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A generalized relationship between dose of 
greenness and mental health response
 

Bin Jiang    1,2,3,10  , Jiali Li    1,2,10, Peng Gong    3,4, Chris Webster    1,3, 
Gunter Schumann    5,6,7,8, Xueming Liu1,2 & Pongsakorn Suppakittpaisarn9

Exposure to green spaces is a boon to urbanites. Over the last four decades, 
an increasing number of researchers have shown interest in exploring the 
relationship between the dose of greenness and mental health response. 
Early studies suggested a linear dose–response relationship, making it 
challenging to identify the most beneficial doses of greenness. However, 
findings from a rapidly growing body of recent research indicate the 
possible existence of a generalized curvilinear pattern. Despite this, these 
studies have used varying measures and contexts, resulting in inconclusive 
evidence. Without fully understanding the nature of the relationship, 
we do not know how to allocate green landscape resources to maximize 
mental health benefits. This study aimed to identify a generalized pattern 
to describe the dose–response relationship between urban greenness and 
mental health. Through a meta-analysis of all relevant studies, we found 
sufficient samples to generalize the dose–response curve for greenness 
intensity. Our analysis revealed that a quadratic pattern best fits most of the 
published greenness curves, and we identified the highly beneficial and best 
doses of eye-level greenness and top-down greenness. This study identifies 
and rationalizes a generalized quadratic pattern describing the dose of 
greenness–mental health response curves, addressing a critical knowledge 
gap across multiple fields. In practice, a moderate ‘dose’ of urban greenness 
exposure provides the most salubrious supply of mental health benefits.

Cities and countries worldwide are struggling to address mental health 
problems1–3. The World Health Organization estimates that one in eight 
people experience mental health issues, but only 28% of these people 
receive treatment4. City planning and design can be a cost-effective 
and easily accessible approach. Green landscape exposure has been 
shown to promote mental health5–9. However, studies in different con-
texts report disparate findings, making it difficult for researchers and 
practitioners to understand and make use of these findings. A more 

general understanding of the relationship between greenness exposure 
and mental health responses is needed.

For many decades, environment and public health studies have 
reported that greater levels of greenness exposure lead to better 
mental health outcomes, which include, but are not limited to, mental 
fatigue10, mental stress11–13, anxiety14,15, depression16,17 and cognitive 
capability18–21. Early evidence suggested a linear relationship between 
dose (measured quantity of greenness exposure) and mental health, 
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describe a generalized dose–response curve pattern but also set up the  
theoretical ground.

Achieving this goal first requires a close examination of relevant 
theoretical models to identify possible patterns for the dose–response 
curves, and understand the underlying cause–effect mechanisms behind 
those patterns. Four theoretical models, based on physical and psychologi-
cal responses to external stimuli, shed light on expected dose–response 
curves describing the relationship between nature and mental health. 
They suggest that it may be possible to identify a general law. The four 
theoretical models (Fig. 1a–d) include Stevens’ power law (power pattern), 
Yerkes–Dodson law (inverted-U pattern), hormesis theory (inverted-U 
pattern) and catastrophe model (catastrophic pattern), respectively.

Stevens’ power law is a milestone theory in the field of psychology 
that fits a general dose–response curve to summarize scattered find-
ings in different stimulus–response studies28. Through the analysis 
of data collected from multiple experimental studies, multiple psy-
chological responses to external stimuli were found to follow a power 
function equation29.

The Yerkes–Dodson law and the hormesis theory fit an inverted-U 
shape to describe the dose–response of environmental exposure on 
human physical health30. The shape is consistent with a theory that 
a small dose creates a low, deficient benefit and a high dose creates 
an inhibitive or even negative impact; in contrast, a moderate dose  
creates the best benefit31,32.

The catastrophe model indicates the possibility of a ‘cliff’ in which 
performance may plummet after arousal reaches a certain threshold. 
It reveals that when psychological arousal is at a low level, the rela-
tionship between arousal and performance can be described with an 
inverted-U pattern. However, when psychological arousal is high and 
physiological arousal increases to a certain point, performance may 
show a sharp decline33.

Considering the fact that exposure to greenness is a process of 
receiving and responding to external stimuli, it is plausible to propose 
a holistic curvilinear pattern to summarize the relationship between 
greenness exposure (dose) and mental health outcomes (response). 
Our rationale is supported by three points.

making it challenging to identify the most beneficial doses of green-
ness. Although a ‘greener is always better for mental health’ conclu-
sion has helped promote urban forestry and greening in cities, its 
scientific and practical value is limited. With incomplete knowledge 
of the relationship, we cannot know how to optimize urban forestry 
resources to maximize mental health benefits. However, findings 
from a rapidly growing body of recent research indicate the possible 
existence of a generalized curvilinear pattern22. A priori, a nonlinear 
relationship is more plausible when talking about an exposure and an 
individual health effect, because of saturation effects, diminishing 
returns to scale or dose and so on. Many notable linear associations 
might be better described as curvilinear associations, noting that not 
all studies report whether log transformation was attempted. Biased 
research design can influence the shape of a dose–response curve 
and reasonable fit can be achieved from a linear model regardless of 
a curvilinear distribution.

Recent studies report curvilinear associations between green and 
health15,23. For example, Barton and Pretty24 found that an inverted-U 
pattern curve can best describe the relationship between green exer-
cise and mental status. In ref. 25, an inverted-U pattern curve has been 
shown to best describe the relationship between eye-level greenness 
and reduction in mental stress. In ref. 22, on the other hand, a power 
function was found to best describe the relationship between eye-level 
greenness and landscape preference.

Despite the growing trend of studies reporting the curvilinear 
dose–response results26,27, these studies have investigated different 
greenness exposures (different types and ranges) and different mental 
health responses (different types and measurements) within different 
environmental and social contexts23, resulting in inconclusive evidence. 
Due to the fragmented understanding of the relationship, we are unable 
to optimally allocate green landscape resources for maximizing mental 
health benefits.

To address the critical gap for research and practice, this study 
investigated the possibility of establishing a generalized curvilin-
ear pattern through a meta-analysis of all published dose–response 
studies in the past 40 years (1985–2025). We aimed to not only  
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Fig. 1 | Four circumstantial doses of green landscapes–mental health curve theories. a, Stevens’s power law (power-curvy pattern). b, Yerkes–Dodson law 
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Fig. 2 | Meta-analysis of curve refitting between dose of greenness and mental 
health performance. a–e, Results of eye-level greenness. f–j, Results of top-
down greenness. Results of the scatter plots of all the standardized collected 
points (a and f). Non-parametric GAM curve refitting (b and g). Results of three 
parametric models (c–e and h–j). Both GAM model and the comparison of three 

models show that the inverted-U curve described by the quadratic equation is the 
best fit for greenness (Table 1 provides the statistical information). Data points 
are represented as dots, with the fitted curve shown as a dark blue line, and the 
confidence interval depicted as a shaded region. Statistical significance levels: 
***P < 0.001; **P < 0.01; *P < 0.05; ns, non-significant.
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First, humans’ mental responses to environmental features can be 
modeled as psychological responses to external information. Exposure 
to the physical environment, including green landscapes and other 
environmental features, have immediate and accumulated impacts on 
people’s mental health states in daily life as people perceive and process 
environmental information34,35. It is reasonable to expect there to be 
regularities in the way the exposure–response dynamic operates and 
the varying functional forms summarized in the ‘Threshold doses for 
two types of greenness’ section present candidate hypotheses.

Second, humans’ mental responses to nature manifest themselves 
as biological changes in the human body36, as suggested in the optimal 
arousal theory, hormesis theory and catastrophe law. Studies have 
examined nature’s impact on mental health using several biological 
indicators, including salivary cortisol (an indicator of mental stress 
state), inflammatory cytokine (an indicator of depression) and blood 
glucose (an indicator of depression and fear). Some studies have identi-
fied the impacts of greenness at the human system or receptor level. 
Studies have noted the impacts of greenness on different brain regions 
related to attention restoration37 and stress reduction38. Walking in a 
forest has been found to be associated with improved natural killer 
cell and anticancer protein activity, which indicates stress relief and 
enhanced immune system function39. Many studies have demonstrated 
that visual contact with greenness can cause positive responses in the 
hypothalamic–pituitary–adrenal axis and the autonomic nervous 
system39–43. These studies suggest various kinds of exposure–response 
pattern, but do not all also seek to describe patterns of dose–response 
effects. Observational studies can capture associations, but it takes a 
specific research design to capture changes in marginal effects.

Third, studies suggest that there are underdose and overdose 
problems associated with contact with nature24,44, like those identi-
fied in the fields of psychology, biology, medicine and public health. 
In these fields, research findings suggest that humans seek a state of 
equilibrium to help them survive and thrive. That is, humans prefer 
a moderate, rather than an extremely low or high dose of environ-
mental stimulus, to achieve the best benefits. Researchers recognize 
that human beings can only judge whether a stimulus is beneficial 
when considering its dose. Dose also impacts people’s responses 
to environmental features. For example, a barren place can cause a 
negative mental response such as disorientation, anxiety or stress, 
whereas a heavily canopied place may also elicit similar negative 
feelings45. These reasons combine to motivate a search for general 
theories and patterns governing the dose–response dynamics of 
green landscapes.

On the basis of the premises above, we ask two key questions. (1) to 
what extent can a nonlinear curve pattern describe all dose–response 
curves reported in the literature? (2) Can we identify threshold values 
for ‘dose-of-greenness’ models that can be associated with the best, 
highly beneficial and non-adverse effects?

By answering these questions, this study has the potential to 
deepen our understanding of the quantitative characteristics of dose-
of-greenness relationships and provide practical guidance to policy-
makers and professionals in allocating green landscape resources to 
maximize mental health benefits. We consider this issue a fundamental 
one in the science of healthy cities.

Results
Characters of selected curves
For eye-level greenness intensity, we collected 35 curves and 276 points. 
For the top-down greenness intensity, we collected 34 curves and 251 
points. The detailed graphics of the curves after standardization are 
listed in Supplementary Figs. 4 and 5. Figure 4 shows the process and 
results of the systematic review following PRISMA procedure. The 
detailed data collection process can refer to Methods.

The 69 curves have a relatively equal distribution of study location, 
spanning five continents. The number of curves from America, Europe 

and Asia are relatively equal (Supplementary Table 2). The curves 
describe ten types of mental health response (Supplementary Fig. 3).

Inverted-U pattern has the best fit
The scatter plots for both eye-level and top-down greenness of all the 
points indicate an inverted-U pattern, and the actual relationship plotted 
by the generalized additive model (GAM) model supports that assump-
tion (Fig. 2a,b,f,g). To choose the best-fitting model, we compare three 
curvilinear models and find that the inverted-U pattern has lower Akaike 
information criterion and Bayesian information criterion values, lower  
P values and higher coefficient of determination (adjusted R2) values 
(Fig. 2c–e,h–j and Table 1). For the inverted-U pattern curve models, eye-
level greenness has a higher adjusted R2 than top-down greenness (Table 1).

The best-fitting quadratic functions can be expressed as

Eye-level greenness ∶ f (x) = −2.47x2 + 2.60x − 0.49,

Top-downgreenness ∶ f (x) = −1.63x2 + 1.66x − 0.27,

where x is the percentage of eye-level or top-down greenness (if the 
greenness level is 60%, x is 0.6).

Threshold doses for two types of greenness
Using the identified quadratic equations, we calculated the threshold 
doses for the two types of greenness (Fig. 3). For eye-level greenness, 
the dose for the best effect is 53.1%, the dose for the highly beneficial 
effect (top 5% of the positive effect) is from 46.2% to 59.5%, and the 
dose for the non-adverse effect is from 25.3% to 80.2%. For top-down 
greenness, the dose for the best effect is 51.2%, the dose for the highly 
beneficial effect is from 43.1% to 59.2%, and the dose for the non-adverse 
effect is 21.1%–81.7%. The best effect means the peak value of positive 
effects, and highly beneficial effect means the range of greenness that 
is associated with the top 5% of positive effects. The non-adverse effect 
refers to the range of greenness that is associated with effect greater 
than zero. The dose lower or higher than the dose for the non-adverse 
effect is associated with negative effect (effect < 0).

Discussion
This study yields two major findings. First, the inverted-U-shaped curve 
and the corresponding quadratic relationship can best summarize 
the dose–response curves reported by published empirical studies. 
Second, three threshold values of eye-level greenness and top-down 
greenness are identified.

Why does a quadratic pattern describe the relationship?
Our finding the quadratic pattern (inverted-U curve) best summa-
rized the relationship between dose of greenness and mental health 

Table 1 | Comparison of three parametric models for two 
types of greenness

Model type AIC BIC Adj. R2 Pr(>|t|)

Eye-level greenness

(c) Linear pattern 145.60 156.46 0.12 0.000***

(d) Power pattern 140.73 151.59 0.13 0.000***

(e) Inverted-U pattern 88.94 103.43 0.28 0.000***

Top-down greenness

(h) Linear pattern 158.25 168.82 0.02 0.01*

(i) Power pattern 143.15 153.73 0.08 0.000***

(j) Inverted-U pattern 127.44 141.54 0.14 0.000***

***P < 0.001, **P < 0.01, *P < 0.05, ns means non-significant. P values are two sided, and no 
adjustments for multiple comparisons were made. AIC, Akaike information criterion; BIC, 
Bayesian information criterion.
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responses might be explained through some combination of theories 
and empirical studies regarding different psychophysiological aspects.

Several studies have reported an inverted-U curve describing 
the relationship between dose of greenness and psychophysiological 
stress43,46. These studies often use evolutionary psychology to explain 
this relationship. A barren space with low levels of green landscape may 
make humans feel stressed because they present less access to natural 
resources and, therefore, do not support human survival. Other studies 
have supported this theory38,47. On the other hand, a higher density of 
greenness may not always lead to lower levels of stress and negative 
emotions. Studies suggest that highly dense greenness may have less 
natural light and more visual obstacles, leading people to feel stressed, 
anxious and worried about getting lost or being ambushed43,48. Thus, a 
moderate level of greenness may be best at reducing stress and other 
negative emotions. Similar interpretations can be found in other stud-
ies of greenness and mental stress and emotions49–51.

From the perspective of attention, attention fatigue and cognitive 
function, several studies have reported inverted-U curve relation-
ships between greenness and attention capabilities and cognitive 
performance. To explain this relationship, numerous studies argue 
that barren spaces with no or low doses of greenness consume rather 
than restore people’s directed attention, which can cause fatigue and 
low cognitive performance21,40,52–54. Similarly, high doses of greenness 
may also consume directed attention, leading to mental fatigue and 
poor cognitive performance27,55. Some studies suggest that a high dose 
of greenness often has a higher level of complexity, which increases 
people’s cognitive load, demanding greater mental effort to perceive, 
process and respond to the landscape56,57. A moderate dose of green-
ness leads to the best cognitive functioning because it provides a higher 

degree of perceptibility and contains fewer disturbance factors than 
landscapes with a higher dose of greenness. Two studies argued that an 
overly high dose of greenness was more likely to elicit negative impacts 
on attention and cognitive performance because the landscapes were 
more difficult to visually comprehend or because they had concealed 
or messy views46,58. Last, studies suggest that landscapes with overly 
high doses of greenness are more likely to have intense and diverse 
natural sounds, which may cause too much distraction and stimulation, 
further depleting directed attention and cognitive performance59,60. In 
conclusion, a moderate dose of greenness may be more beneficial than 
an overly high or low dose of greenness at restoring directed attention, 
reducing mental fatigue and promoting cognitive performance.

Studies have also used the quadratic pattern to describe the rela-
tionship between dose of greenness and other mental health outcomes, 
including depression, preference, schizophrenia, self-esteem and 
social isolation. Overly low and high levels of greenness may cause feel-
ings of social isolation. Compared with a moderate dose of greenness, 
an overly low or high dose of greenness discourages physical and social 
activity, which may lead to poorer mental health61–63. Some studies 
show that an overly low or high dose of greenness can cause a sense of 
boredom, increasing the risk of schizophrenia symptoms, whereas a 
moderate dose of greenness can excite the users64–66.

These studies are consistent with our findings and offer expla-
nations that support our hypothesis that the quadratic relationship 
(inverted-U-shaped curve) may best summarize the relationship 
between dose of greenness and mental health responses. Mental health 
benefits may start to decrease when greenness reaches a certain point. 
A threshold value associated with this point may be considered a highly 
beneficial dose of greenness.
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Fig. 3 | a,b, Meta-analysis of curve refitting and doses of the best, highly 
beneficial and non-adverse effects for eye-level greenness (a) and top-down 
greenness (b). The best effect means the peak value of effect. The highly 
beneficial effect matches the range of greenness that is associated with the top 
5% of positive effect. The non-adverse effect matches the range of greenness that 

is associated with the non-negative value. The green line represents the refitted 
curve, with the dashed regions representing the confidence interval. The blue 
dot marks the best dose, the orange squares represent the start and end of the 
highly beneficial dose threshold, and the orange triangles represent the start and 
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Table 2 | Recommendations of implications for policymakers and practitioners that are based on threshold values of dose of 
greenness found in this study

Best dose Highly beneficial dose Non-adverse dose Adverse dose

Eye-level greenness 53.1% 46.2% ≤ x ≤ 59.5% 25.3% ≤ x ≤ 80.2% x < 25.3% or x > 80.2%

Top-down greenness 51.2% 43.1% ≤ x ≤ 59.2% 21.1% ≤ x ≤ 81.7% x < 21.1% or x > 81.7%

Mental health effect Associated with the peak 
positive effect

Associated with the top 5% of 
positive effects

Associated with non-adverse 
effects

Associated with adverse 
effects

Recommendations Best choice Highly recommended choice Baseline choice Should avoid
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Theoretical contributions and implications of findings
In this study, we collected and synthesized various dose of greenness–
mental health response curves. Our statistical analysis identified the 
inverted-U pattern as the dose–response curve that best describes the 
relationship between green landscapes and mental health responses. 
The selected curves included studies with significant or non-significant 
results, both positive or negative associations. All mental health per-
formances used in the selected curves are the most common variables 
(Supplementary Fig. 3), and around 90% of them applied individual 
measurement. Also, all the dose of greenness of the selected curves 
measured the green intensity. These characteristics ensure that we 
controlled a decent level of generalizability and increased the reli-
ability of findings.

This study summarizes and statistically analyzes a variety of dose–
response curves to identify the quadratic relationship as the one that 
best describes the relationship between greenness and mental health 
responses. Moreover, this study identifies threshold values of dose of 
greenness that are associated with different levels of effect. Using these 
threshold values, we present recommendations for policymakers and 
practitioners (Table 2). We synthesized multiple theories and empiri-
cal evidence across diverse fields to develop an integrated theoretical 
framework and corresponding dose–response summary curve.

Why does it matter that the dose–response research can be sum-
marized as an inverted-U pattern with a highly beneficial dose? Findings 
from numerous studies in different contexts are overwhelming for poli-
cymakers, designers and health practitioners. Our findings show how 
these curves follow a generalized quadratic relationship, which can be 
useful for policymakers, urban and landscape planners and designers, 
and public health professionals. Because the identified summary curve 
is quadratic, this suggests that both underdosing and overdosing are 
problematic. Instead, a moderate dose of greenness should be adopted 
as the highly beneficial dose of greenness in policymaking and practice. 
Second, it is important to identify threshold values of greenness in 

which mental health benefits are highly worthwhile. Threshold values 
help policymakers and practitioners provide minimum and maximum 
doses of greenness to guarantee people’s mental health without wast-
ing valuable land and other resources.

Limitations and suggestions for future research
As an initial effort to identify a generalized dose–response curve, this 
study has several limitations, which serve as opportunities for future 
research. More evidence should be synthesized to enhance the reli-
ability and validity of the findings reported by this study.

First, we acknowledge the limitation brought by generalization. 
Although the curves selected for our meta-analysis have mitigated 
heterogeneity by controlling for the type of green landscape, mental 
health response and standardizing the dose–response curves, the 
application of the generalized quadratic pattern still faces the diverse 
characteristics of green exposure and mental health performance. It 
simultaneously highlights a critical need for future studies to incorpo-
rate curvilinear tests into their models. Despite the issue of heteroge-
neity, our study, which presents the result of reviewing 87,761 papers, 
provides a solid foundation that encourages environmental studies 
to include more robust data in future research to generate a more 
convincing generalized curve pattern.

Second, due to limited sample size or other reasons, this study 
only generated statistically reliable findings for dose of greenness, 
but not for diversity of green landscapes (another type of inten-
sity), duration of greenness exposure and frequency of greenness 
exposure. This study represents a critical starting point for future 
investigations into the impact of greenness on mental health. It is 
necessary to expand the evaluation of greenness to include additional 
measures of dose of greenness. By doing so, researchers can begin 
to identify patterns and establish correlations that will enable them 
to draw more accurate conclusions about the relationship between 
greenness and mental health.

Scopus: 
67,301

Web of Science: 
55,718

PubMed: 
5,020

Other sources: 
4

Records excluded 
(n = 90,671)
Excluded by title = 83,043
Excluded by abstract = 7,628

Full-text articles excluded 
(n = 651)
Irrelevant green dose = 278
Irrelevant mental health = 152
Pathway studies = 87
Binary studies = 65
No association studied = 37
Literature review or reports = 18
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Fig. 4 | PRISMA process and results.
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Third, this study used mean normalization as a means of stand-
ardizing the varied mental health responses collected from a diverse 
range of studies. This approach is a justifiable method considering 
the heterogenous nature of the mental health responses, with varying 
levels of severity among the selected studies. In particular, however, 
this method does not provide a full index of the mental health response 
size, and alternate measures would be needed to accurately depict the 
overall magnitude of mental health responses.

Fourth, we do not have a full range of eye-level greenness (0%–
100%). Therefore, we do not have the actual data to directly describe the 
full dose–response curve. As such, we must rely on predictive methods 
to infer potential trends, rather than direct measurement. To better 
inform our analysis, it is crucial that future studies adopt a broader 
range of eye-level greenness and examine the effects of overly high 
doses. By expanding our experimental parameters, we can more fully 
elucidate the complex relationships between greenness and outcomes. 
Moving forward, it will be vital to test our predicted trends and explore 
the potential for a catastrophic pattern, as theoretical models suggest.

Fifth, this study only considered the four commonly reported 
dose–response curves (linear, power, inverted-U and catastrophic) that 
have been used to describe the association between green exposure 
and mental health in the field of environmental psychology. Other 
curvilinear functions such as sigmoid, logistic, Gompertz or exponen-
tial, which are rarely reported in our field (we found no studies in the 
literature that reported such curves), were not included in this study. 
We encourage future studies that work on the association between 
green exposure and mental health response to consider a more diverse 
range of curvilinear functions, such as S-shaped curves, to improve the 
accuracy of the dose–response synthesized results.

Also, this study did not further investigate the greenness inten-
sity based on different landscape types, such as trees, grasslands and 
shrubs. Previous studies suggest that different green landscapes may 
affect mental health to different extents22,56,66. Thus, we suggest that 
future studies should synthesize findings from studies for each type 
of greenness. We also recommend searching for more causal evidence 
in the future.

Finally, despite including all studies that met our criteria docu-
menting non-significant or negative results from academic journals 
to avoid overstatement, potential non-significant results may remain 
unpublished, or exist outside publication realms. The small number of 
non-significant results (4 studies out of 133) included may still contrib-
ute to overstating the findings. As a preliminary attempt to synthesize 
the curve pattern, we hope our results will encourage future studies to 
report both significant and non-significant results with detailed data 
analysis. With increasing evidence of the non-significant or adverse 
effects of dose exposure on mental health, the results can become 
more robust.

Methods
We adopted a twofold strategy to answer the questions. First, we con-
ducted a systematic review of empirical studies (1985–2025) to iden-
tify both linear and curvilinear dose–response curves describing the 
relationship between greenness exposure (dose) and mental health 
(response). Second, we conducted statistical meta-analysis of the 
curve refitting on each identified dose–response curve and evaluated 
different curvilinear pattern models.

Data collection: systematic literature review
Strategy for collecting data. We conducted an analysis of dose–
response curves reported in published empirical studies. To keep the 
data collection objective, we followed the principles and procedure of 
preferred reporting items for systematic reviews and meta-analyses 
(PRISMA). We searched three major scientific literature databases: Else-
vier’s Scopus database (from January 1, 1985, to March 30, 2025), Web 
of Sciences Core Collection (from January 1, 2001, to March 30, 2025) 

and PubMed (from January 1, 2005, to March 30, 2025). The time frames 
were determined by the earliest available data from each database. 
We built the search syntax based on two sides of the dose–response 
relationship (Supplementary Fig. 1), which are exposure of greenness 
and mental health. The ‘topic’ field of the search included at least one 
keyword from both sides simultaneously in an ‘AND’ relationship.

Criteria of eligible data. We filtered the dose–response curves from 
database records using screening and eligibility analyses suggested 
by the PRISMA guidelines. Two investigators reviewed the titles, key-
words, abstracts and full texts for each record independently. Two 
other investigators were involved when disagreements appeared. To 
be selected, studies had to meet following six criteria: (1) explored asso-
ciations between the dose of greenness and mental health responses; 
(2) assessed dose of greenness with objective metrics (for example, 
normalized difference vegetation index, tree canopy cover and per 
capita green area) or subjective metrics (for example, proximity to 
green space and perception of greenness); (3) measured the mental 
health responses with objective metrics (for example, brain waves, 
skin conductance levels and salivary cortisol) or subjective metrics 
(for example, subjective satisfaction with life and self-reported mental 
health); (4) had quantitatively measured the relationships between 
greenness and mental responses without using a binary or pathway 
study design, and provided data for meta-analysis; (5) had explicitly 
considered possibilities of both linear and curvilinear relationships in 
data analysis; (6) written in English. Figure 4 shows the results of the 
systematic review. Studies were excluded for the following reasons: 
irrelevant mental health performance variables including social con-
tacts, physical behaviors, general health and esthetics (152 studies); 
irrelevant dose of greenness variables including perceived sensory 
dimensions, connectedness with nature, urban–rural classification, 
parking lots and landscape structures (278 studies); pathway studies 
(87); binary studies (65); studies without statistical associations (37); 
or other reasons (32 studies). In all, we identified 133 studies with linear 
or curvilinear dose–response relationships between greenness and 
mental health responses.

Quality and risk-of-bias assessments
We evaluated the potential bias and quality of evidence at the study 
level based on the PRISMA guidelines. We chose the bias evaluation 
based on the effective public health practice project quality assessment 
tool and the risk of bias in non-randomized studies—of exposure. These 
tools have been extensively used in reviews of quantitative studies 
with diverse methodologies, and are widely applied in reviews in the 
landscape and urban study field. In our research, we applied the four 
domains of bias based on the effective public health practice project 
quality assessment tool and risk of bias in non-randomized studies—of 
exposure relevant to the greenness and mental health responses, which 
are (see ‘Data availability’ for details) (1) study design, (2) exposure 
assessment, (3) outcome assessment and (4) confounders. We selected 
a series of rating criteria items for each domain based on effective 
public health practice project quality assessment tool and risk of bias 
in non-randomized studies—of exposure, and the weakness identified 
in previous review articles on the dose of greenness and mental health.

Two investigators independently conducted the bias evaluation, 
and a third investigator validated the results. For each domain, we 
assigned ‘low (4 points)’, ‘probably low (3 points)’, ‘probably high (2 
points)’ or ‘high (1 points)’ risk levels based on the criteria (see ‘Data 
availability’ for details). We summed up the points for each bias domain 
as the quality score, and calculated the percentage of total possible 
quality points for each study. Finally, we classified the studies based on 
five quality levels: (1) excellent (>81% total possible quality points); (2) 
good (60%–80%); (3) fair (40%–60%); (4) poor (20%–40%); (5) very poor 
(<20%). On the basis of our analysis, most of the studies included are of 
excellent (n = 19, 44%) or good (n = 18, 42%) quality. Only one study is 
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of poor quality (see ‘Data availability’ for details). We re-ran the model 
with only good or excellent quality for the sensitivity test: the results 
barely changed compared with the curve refitting with full dataset.

Statistical meta-analysis dose–response curve refitting
Curve data extraction. Using the 133 published dose–response arti-
cles, two independent investigators extracted the information that 
related to the dose–response curve refitting; any discordance in data 
extraction was resolved by discussion with a third investigator. The 
information includes title, citation, publication year, location (con-
tinent–country), study design type (causal–correlational), mental 
performance types, dose of greenness types (duration, frequency and 
intensity), environmental presentation methods, dose audit methods, 
green dose range, optimal green dose, satisfactory green dose, sam-
ple size, quality assessment result and other notes. The curves with 
citations alongside key information are provided in ‘Data availability’. 
Data underlying each reported study were transferred into a common 
data table for statistical meta-analysis. We excluded papers that could 
not provide data for the meta-analysis. The full list of extracted data 
is provided in ‘Data availability’. To minimize the heterogeneity issue, 
we divided the studies based on the dose of greenness types (intensity, 
frequency and duration) for further meta-analysis. Intensity is the most 
common greenness type, providing a sufficient sample size to run the 
curve-refitting statistical analysis (102 studies, 76.69%). Frequency 
refers to the self-reported frequency of visits to green spaces. Duration 
refers to the total time of visits to outdoor green spaces. The sample 
sizes for ‘frequency’ and ‘duration’ curves were too small to conduct 
reliable statistical meta-analysis. The ‘duration’ studies form only 
8.27% of the dataset, and only 16 studies (12.03%) explored ‘frequency’.

Thus, we included 69 curves that used ‘intensity’ as the dose of 
green landscape in the next curve-refitting step.

Curve data standardization. In the 69 selected curves, the measure-
ment of green intensity included eye-level greenness and top-down 
greenness (35 eye-level greenness and 34 top-down greenness). Eye-
level greenness suggests a visual perception of greenness by a person 
standing on the ground. Top-down greenness allows the measurement 
of percentage of green spaces measured from aerial images, and the 
percentage of each land cover class. Both eye-level and top-down 
green dose groups contained quantitative and qualitative greenness 
measures. Quantitative greenness measures identified precise per-
centages of greenness ranging from 0% to 100%. In qualitative studies, 
professional researchers examined images and divided them into three 
to five general levels of greenness. Also, 46 studies used quantitative 
approaches (66.7%) and 23 used expert classification (see ‘Data avail-
ability’ for details). To standardize the quantitative and qualitative 
greenness measures for comparison, we acquired the original virtual 
reality images from the articles and authors and used DeepLab v. 3 
software to conduct pixel-level semantic segmentation to recalculate 
the greenness percentages ourselves.

Mental health performance variables varied widely across the 
studies by unit, scale and range. To avoid unequal contribution bias, we 
applied mean normalization of the mental health values with a common 
range from −1 to 1. The normalized results can be downloaded through 
the link in ‘Data availability’.

x′ = x − μ
max (x) −min(x) ,

where x is the mental health value set used in a study, µ is the mean of 
the value set and x′ is the normalized mental health value set.

Point collection for standardized curves. The next step of curve 
refitting applied the decile rank method to evenly collect points from 
the normalized raw curves. In principle, normalized curves can be 

represented by 13 points including 9 decile points, a starting point (0%), 
an ending point (100%), and the minimum and maximum numbers. 
However, not all studies included a full range of greenness (0%–100%); 
therefore, the actual point numbers to describe each of the curves 
varied. For example, if the research only studied a range of 35%–62% 
greenness, we only included six of the nine decile points, that is, 40%, 
50% and 60%. We marked the theoretical points outside the actual curve 
range as ‘NA’ in the collection chart. None of the studies had the full 
range and 13 points to describe the standardized version of its curve 
and the smallest number of points was four.

Dose–response curve refitting. Finally, we used R Studio v. 10.2 to 
refit the full-range curve based on the combined standardized model 
curve dataset. The refitting process involved four steps. The first two 
steps represent and predict the dose–response relationship, and the 
last two steps identify the final best-fitting curve pattern.

Step 1 is the scatter plot of all the data points on a two-dimensional 
plane.

Step 2 applied non-parametric GAM to identify the actual relation-
ship between dependent and independent variables and to predict the 
pattern with the best fit (linear, power or inverted U).

g (E (Y )) = β0 + f1 (x1) + f2 (x2) + … + fm (xm)

Step 3 applied the linear (M1), power (M2) and quadratic (M3) 
functions to refit alternative curves to the standardized combined 
data, measuring the P value. None of the 69 selected curves reported 
the catastrophic pattern results, and the GAM predictions in step 2 did 
not identify any catastrophic potentials, so we did not include the 
catastrophic curve refitting in step 3. M1 ∶ f (x) = ax + b,

M2 ∶ logb [bx] = x,

M3 ∶ f (x) = ax2 + bx + c.

Step 4 compares the Akaike information criterion and Bayesian 
information criterion and adjusted R2 to compare model fit.

Inclusion and ethics statement
All individuals listed as authors in this study have met the criteria 
for authorship as stipulated by Nature Portfolio journals, given their 
indispensable contributions to the conception, design and execution 
of the research. The roles and responsibilities of each collaborator were 
clearly delineated and agreed on. This study incorporates findings 
that hold local relevance, which were identified in close collaboration 
with our regional partners. Our research was neither substantially 
constrained nor prohibited in the researchers’ context and does not 
lead to stigmatization, incrimination, discrimination or personal risk 
for the participants involved. Furthermore, we have given due consid-
eration to local and regional research pertinent to our investigation 
in our citations, thereby ensuring a comprehensive and contextually 
sensitive representation of the relevant literature.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All datasets supporting the findings of this study are publicly acces-
sible via GitHub at https://github.com/jli1102/Dose.git. The repository 
comprises five structured databases: (1) Data 1_Eligibility_784 studies; 
(2) Data 2_Inclusion_133 studies; (3) Data 3_Extraction_69 curves; (4) 
Data 4_Curve refitting results; (5) Data 5_Risk of Assessment results. 
Database 1 includes the full list of 784 eligible studies with key informa-
tion after screening. The ‘source’ variable indicated the search iteration, 
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with six iterations conducted: sources 0 and 1 searched Web of Science 
and Scopus from 1985 to 2021; sources 2 and 3 searched the Web of Sci-
ence and Scopus from 2021 to 2022; sources 4 and 5 included additional 
studies from citations or alternative sources; source 6 searched the 
Web of Science and Scopus from 2022 to 2025 and PubMed from 1985 
to 2025. Database 2 contains the full list of 133 studies for inclusion 
with key information, namely, study ID, title, first author, study year, 
continent, relationship (causal–correlational), mental health type, 
mental health description, dose type, dose measured range, optimal 
dose, satisfactory dose and checked (Y/N). Database 3 is the full list of 69 
curves with extracted key information for the final curve refitting. The 
information included curve ID, citation, title, published year, continent, 
study design type, relationship, DV, DV description, IV presentation 
methods, dose audit methods, dose description, dose range, optimal 
dose, satisfactory dose and quality check results. Dataset 4 includes 
the standardized curve data points and curve-fitting results across 
four worksheets: eye-level dose curve data points and curve-refitting 
results; quality-verified eye-level curve-fitting results after risk-of-bias 
assessment; top-down dose curve data points and curve-refitting 
results; and quality-verified top-down curve-fitting results after risk-
of-bias assessment. Database 5 contains results for the risk-of-bias 
assessment and quality check. The files have three worksheets: evalu-
ation criteria; quality check results with total points; percent possible 
points, final quality results and summary chart.

Code availability
The code supporting the findings of this study, especially the R code 
in the file titled ‘curve fitting code’, is available via GitHub at https://
github.com/jli1102/Dose.git.
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Data collection No software was used for data collection. 

Data analysis For the quality and risk of bias assessment, We chose the bias evaluation based on the Effective Public Health Practice Project Quality 
Assessment Tool (EPHPP) and the Risk of Bias in Non-randomized Studies - of Exposure (ROBINS-E). We uploaded the evaluation criteria based 
on EPHPP and ROBINS-E to the GitHub repository at: https://github.com/jli1102/Dose.git. The uploaded files had three worksheets: evaluation 
criteria, the quality check results with total points, percent possible points, final quality results, and the summary chart. 
 
For the dose-response curve refitting, we used R studio 10.2 to refit the full range curve based on the combined standardized model curves 
dataset. The R code has been organized into a file titled "curve fitting code" and deposited in the repository, which can be accessed at:  
https://github.com/jli1102/Dose.git  
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All datasets supporting the findings of this study are publicly accessible via GitHub repository at: https://github.com/jli1102/Dose.git 
    
The repository comprises five structured datasets: 1/ Data 1_Eligibility_784 studies; 2/ Data 2_Inclusion_133 studies; 3/ Data 3_Extraction_69 curves; 4/ Data 
4_Curve refitting results; 5/ Data 5_Risk of Assessment results. 
  
Database 1 included the full list of 784 eligible studies with key information after screening. The "source" variable indicated the search iteration, with six iterations 
conducted: Source 0-1 searched Web of Science and Scopus from 1985 to 2021; Source 2-3 searched the Web of Science and Scopus from 2021 to 2022; Source 4-5 
included the additional studies from citations or alternative sources; Source 6 searched the Web of Science and Scopus from 2022 to 2025, and the PubMed from 
1985 to 2025.  
 
Database 2 contained the full list of 133 studies for inclusion with key information, which were study ID, title, first author, study year, continent, relationship 
(causal/ correlational), mental health type, mental health description, dose type, dose measured range, optimal dose, satisfactory dose, checked (Y/N).  
 
Database 3 was the full list of 69 curves with extracted key information for the final curve-refitting. The information included Curve ID, citation, title, published year, 
continent. study design type, relationship, DV, DV description, IV presentation methods, dose audit methods, dose description, dose range, optimal dose, 
satisfactory dose, and quality check results.  
 
Dataset 4 included the standardized curve data points and curve-fitting results across four worksheets: Eye-level dose curve data points and curve refitting results; 
quality-verified eye-level curve fitting results after Risk of Bias assessment; Top-down dose curve data points and curve refitting results; quality-verified top-down 
curve fitting results after Risk of Bias assessment.  
 
Database 5 contained the results for the Risk of Bias assessment and quality check. The files had three worksheets: evaluation criteria, the quality check results with 
total points, percent possible points, final quality results, and the summary chart.   
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Study description This study aimed to identify a curvilinear pattern to describe the dose-response relationship between green landscape exposure and 
mental health responses. We adopted a two-fold strategy to for the study design. First, we conducted a systematic review of 
empirical studies (1985-2022) to identify both linear and curvilinear dose-response curves describing the relationship between green 
landscape exposure (dose) and mental health (response), and we included 69 curves in the next curve refitting step. We only 
included the studies that quantitatively measured relationships between greenness and mental responses. Second, we conducted 
statistical analysis of the curve refitting on each identified non-linear dose-response curve and evaluated different curvilinear pattern 
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models. We found that the inverted-U shape curve is the best pattern to summarize patterns of all published curves about 
greenness. Further, we found quadratic law is the model with the best fit, appropriately summarizing all available dose-response 
curves between greenness and mental health responses.

Research sample We conducted an analysis of dose-response curves reported in published empirical studies. To keep the data collection objective, we 
followed the principles and procedure of Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA). We 
searched three major scientific literature databases: Elsevier’s Scopus database (Jan. 1st, 1985-March. 30th, 2025), Web of Sciences 
Core Collection (Jan. 1st, 2001- March. 30th, 2025), and PubMed (Jan. 1st, 2005- March. 30th, 2025). Time frames were determined 
by the earliest available data from each database. Time frames were determined by the earliest available data from each database.  
Our research samples are representative because we included all existing studies on the association between greenness exposure 
and mental health responses with the PRISMA procedure. The three databases we selected are well-acknowledged, and we have 
extended the time frame to the most current 2025. 

Sampling strategy We included all the published empirical studies reporting dose of nature – mental health response in the three major scientific 
literature databases with the PRISMA procedure. We filtered the dose-response curves from database records using a screening and 
eligibility analyses suggested by Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) guidelines. Two 
investigators reviewed titles, keywords, abstracts, and full texts for each record independently. Two other investigators were 
involved when disagreements appeared. To be selected, studies had to meet following six criteria: (I) explored associations between 
dose of greenness and mental health responses; (II) assessed dose of greenness with objective metrics (e.g., NDVI, tree canopy cover, 
per capita green area) or subjective metrics (e.g., proximity to green space, perception of greenness); (III) measured the mental 
health responses with objective metrics (e.g., brain waves (EEG), skin conductance levels (SCL), salivary cortisol) or subjective metrics 
(e.g., subjective satisfaction with life, self-reported mental health); (IV) had quantitatively measured relationships between greenness 
and mental responses without using a binary or pathway study design, and provided data for meta-analysis; (V) had explicitly 
considered possibilities of both linear and curvilinear relationships in data analysis; (VI) written in English.

Data collection Using the 133 the published dose-response articles, two independent investigators extracted the information that related to the 
dose-response curve refitting, any discordance in data extraction was resolved by discussion with a third investigator. The 
information includes title, citation, publication year, location (continent/ country), study design type (casual/ correlational), mental 
performance types, dose of greenness types (duration, frequency, and intensity), environmental presentation methods, dose audit 
methods, green dose range, optimal green dose, satisfactory green dose, sample size, quality assessment result, and other notes. The 
curves with citations alongside key information can be found in Data Availability Statement. Data underlying each reported studies 
was transferred into a common data table for meta statistical analysis. We excluded the paper that could not provide the data for the 
meta-analysis. 

Timing We searched three major scientific literature databases: Elsevier’s Scopus database (Jan. 1st, 1985-March. 30th, 2025), Web of 
Sciences Core Collection (Jan. 1st, 2001- March. 30th, 2025), and PubMed (Jan. 1st, 2005- March. 30th, 2025). Time frames were 
determined by the earliest available data from each database.

Data exclusions To be selected, studies had to meet following six criteria: (I) explored associations between dose of greenness and mental health 
responses; (II) assessed dose of greenness with objective metrics (e.g., NDVI, tree canopy cover, per capita green area) or subjective 
metrics (e.g., proximity to green space, perception of greenness); (III) measured the mental health responses with objective metrics 
(e.g., brain waves (EEG), skin conductance levels (SCL), salivary cortisol) or subjective metrics (e.g., subjective satisfaction with life, 
self-reported mental health); (IV) had quantitatively measured relationships between greenness and mental responses without using 
a binary or pathway study design, and provided data for meta-analysis; (V) had explicitly considered possibilities of both linear and 
curvilinear relationships in data analysis; (VI) written in English. Studies were excluded for the following reasons: Irrelevant mental 
health performance variables including social contacts, physical behaviours, general health, and aesthetics (152 studies); Irrelevant 
dose of greenness variables including perceived sensory dimensions (PSDs), connectedness with nature, urban–rural classification, 
parking lots and landscape structures (278 studies); Pathway studies (87); Binary studies (65); Studies without statistical associations 
(37); or other reasons (32 studies). In all, we identified 133 studies with a linear or curvilinear dose-response relationships between 
greenness and mental health responses. 

Non-participation We did not include participants in the study. 

Randomization Randomization is not relevant to our study, as we applied the Preferred Reporting Items for Systematic Reviews and Meta-analyses 
(PRISMA) to collect data on dose-response relationships between nature exposure and mental health outcomes, it did not involve 
direct allocation of participants to groups or manipulation of variables.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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