mechanism linking urban greenspace to health varies 
according to the size of the spatial  bu�er31. Smaller bu�ers may be appropriate for assessing restorative mecha-
nisms (e.g. attention restoration, stress reduction) that may depend on views around the  home35. Larger bu�ers 
may be more appropriate to assess physical activity as the mechanism for improved  health36,37. Moreover, exami-
nation of urban greenspace at di�erent spatial distances can help to understand how much nature is required to 
have an e�ect on health, answering questions about the nature intensity component of a  dose38,39.

Another component of dose is to understand for whom urban greenspace has the strongest e�ect. Certain 
people are at greater risk for depression. In Germany,  women40, people with low socio-economic status (SES)40 
and unemployed  people41 are at greater risk for depression, and are more likely to be prescribed  antidepressants42. 
Previous research has investigated whether exposure to greenspace could be protective against, or moderate, 
health  inequalities43,44. Speci�cally, the quantity of area-level greenspace has been found to moderate the negative 
in�uence of gender and residing in low SES neighbourhoods on  depression45. It is currently unknown whether 
street tree quantity or quality may have a protective e�ect against antidepressant prescriptions for those most 
at risk.

In the present study we explored the in�uence of quantity and quality of street trees on depression, as indi-
cated by antidepressant prescriptions. Our speci�c aims were: (1) to investigate the associations of street tree 
density and species richness in relation to antidepressant prescriptions at the individual-level; (2) to explore the 
importance of spatial proximity of exposure to street trees to understand the nature intensity component of  dose38 
(3) and to investigate whether street tree quantity and/or quality moderates the in�uence of health inequalities 
(gender, employment and SES) on antidepressant prescriptions. �is can inform green infrastructure design and 
enable public health policy recommendations and planning.

Results
Almost 600 participants (n = 596, 6.1%, Supplementary Table S1) were prescribed antidepressants in the LIFE-
Adult-Study. Participants, and those with prescriptions, were distributed throughout the city (see Fig. 1). With 
a 6% prevalence of antidepressant prescriptions, our sample is representative of all of Germany. In 2017, the 
average for antidepressants prescription in Germany was 56 people per every 1000 residents or 5.6%  prevalence46.

In the city of Leipzig, street trees are planted throughout the city, while concentrated more densely in some 
areas than in others, with a total of 66,179 street trees, comprised of 51 genera and 131 species (Fig. 1). Supple-
mentary Table S3 details the minimum and maximum number and their species richness of street trees around 
participants’ homes. Contrary to the o�en expected ‘luxury e�ect of biodiversity’47,48, individuals with low SES 
had, on average, more street trees and greater species richness of street trees around their homes, compared with 
the other SES groups at both 100 m and 1000 m (Supplementary Table S4).

Greater risk of antidepressant prescriptions was associated with being female, overweight or obese, a smoker, 
pessimistic, and the seasons of winter and spring (Fig. 2; Supplementary Table S5). By contrast, reduced risk of 
antidepressant prescriptions was associated with being young (18–39) or old (age 65 +), employed, and optimistic 
(Fig. 2). Accounting for covariates, people living in homes with greater density of street trees within 100 m were 
less likely to be prescribed antidepressants, although this relationship was marginally signi�cant (log OR =  −0.09; 
SE = 0.05; 95% CI − 0.18 to 0.00; p = 0.057; Fig. 2). No signi�cant association between density of street trees 
and antidepressant prescriptions were found at greater distances (Fig. 3). Species richness was not signi�cantly 
associated with antidepressant prescriptions at any distance (Fig. 3). 

Subsequently, in the moderator analyses, we concentrated on street tree density 100 m around the home. 
Overall, the e�ect of street tree density did not signi�cantly moderate the e�ect of SES (interaction test: χ2 = 3.95, 
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df = 2, p = 0.14). �is was due to the large uncertainty (standard error) of street trees for the high SES group 
(Supplementary Fig. S1). However, in the strati�ed analyses for each SES group, there was a signi�cant negative 
e�ect of street tree density on antidepressants for the low SES group only (log OR =  −0.21, SE = 0.08, p = 0.01). 
Greater density of street trees at 100 m reduced the probability of someone with low SES being prescribed anti-
depressants (Fig. 4a). However, for the medium and high SES groups, the e�ect of street tree density at 100 m 
from the home did not signi�cantly change the probability of being prescribed antidepressants (medium SES: 
log OR =  −0.02, SE = 0.06, p = 0.72; high SES: log OR =  −0.10, SE = 0.12, p = 0.44). (Fig. 4a). �e net result of these 
di�erences is that under low street tree density, individuals with low SES tended to have higher probabilities of 
antidepressant prescriptions (Fig. 4b), but under high street tree density, individuals with low SES tended to have 
similar probability of being prescribed antidepressants as individuals with high SES. In other words, di�erences 
in the probability of being prescribed antidepressants between those with lowest and highest SES fell as street 
tree density improved. For gender and employment status, there was no signi�cant interaction and estimated 
e�ect sizes were similar for each group in the strati�ed analyses (i.e., for males and females, and employed and 
unemployed) (Supplementary Table S6).

Figure 1.  Distribution of street trees and antidepressant prescriptions amongst participants in the LIFE-Adult-
Study. Circles indicate the location of participants within the city of Leipzig, Germany. Circles with a black 
outline represent individuals who have been prescribed antidepressants. Coloured circles shaded yellow-green 
re�ect the density of street trees within 100 m of the home. Tree density values are number of trees per meter of 
road within 100 m bu�er. �e �gure was created with  ggplot249 available for R (ver. 3.5.2). It is an own creation 
by D. Eichenberg. Polygons for the city districts were taken from City of Leipzig, O�ce for Statistics and 
Elections; Data license Germany—Attribution—Version 2.0 50.
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Figure 2.  E�ect size of covariates and street tree density and richness at 100 m around the home on 
antidepressant prescriptions. Shown are the regression coe�cients (change in log OR) and 95% con�dence 
intervals. Regression coe�cients for continuous variables (pessimism, optimism, tree richness and density) were 
scaled to units of standard deviation; for the categorical variables, the e�ect sizes represent di�erences between 
levels. �e dashed line is the line of no e�ect. BMI (Body Mass Index): 1 = underweight, 2 = normal weight, 
3 = overweight, 4 = obese. Age: young = 18–39 years; middle = 40–64 years; old = 65–79 years. Imputed cases 
dataset (n = 9571).

Figure 3.  E�ect size of street tree density and species richness at di�erent spatial distances around the 
participants’ home (bu�er widths) on antidepressant prescriptions. Street tree density and richness were 
standardized to units of standard deviation prior to analysis. Imputed dataset (n = 9571).



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:22445  | https://doi.org/10.1038/s41598-020-79924-5

www.nature.com/scientificreports/

Discussion
We present a novel analysis of the association between street tree density and biodiversity on mental health. Our 
analysis found some evidence that higher density of street trees 100 m around the home was associated with fewer 
antidepressant prescriptions, albeit this was marginally signi�cant a�er controlling for covariates. In strati�ed 
analyses, we found a signi�cant association of higher street tree density on lower antidepressant prescriptions 
for individuals with low SES. We found no signi�cant e�ect of street tree species richness on antidepressant pre-
scriptions. It is important to note that we found no evidence of a luxury e�ect of  biodiversity47,48 in our sample, 
as median street tree density 100 m was signi�cantly higher for individuals with low SES.

Our marginally signi�cant, negative association between street tree density at 100 m and antidepressant pre-
scriptions is consistent with studies that found negative associations between quantity of area-level greenspace 
and antidepressant  prescriptions27,28,30. Although this relationship was nonsigni�cant in the Gidlow et al.27 study. 
At the individual-level, similar bene�cial e�ects were also found for nearby urban greenspace and self-reported 
intake of  antidepressants29, and  depression51.

Figure 4.  (a) Probability of antidepressant prescriptions as a function of street tree density 100 m around the 
home and individual socio-economic status (SES). �e black line is the mean and the shaded area are the 95% 
con�dence intervals. �e regression is statistically signi�cant ( p< 0.01) for low SES but not for medium or high 
SES. (b) Probability of antidepressant prescriptions as a function of low (0), medium (average) and high (max) 
street tree density 100 m around the home strati�ed by SES. �e black dot is the mean and the black line is the 
95% con�dence interval.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:22445  | https://doi.org/10.1038/s41598-020-79924-5

www.nature.com/scientificreports/

While low socio-economic status is related to higher prevalence of  depression40,41, our study found street tree 
density 100 m around the home signi�cantly lowered the risk of being prescribed antidepressants for people with 
low SES. Indeed, under high density of street trees at 100 m, individuals with low SES had a similar probability 
of being prescribed antidepressants as individuals with high SES. Similar results regarding the protective bene�t 
of urban greenspace for socio-economically deprived populations have previously been  found33,43–45,52,53. Some 
pathways through which low SES might lead to worse mental health are possibly modi�ed by exposure to nearby 
nature. �ese mechanisms are physical activity and psychological restoration (e.g. attention restoration, stress 
reduction)36,37. �e close spatial proximity to nearby street trees at 100 m around the home implies the underly-
ing mechanism linking street trees to depression could be psychological  restoration31,36,37, rather than physical 
activity. Previous research has found that people whose homes had views of high amounts of diverse vegetation 
had lower  stress54 and greater  restoration55. Adults with low SES living in social housing who had a view of nearby 
trees from their homes reported greater attentional functioning and life management  e�ectiveness56. As stress 
and poor attentional functioning are risk factors for  depression57, and these risk factors are experienced more 
in individuals with low  SES58,59, reducing these risk factors might have contributed to the reduced prevalence of 
antidepressants for those with low SES who live in areas with high density of street trees near the home.

Overall, our results suggest that the quantity of street trees around the home may be more important for 
preventing depression than the ecological quality of street trees, i.e. species richness. �is �nding is supported by 
other studies that found abundance of a taxonomic group—but not its species richness—a�ects mental health and 
 wellbeing60–62. Shanahan et al.38 found no association between depression and vegetation complexity, a measure 
related to plant diversity. An experimental study in China found walks along roads, each with a di�erent species 
of street tree, resulted in better mental health compared to walks in a road without street  trees12, suggesting the 
mere presence of trees on streets, but not their species a�liation, is important. Given that most people can-
not identify di�erent plant species in  general60, bene�ts of street trees may rather be provided through people 
experiencing tree  abundance61. Planting and maintaining street trees thereby provides a proactive public health 
measure that also meets conservation goals.

To address questions about the  dose39, i.e. ‘how much’ street trees are required to have an e�ect on antidepres-
sant prescriptions, we examined the e�ect of di�erent spatial distances of street tree density and species richness 
around people’s homes. �e general assumption is that, for cumulative opportunity metrics, more greenspace 
o�ers more opportunity for nature contact, and thus more opportunities for receiving its health  bene�ts17. In our 
study, it was the at the closest spatial proximity to the home in which tree density had a marginally signi�cant 
e�ect on reducing the likelihood of antidepressant prescriptions, suggesting that daily contact with nearby nature 
may be important for mental health. People experience street trees near the home as part of their daily lives, e.g. 
viewed through residential windows or when travelling to/from the  home9,54,63,64. Indeed, the most common 
way people experience nature is through a  window65. �is everyday contact with nearby nature—either through 
a window view at the  home35,54,66 or on the  street18,51—has been shown to be bene�cial for mental health and 
wellbeing. During the COVID-19 pandemic when people were encouraged to stay-at-home, those who had views 
of trees and greenspace from the home reported lower rates of depression and  anxiety67. �ese studies suggest 
that ‘unintentional’17 contact with nearby nature in daily life is important for mental health. While planning 
guidance for urban greenspace is mostly based on intentional, purposeful visits for  recreation17, we suggest that 
such ‘unintentional’ everyday contact may reach more people and that such easily accessible urban greenspace 
can contribute to public health.

While this study deepens our understanding of the in�uence of a speci�c type of the urban forest—individual 
street trees—and its quantity and ecological quality on mental health, it does have several limitations. First, due 
to the cross-sectional study design, we are unable to draw �rm conclusions about causality of the relationships. 
�e results may be in�uenced by selective migration in which healthy people choose to live in neighbourhoods 
with more street trees. However, as mentioned above, in our sample people with low SES lived in areas with 
more trees, i.e. there was no biodiversity luxury e�ect. Second, while antidepressant prescriptions are an objec-
tive measure of depression, they naturally only serve as a proxy for the prevalence of clinical depression. Not all 
individuals with depression may receive a prescription for antidepressants. Whether or not an individual with 
depression is prescribed antidepressants depends on other factors, such as how depression is diagnosed and the 
medical accessibility or availability of treatment  options3,30,46. �ird, other measures of the urban forest (e.g. tree 
canopy, land cover) can also in�uence mental  health11. In contrast to previous  studies18,30,51, we had speci�c data 
on street tree distributions around individuals’ homes. Unfortunately, similar individual level data for non-street 
trees, as we had for street trees, was not available. Hence, we were unable to control for the e�ects of other types 
of greenspace, like non-street trees, which may have also a�ected antidepressant prescription rates. Further work 
might compare the relative importance of street trees compared with trees in other contexts, such as park trees. 
Finally, while large, old trees are recognized for their ecological  value68,69, as well as potential for psychological 
 restoration70, we were unable to analyse the in�uence of tree size, as these data were not available in the street 
tree dataset. Future studies may wish to investigate how functional characteristics of individual street trees, such 
as tree  size70 or  height65, may be related to lower depression prevalence.

Conclusions
We live in an increasingly urban  world2. �e future of biodiversity conservation and people’s health depends on 
urban landscapes and respective urban planning decisions. Our �nding suggests that street trees—as small-scale, 
publicly accessible urban greenspace—could contribute to an “equigenic environment”44, i.e. nature-based solu-
tions that can help close the gap in health inequalities between individuals with low and high SES. Incorporating 
unintentional nature experience into everyday life around the home could be important for mental health. As 
such, street trees should be planted equally throughout a city to ensure those who are socially disadvantaged have 
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equal access to nearby nature, thereby safeguarding urban health equity and preventing green  gentri�cation71. 
As employees with low SES are more likely to be prescribed  antidepressants42, ecosystem service accounting 
models can quantify the �nancial saving to employers and the public health system following such street tree 
planting  projects3. Street trees planted equitably in residential areas may provide nature-based solutions for 
cities to achieve nexus of SDG  targets4–6 relating to health and wellbeing (SDG 3.4 “promote mental health and 
well-being”), sustainable cities (SDG 11.7 “provide universal access to safe, inclusive and accessible, green and 
public spaces”), reducing inequality (SDG 10.3 “ensure equal opportunity and reduce inequalities”) and con-
serving terrestrial ecosystems (SDG 15.9 “integrate ecosystem and biodiversity values into…local planning”)72. 
We propose that retro�tting greenspace, namely street trees, in urban areas may promote mental health, reduce 
social inequalities and contribute to multiple Sustainable Development  Goals4,5.

Methods
We tested the association of street tree density and species richness on antidepressant prescriptions using health 
data from 9751 adults aged 18–79 and publicly available street tree data.

Study population. Individual-level health data were collected from the �rst wave (2011–2014) of the 
longitudinal epidemiological study LIFE-Adult-Study of Leipzig,  Germany73. Written informed consent was 
obtained from all participants before they were included and examined in the LIFE-Adult-Study73. �is study 
was approved by the ethics committee of the Medical Faculty of the University of Leipzig. Data was been pro-
vided by the LIFE Research Center (analysis project proposal No. 389) and analysed in accordance with the data 
protection regulations of the University.

Participants in the LIFE-Adult-Study comprised a random sample of 10,000 adults aged 18–79 who lived in 
Leipzig,  Germany73. Geographic coordinates were available for 9764 participants. For anonymity, geographic 
coordinates were randomly modi�ed (or fuzzed) within a 30 m Euclidean bu�er around the original location of 
participant’s home addresses. �irteen participants were excluded because of overlapping Euclidean bu�ers due 
to the same geographical coordinates. �e �nal sample size was 9751.

Antidepressant prescription data. Data on antidepressant medication taken in the previous 7 days were 
gathered during interviews in the LIFE-Adult-Study73. �ese data were collected in all months of the year start-
ing in April 2011 and ending in November 2014. During the interviews, all medications taken in the previous 
7 days were identi�ed by barcodes, and coded using the Anatomical �erapeutic Chemical (ATC) classi�cation 
 system73. Antidepressants are de�ned here as medications that start with ATC code  N06A74. For details on the 
types of antidepressant included, see the Supplementary Information.

Street tree data. Data on the location and species a�liation of public street trees throughout the city were 
obtained from the City of  Leipzig75. �e tree cadastre was published in February 2015 (https ://opend ata.leipz 
ig.de/datas et/stras senba umkat aster ). �e median planting year of the street trees was 1996. For details on the 
data processing, see the Supplementary Information. Assessment of street tree abundance and species richness 
was based on each participants’ home address. To address the relevance of spatial proximity of exposure, we cre-
ated Euclidean bu�ers at 100, 300, 500, and 1000 m around the home address of each study participant, based on 
previous  literature29,31. Street tree quantity (measured as abundance, i.e. total number of all trees, irrespective of 
their species a�liation) and quality (measured as species richness, i.e. total number of tree species) was then cal-
culated within each bu�er. As street trees are dependent on the presence of public streets, street tree abundance 
was converted into street tree density by dividing by the length of streets within each bu�er (abundance/road 
length in meters)30 in order to account for this dependency. �e total length of streets within each bu�er was 
calculated in QGIS using road data from OpenStreetMap (see Supplementary Information for details).

Individual covariates and confounders. Variables previously shown to be correlated with depression 
were included to adjust for the other in�uences on depression. Socio-demographic covariates related to depres-
sion prevalence included were  age40,  gender40, and marital  status76. Socio-demographic confounders included 
were employment  status41, net  income40, and socioeconomic status (SES)40,77. Behavioural factors, such as alco-
hol  consumption78 and smoking  behaviour79 and body mass index (BMI)80, were included as all are related to 
depression prevalence. �e season of the year (winter/spring/summer/autumn), when the medication data were 
collected in the LIFE-Adult-Study, was included as seasonal variation may be related to  depression81. Disposi-
tional optimism and  pessimism82 were included as a covariate because it is a predictor of  depression82,83. Data 
for all covariates and confounders were at an individual level and were obtained from the LIFE-Adult-Study. All 
variables are described in detail in Supplementary Table S2.

Statistical analyses. Due to some missing data in covariates and confounders, a random forest model 
(using the missForest R package) was used to impute missing values. missForest is a nonparametric imputa-
tion method that includes any nonlinear or complex associations among variables. �e analysis was run with 
both imputed and complete case (original) datasets and almost identical results were found. We report analyses 
with the imputed dataset in the main text. See Supplementary Information for analyses with the complete cases 
(original) dataset.

�e association of street tree density and species richness on antidepressant prescriptions was tested using 
generalised additive models (library mgcv of R, version 1.8-27), assuming a binomial error distribution for 
antidepressants prescribing (prescribed or not-prescribed). E�ect sizes represent the change in log odds ratio 

https://opendata.leipzig.de/dataset/strassenbaumkataster
https://opendata.leipzig.de/dataset/strassenbaumkataster
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(OR) of antidepressant prescribing per unit change in the covariate or independent variable. Duchon spline 
terms for latitude and longitude were included to model e�ects of the spatial structure of participant’s residential 
addresses. We �rst tested the potential covariates in a multiple regression model. Marital status, net income, 
SES, and alcohol use were nonsigni�cant predictors of antidepressant prescriptions. All variables, except SES, 
were removed from subsequent analyses. SES was kept in these models, regardless of signi�cance in the models, 
due to its importance as a potential confounder based on previous results in the literature. We then tested the 
e�ect of street trees (richness or density) in a further model that included all these signi�cant covariates. Since 
species richness tends to increase with the amount of  trees84, street tree abundance was included as a covariate 
in the models testing the e�ect of street tree species richness on antidepressant prescribing. Tree density was 
log-transformed since it was strongly right-skewed. Further, due to some still extreme high values, the top 5% 
values were capped to the value of the 5% upper quantile to avoid our results being driven by outliers; however, 
similar results were found when street tree density was not capped. Analyses of the e�ects of street tree density 
and species richness were repeated at the four spatial scales (100 m, 300 m, 500 m and 1000 m bu�ers).

To test whether the association between socio-demographics and antidepressants varied by exposure to 
street trees, interaction terms were included between any signi�cant street tree variable and (1) gender, (2) SES, 
and (3) employment status. Two types of analyses were run. First, we formally tested the interaction coe�cient 
(moderator × street trees). Second, we preformed strati�ed analyses of the e�ect of street trees on antidepressant 
prescriptions for each level of the moderator variable (e.g., estimated the e�ect of street trees for low, medium 
and high SES groups separately). Continuous covariates were centred to their means and scaled to units of 
standard deviation prior to this analysis. We examined variance in�ation factors for the models to check there 
was no evidence of multi-collinearity (none found). R version 3.5.0 was used for all analyses. All statistical tests 
were two-sided.

To see whether there was evidence of a ‘luxury e�ect of biodiversity’47,48, Kruskal–Wallis Test were used to 
examine di�erences in median street tree density and species richness at 100 m and 1000 m around the home 
according to participants’ SES.

Data availability
�e health data that support the �ndings from this study are available from the Leipzig Research Centre for 
Civilization Diseases (LIFE) Research Centre (http://life.uni-leipz ig.de/en/life_healt h_study .html), but restric-
tions apply to the availability of these data, which were used under license for the current study, and so are not 
publicly available. Data are however available following permission from the LIFE Research Centre and the ethics 
committee of the Medical Faculty of the University of Leipzig. �e street tree data that support the �ndings of 
this study are freely available from the City of Leipzig (https ://opend ata.leipz ig.de/datas et/stras senba umkat aster 
). Data on streets in Leipzig, used to determine street tree density in this study, is available from OpenStreetMap 
(http://downl oad.geofa brik.de/europ e/germa ny/sachs en.html).

Received: 26 April 2020; Accepted: 15 December 2020

References
 1. Heinz, A., Deserno, L. & Reininghaus, U. Urbanicity, social adversity and psychosis. World Psychiatry 12, 187–197 (2013).
 2. McDonald, R. I. et al. Research gaps in knowledge of the impact of urban growth on biodiversity. Nat. Sustain. https ://doi.

org/10.1038/s4189 3-019-0436-6 (2019).
 3. Bratman, G. N. et al. Nature and mental health: An ecosystem service perspective. Sci. Adv. 5, eaax903 (2019).
 4. Ramaswami, A. Unpacking the urban infrastructure nexus with environment, health, livability, well-being, and equity. One Earth 

2, 120–124 (2020).
 5. Endreny, T. A. Strategically growing the urban forest will improve our world. Nat. Commun. 9, 10–12 (2018).
 6. Blicharska, M. et al. Biodiversity’s contributions to sustainable development. Nat. Sustain. 2, 1083–1093 (2019).
 7. Wolf, L. J., Zu Ermgassen, S., Balmford, A., White, M. & Weinstein, N. Is variety the spice of life? An experimental investigation 

into the e�ects of species richness on self-reported mental well-being. PLoS ONE 12, e0170225 (2017).
 8. Stewart, G. H. et al. Urban biotopes of aotearoa New Zealand (URBANZ) II: Floristics, biodiversity and conservation values of 

urban residential and public woodlands. Christchurch. Urban For. Urban Green. 8, 149–162 (2009).
 9. Church, S. P. From street trees to natural areas: Retro�tting cities for human connectedness to nature. J. Environ. Plan. Manag. 61, 

878–903 (2018).
 10. Salmond, J. A. et al. Health and climate related ecosystem services provided by street trees in the urban environment. Environ. 

Heal. 15, 1–36 (2016).
 11. Wolf, K. L. et al. Urban trees and human health: A scoping review. Int. J. Environ. Res. Public Health 17, 4371 (2020).
 12. Elsadek, M., Liu, B., Lian, Z. & Xie, J. �e in�uence of urban roadside trees and their physical environment on stress relief measures: 

A �eld experiment in Shanghai. Urban For. Urban Green. 42, 51–60 (2019).
 13. Barnes, M. R. et al. Characterizing nature and participant experience in studies of nature exposure for positive mental health: An 

integrative review. Front. Psychol. 9, 66 (2019).
 14. van den Berg, M. et al. Health bene�ts of green spaces in the living environment: A systematic review of epidemiological studies. 

Urban For. Urban Green. 14, 806–816 (2015).
 15. Coldwell, D. F. & Evans, K. L. Visits to urban green-space and the countryside associate with di�erent components of mental well-

being and are better predictors than perceived or actual local urbanisation intensity. Landsc. Urban Plan. 175, 114–122 (2018).
 16. Collins, R. M. et al. A systematic map of research exploring the e�ect of greenspace on mental health. Landsc. Urban Plan. 201, 

103823 (2020).
 17. Ekkel, E. D. & de Vries, S. Nearby green space and human health: Evaluating accessibility metrics. Landsc. Urban Plan. 157, 214–220 

(2017).
 18. Jiang, X., Larsen, L. & Sullivan, W. Connections–between daily greenness exposure and health outcomes. Int. J. Environ. Res. Public 

Health 17, 3965 (2020).
 19. Marselle, M. R., Martens, D., Dallimer, M. & Irvine, K. N. Review of the mental health and wellbeing bene�ts of biodiversity. In 

Biodiversity and Health in the Face of Climate Change (eds Marselle, M. R. et al.) (Springer, Berlin, 2019).

http://life.uni-leipzig.de/en/life_health_study.html
https://opendata.leipzig.de/dataset/strassenbaumkataster
http://download.geofabrik.de/europe/germany/sachsen.html
https://doi.org/10.1038/s41893-019-0436-6
https://doi.org/10.1038/s41893-019-0436-6


9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:22445  | https://doi.org/10.1038/s41598-020-79924-5

www.nature.com/scientificreports/

 20. de Vries, S. & Snep, R. Biodiversity in the context of ‘biodiversity – mental health’ research. In Biodiversity and Health in the Face 
of Climate Change (eds Marselle, M. R. et al.) 159–173 (Springer, Berlin, 2019).

 21. Reid, C. E., Clougherty, J. E., Shmool, J. L. C. & Kubzansky, L. D. Is all urban green space the same? A comparison of the health 
bene�ts of trees and grass in New York City. Int. J. Environ. Res. Public Health 14, 1411 (2017).

 22. Roberts, H., van Lissa, C., Hagedoorn, P., Kellar, I. & Helbich, M. �e e�ect of short-term exposure to the natural environment on 
depressive mood: A systematic review and meta-analysis. Environ. Res. 177, 108606 (2019).

 23. Frumkin, H. et al. Nature contact and human health: A research agenda. Environ. Health Perspect. 125, 66 (2017).
 24. van den Bosch, M. & Sang, Å. O. Urban natural environments as nature-based solutions for improved public health—A systematic 

review of reviews. Environ. Res. 158, 373–384 (2017).
 25. Cook, P. A., Howarth, M. & Wheater, C. P. Biodiversity and health in the face of climate change—Implications for public health. 

In Biodiversity and Health in the Face Of Climate Change (eds Marselle, M. R. et al.) (Springer, Berlin, 2019).
 26. Wendelboe-Nelson, C., Kelly, S., Kennedy, M. & Cherrie, J. W. A scoping review of mapping research on green space and associated 

mental health bene�ts. Int. J. Environ. Res. Public Health 16, 2081 (2019).
 27. Gidlow, C. et al. Research note: Natural environments and prescribing in England. Landsc. Urban Plan. 151, 103–108 (2016).
 28. Helbich, M., Klein, N., Roberts, H., Hagedoorn, P. & Groenewegen, P. P. More green space is related to less antidepressant prescrip-

tion rates in the Netherlands: A Bayesian geoadditive quantile regression approach. Environ. Res. 166, 290–297 (2018).
 29. Triguero-Mas, M. et al. Natural outdoor environments and mental and physical health: Relationships and mechanisms. Environ. 

Int. 77, 41 (2015).
 30. Taylor, M. S., Wheeler, B. W., White, M. P., Economou, T. & Osborne, N. J. Research note: Urban street tree density and antidepres-

sant prescription rates—A cross-sectional study in London, UK. Landsc. Urban Plan. 136, 174–179 (2015).
 31. Smith, G. et al. Characterisation of the natural environment: Quantitative indicators across Europe. Int. J. Health Geogr. 16, 1–15 

(2017).
 32. Egorov, A. I. et al. Vegetated land cover near residence is associated with reduced allostatic load and improved biomarkers of 

neuroendocrine, metabolic and immune functions. Environ. Res. 158, 508–521 (2017).
 33. de Vries, S., Verheij, R. A., Groenewegen, P. P. & Spreeuwenberg, P. Natural environments-healthy environments? An exploratory 

analysis of the relationship between greenspace and health. Environ. Plan. A 35, 1717–1732 (2003).
 34. van den Berg, A. E., Maas, J., Verheij, R. A. & Groenewegen, P. P. Green space as a bu�er between stressful life events and health. 

Soc. Sci. Med. 70, 1203–1210 (2010).
 35. Kaplan, R. �e nature of the view from home: Psychological bene�ts. Environ. Behav. 33, 507–542 (2001).
 36. Markevych, I. et al. Exploring pathways linking greenspace to health: �eoretical and methodological guidance. Environ. Res. 158, 

301–317 (2017).
 37. Hartig, T., Mitchell, R., de Vries, S. & Frumkin, H. Nature and health. Annu. Rev. Public Health 35, 207–228 (2014).
 38. Shanahan, D. F. et al. Health bene�ts of nature experiences depend on dose. Sci. Rep. 6, 66 (2016).
 39. Shanahan, D. F., Fuller, R. A., Bush, R., Lin, B. B. & Gaston, K. J. �e health bene�ts of urban nature: How much do we need?. 

Bioscience 65, 476–485 (2015).
 40. Luck, T. et al. �e prevalence of current depressive symptoms in an urban adult population: Results of the Leipzig population-based 

study of adults (LIFE-ADULT-Study). �ieme 44, 148–153 (2017).
 41. Zuelke, A. E. et al. �e association between unemployment and depression—Results from the population-based LIFE-adult-study. 

J. A�ect. Disord. 235, 399–406 (2018).
 42. Techniker Krankenkasse. Depressionsatlas: Arbeitsunfähigkeit und Arzneiverordnungen Depression Atlas: Inability to Work and 

Medication Prescriptions. https ://www.tk.de/resou rce/blob/20266 40/c767f 9b02c abbc5 03fd3 cc618 8bc76 b4/tk-depre ssion satla s-data.
pdf (2015).

 43. Mitchell, R. & Popham, F. E�ect of exposure to natural environment on health inequalities: An observational population study. 
Lancet 372, 1655–1660 (2008).

 44. Mitchell, R. J., Richardson, E. A., Shortt, N. K. & Pearce, J. R. Neighborhood environments and socioeconomic inequalities in 
mental well-being. Am. J. Prev. Med. 49, 80–84 (2015).

 45. Sarkar, C., Webster, C. & Gallacher, J. Residential greenness and prevalence of major depressive disorders: A cross-sectional, 
observational, associational study of 94 879 adult UK Biobank participants. Lancet Planet. Heal. 2, E162–E173 (2018).

 46. OECD. Health at a Glance 2017: OECD Indicators. https ://www.oecd-ilibr ary.org/socia l-issue s-migra tion-healt h/healt h-at-a-glanc 
e-2017_healt h_glanc e-2017-en (2017).

 47. Landry, S. M. & Chakraborty, J. Street trees and equity: Evaluating the spatial distribution of an urban amenity. Environ. Plan. A 
41, 2651–2670 (2009).

 48. Lin, J., Wang, Q. & Li, X. Landscape and urban planning socioeconomic and spatial inequalities of street tree abundance, species 
diversity, and size structure in New York City. Landsc. Urban Plan. 206, 103992 (2021).

 49. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, Berlin, 2016).
 50. Stadt Leipzig. Local subdivision of Leipzig: city districts [Kommunale Gebietsgliederung Leipzig: Stadtbezirke]. https ://opend ata.

leipz ig.de/datas et/kommu nale-gebie tsgli ederu ng-leipz ig-stadt bezir ke498 7b (2020).
 51. Helbich, M. et al. Using deep learning to examine street view green and blue spaces and their associations with geriatric depression 

in Beijing China. Environ. Int. 126, 107–117 (2019).
 52. �ompson, C. W. et al. More green space is linked to less stress in deprived communities: Evidence from salivary cortisol patterns. 

Landsc. Urban Plan. 105, 221–229 (2012).
 53. Maas, J. et al. Morbidity is related to a green living environment. J. Epidemiol. Community Health 63, 967 (2009).
 54. Honold, J., Lakes, T., Beyer, R. & van der Meer, E. Restoration in urban spaces: Nature views from home, greenways, and public 

parks. Environ. Behav. 48, 796–825 (2016).
 55. Zhao, J., Wu, J. & Wang, H. Characteristics of urban streets in relation to perceived restorativeness. J. Expo. Sci. Environ. Epidemiol. 

30, 309–319 (2020).
 56. Kuo, F. E. Coping with poverty—Impacts of environment and attention in the inner city. Environ. Behav. 33, 5–34 (2001).
 57. Giollabhui, N. M., Olino, T. M., Nielsen, J., Abramson, L. Y. & Alloy, L. B. Is worse attention a risk factor for or a consequence 

of depression, or are worse attention and depression better accounted for by stress? A prospective test of three hypotheses. Clin. 
Psychol. Sci. 7, 93–109 (2019).

 58. Cohen, S. & Janicki-Deverts, D. Who’s stressed? Distributions of psychological stress in the United States in probability samples 
from 1983, 2006, and 2009. J. Appl. Soc. Psychol. 42, 1320–1334 (2012).

 59. St John, A. M., Kibbe, M. & Tarullo, A. R. A systematic assessment of socioeconomic status and executive functioning in early 
childhood. J. Exp. Child Psychol. 178, 352–368 (2019).

 60. Dallimer, M. et al. Biodiversity and the feel-good factor: understanding associations between self-reported human well-being and 
species richness. Bioscience 62, 47–55 (2012).

 61. Cox, D. T. C. et al. Doses of neighborhood nature: �e bene�ts for mental health of living with nature. Bioscience 67, 147–155 
(2017).

 62. Cracknell, D., White, M. P., Pahl, S. & Depledge, M. H. A preliminary investigation into the restorative potential of public aquaria 
exhibits: A UK student-based study. Landsc. Res. 42, 18–32 (2017).

https://www.tk.de/resource/blob/2026640/c767f9b02cabbc503fd3cc6188bc76b4/tk-depressionsatlas-data.pdf
https://www.tk.de/resource/blob/2026640/c767f9b02cabbc503fd3cc6188bc76b4/tk-depressionsatlas-data.pdf
https://www.oecd-ilibrary.org/social-issues-migration-health/health-at-a-glance-2017_health_glance-2017-en
https://www.oecd-ilibrary.org/social-issues-migration-health/health-at-a-glance-2017_health_glance-2017-en
https://opendata.leipzig.de/dataset/kommunale-gebietsgliederung-leipzig-stadtbezirke4987b
https://opendata.leipzig.de/dataset/kommunale-gebietsgliederung-leipzig-stadtbezirke4987b


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:22445  | https://doi.org/10.1038/s41598-020-79924-5

www.nature.com/scientificreports/

 63. Vich, G., Marquet, O. & Miralles-Guasch, C. Green streetscape and walking: Exploring active mobility patterns in dense and 
compact cities. J. Transp. Heal. 12, 50–59 (2019).

 64. Cox, D. T. C., Hudson, H. L., Shanahan, D. F., Fuller, R. A. & Gaston, K. J. �e rarity of direct experiences of nature in an urban 
population. Landsc. Urban Plan. 160, 79–84 (2017).

 65. Cox, D. T. C. et al. Skewed contributions of individual trees to indirect nature experiences. Landsc. Urban Plan. 185, 28–34 (2019).
 66. Chang, C. C. et al. Life satisfaction linked to the diversity of nature experiences and nature views from the window. Landsc. Urban 

Plan. 202, 103874 (2020).
 67. Dzhambov, A. M. et al. Does greenery experienced indoors and outdoors provide an escape and support mental health during the 

COVID-19 quarantine?. Environ. Res. 110420, 66. https ://doi.org/10.1016/j.envre s.2020.11042 0 (2020).
 68. Lindenmayer, D. B. & Laurance, W. F. �e ecology, distribution, conservation and management of large old trees. Biol. Rev. 92, 

1434–1458 (2017).
 69. Lindenmayer, D. B., Laurance, W. F. & Franklin, J. F. Ecology: Global decline in large old trees. Science 338, 1305–1306 (2012).
 70. Simkin, J., Ojala, A. & Tyrväinen, L. Restorative e�ects of mature and young commercial forests, pristine old-growth forest and 

urban recreation forest—A �eld experiment. Urban For. Urban Green. 48, 126567 (2020).
 71. Anguelovski, I., Cole, H., Connolly, J. & Triguero-Mas, M. Do green neighbourhoods promote urban health justice?. Lancet Public 

Heal. 3, 66 (2018).
 72. United Nations. Transforming Our World: �e 2030 Agenda for Sustainable Development. United Nations Sustainable Knowledge 

Platform. Sustainable Development Goals https ://susta inabl edeve lopme nt.un.org/post2 015/trans formi ngour world  (2015).
 73. Loe�er, M. et al. �e LIFE-Adult-study: Objectives and design of a population-based cohort study with 10,000 deeply phenotyped 

adults in Germany. BMC Public Health 15, 691 (2015).
 74. WHO Collborating Centre for Drug Statistics Methodology. ATC/DDD Index: N06A Antidepressants. https ://www.whocc .no/

atc_ddd_index /?code=N06A (2019).
 75. Stadt Leipzig. Baumkataster und Statistik. https ://www.leipz ig.de/umwel t-und-verke hr/umwel t-und-natur schut z/baeum e-und-

baums chutz /stadt baeum e/baumk atast er-und-stati stik/ (2018).
 76. Kessler, R. C. & Essex, M. Marital status and depression: �e importance of coping resources. Soc. Forces 61, 484–507 (1982).
 77. Lampert, T., Kroll, L., Müters, S. & Stolzenberg, H. Measurement of socioeconomic status in the German health interview and 

examination survey for adults (DEGS1). Bundesgesundheitsblatt Gesundheitsforsch. Gesundheitsschutz 56, 631–636 (2013).
 78. Fergusson, D. M., Boden, J. M. & Horwood, L. J. Tests of causal links between alcohol abuse or dependence and major depression. 

Arch. Gen. Psychiatry 66, 260–266 (2009).
 79. Covey, L. S., Glassman, A. H. & Stetner, F. Cigarette smoking and major depression. J. Addict. Dis. 17, 35–46 (1998).
 80. Zhao, G. et al. Depression and anxiety among US adults: Associations with body mass index. Int. J. Obes. 33, 257–266 (2009).
 81. Øverland, S. et al. Seasonality and symptoms of depression: A systematic review of the literature. Epidemiol. Psychiatr. Sci. 29, e31 

(2020).
 82. Glaesmer, H. et al. Psychometric properties and population-based norms of the Life Orientation Test Revised (LOT-R). Br. J. Health 

Psychol. 17, 432–445 (2012).
 83. Herzberg, P. Y., Glaesmer, H. & Hoyer, J. Separating optimism and pessimism: A robust psychometric analysis of the revised Life 

Orientation Test (LOT-R). Psychol. Assess. 18, 433–438 (2006).
 84. Matthies, S. A., Rüter, S., Prasse, R. & Schaarschmidt, F. Factors driving the vascular plant species richness in urban green spaces: 

Using a multivariable approach. Landsc. Urban Plan. 134, 177–187 (2015).

Acknowledgements
We thank all respondents to the LIFE-Adult-Study and Volker Grescho for his assistance with GIS analyses. We 
are also grateful to comments of two anonymous reviewers, which helped to enhance the manuscript, and kindly 
acknowledge the support by the German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, 
funded by the German Science Foundation (DFG–FZT 118, 202548816).

Author contributions
M.M. and A.B. conceptualized the study. D.B. designed the methodology and performed the statistical analyses. 
D.E. and J.W. prepared the environmental data and conducted the GIS analyses. M.M. and D.B. wrote the initial 
dra� of the manuscript. All authors contributed substantially to the writing of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary Information �e online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-020-79924 -5.

Correspondence and requests for materials should be addressed to M.R.M.

Reprints and permissions information is available at www.nature.com/reprints.

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

https://doi.org/10.1016/j.envres.2020.110420
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://www.whocc.no/atc_ddd_index/?code=N06A
https://www.whocc.no/atc_ddd_index/?code=N06A
https://www.leipzig.de/umwelt-und-verkehr/umwelt-und-naturschutz/baeume-und-baumschutz/stadtbaeume/baumkataster-und-statistik/
https://www.leipzig.de/umwelt-und-verkehr/umwelt-und-naturschutz/baeume-und-baumschutz/stadtbaeume/baumkataster-und-statistik/
https://doi.org/10.1038/s41598-020-79924-5
https://doi.org/10.1038/s41598-020-79924-5
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:22445  | https://doi.org/10.1038/s41598-020-79924-5

www.nature.com/scientificreports/

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Urban street tree biodiversity and antidepressant prescriptions
	Results
	Discussion
	Conclusions
	Methods
	Study population. 
	Antidepressant prescription data. 
	Street tree data. 
	Individual covariates and confounders. 
	Statistical analyses. 

	References
	Acknowledgements


