University of

'Sl Kent Academic Repository

Zhang, Jinbao (2026) Do ecosystem improvements enhance the cognitive function
of older adults: quasi-experimental evidence from China. Aging and Mental
Health . ISSN 1360-7863.

Downloaded from
https://kar.kent.ac.uk/115591/ The University of Kent's Academic Repository KAR

The version of record is available from
https://doi.org/10.1080/13607863.2026.2689586

This document version
Publisher pdf

DOI for this version

Licence for this version
CC BY (Attribution)

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site.
Cite as the published version.

Author Accepted Manuscripts

If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) ‘Title of article'. To be published in Title
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date).

Enquiries

If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see

our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies).



https://kar.kent.ac.uk/115591/
https://doi.org/10.1080/13607863.2026.2689586
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies

AGING
MENTAL
HEALTH

Routledge

5]
-1 Taylor &Francis Group

Aging & Mental Health

ISSN: 1360-7863 (Print) 1364-6915 (Online) Journal homepage: www.tandfonline.com/journals/camh20

Do ecosystem improvements enhance the
cognitive function of older adults: quasi-
Experimental evidence from China

Jinbao Zhang

To cite this article: Jinbao Zhang (27 Jun 2026): Do ecosystem improvements enhance the
cognitive function of older adults: quasi-Experimental evidence from China, Aging & Mental
Health, DOI: 10.1080/13607863.2026.2689586

To link to this article: https://doi.org/10.1080/13607863.2026.2689586

8 © 2026 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

[N
h View supplementary material (£

@ Published online: 27 Jun 2026.

\J
Cl/ Submit your article to this journal &

A
& View related articles &'

View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=camh20


https://www.tandfonline.com/journals/camh20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/13607863.2026.2689586
https://doi.org/10.1080/13607863.2026.2689586
https://www.tandfonline.com/doi/suppl/10.1080/13607863.2026.2689586
https://www.tandfonline.com/doi/suppl/10.1080/13607863.2026.2689586
https://www.tandfonline.com/action/authorSubmission?journalCode=camh20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=camh20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/13607863.2026.2689586?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/13607863.2026.2689586?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/13607863.2026.2689586&domain=pdf&date_stamp=27%20Jun%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/13607863.2026.2689586&domain=pdf&date_stamp=27%20Jun%202026
https://www.tandfonline.com/action/journalInformation?journalCode=camh20

AGING & MENTAL HEALTH
https://doi.org/10.1080/13607863.2026.2689586

Routledge

Taylor & Francis Group

390311Ln0Y

B OPEN ACCESS ) Gheckorpastes

Do ecosystem improvements enhance the cognitive function of older
adults: quasi-Experimental evidence from China
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ABSTRACT

Objectives: Although growing evidence indicates that ecosystems shape human health, their
effects on older adults—a group highly sensitive to environmental stressors—remain
underexplored. This study examines the effect of China's National Key Ecological Function
Zones (NKEFZs), a large-scale ecosystem improvement program, on the cognitive function of
older adults and explores the underlying mechanisms.

Methods: Using five waves (2011-2020) of data from the China Health and Retirement
Longitudinal study (CHARLS; n=16,003), this study employes a staggered difference-in-
differences design to estimate the effects of policy on cognitive health.

Results: NKEFZs significantly enhanced cognitive function and episodic memory by 0.467 and
0.372 points, respectively. Mechanism analysis identifies reductions in industrial smoke and
dust emissions and a higher likelihood of using clean fuels for cooking or heating as possible
channels through which NKEFZs contribute to improved cognitive health. Heterogeneity
analyses indicate that the beneficial effects varied by gender, education, marital status,
household size, health status, and smoking or drinking behaviors.

Conclusion: These findings highlight the role of ecosystem improvements in maintaining
cognitive health and reveal disparities in the effects of such population-level interventions
across individual characteristics. These insights inform other countries in developing upstream
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environmental strategies for dementia prevention and risk reduction.

Introduction

Dementia is characterized by cognitive decline that
interferes with daily functioning and quality of life
(Finlay et al., 2022). It is the seventh leading cause of
death worldwide, affecting 57 million people (WHO,
2025). Each year, nearly 10 million new cases occur,
driven largely by population aging (WHO, 2025).
Since dementia develops through progressive cogni-
tive decline, maintaining cognitive health is essential
to prevent dementia and reduce its risk (WHO, 2025).
Modifiable factors such as smoking (Livingston et al.,
2020), income (Roh et al., 2024), educational attain-
ment (Herd & Walsemann, 2025), and social partici-
pation (Luo et al., 2019) are associated with cognitive
function and may help slow its decline.

In addition to individual-level determinants, a grow-
ing body of research has highlighted the importance
of social and environmental contexts in shaping cog-
nitive health and informing upstream interventions
(Finlay et al., 2022). The environment refers to the sur-
roundings in which humans live, encompassing physi-
cal, social, organizational, and natural elements, such
as air and biodiversity, that exist external to the indi-
vidual (Bircher & Kuruvilla, 2014). Within this broader
environmental context, ecosystems are ecological

units (e.g. forest and grassland) within which living
organisms, including humans, plants, and animals,
interact with each other and with their physical envi-
ronment (Bryce et al, 1999).

The ecological model proposed by Lawton and
Nahemow (1973) is valuable for understanding how
ecosystems impact the health of older adults.
According to this model, individuals are embedded
within their environments, and health outcomes
depend on the balance between the demands of the
environment (termed “environmental press”) and the
individual's capacity to manage those demands
(referred to as “competence”). A slight excess of press
over competence may promote stimulation and
learning (“challenge zone”), whereas a slight deficit
of press may reduce effort (“zone of maximum com-
fort”). In contrast, a substantial mismatch may lead
to negative outcomes and maladaptive behaviors.
Ecosystems shape health outcomes by modifying
environmental press or by affecting individual com-
petence. For example, ecosystem improvements,
such as reduced air pollution, can enhance physical
health among children by lowering environmental
press (Cai et al., 2025; Naidoo et al,, 2019). Similarly,
ecosystem improvements can increase individual
competence, as indicated by higher levels of
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instrumental activities of daily living, which in turn
promote mental health among middle-aged and
older adults (Liu et al., 2025).

Previous studies have investigated the effects of
ecosystem improvements on health outcomes.
Ecological protection has been shown to enhance
physical health among children (Cai et al, 2025;
Naidoo et al., 2019), middle-aged and older adults
(Wang et al, 2023), and the general population
(Jones et al, 2020). It has also shown to improve
mental health of middle-aged and older adults (Liu
et al,, 2025; Wang et al., 2023). These improvements
result from increased wealth, improved air quality,
enhanced physical activity, and better health status
(Liu et al., 2025; Naidoo et al.,, 2019; Tang et al., 2025).

However, few studies have examined whether and
how ecosystem improvements influence cognitive
function. Cognitive health, a broad concept encom-
passing the ability to process information, apply
knowledge, and develop mental representations,
may be influenced by ecosystems. Features such as
biodiversity, air quality, and the availability of green
space can affect cognitive health through multiple
mechanisms, including depressive symptoms (Wang
et al., 2023), inflammation and altered levels of dopa-
mine (Allen et al., 2017), and behavioral pathways,
such as physical activity and social cohesion, that
promote mental stimulation (Burdon et al., 2019; Cai
et al, 2025; Choi et al.,, 2023). Although Tang et al.
(2025) found that ecological protection promoted
cognitive function among adults aged 18 and over,
evidence for older adults remains limited. Two per-
spectives suggest contrasting effects for older adults.
The environmental docility hypothesis posits that
individuals with lower competence or fewer resources
are more susceptible to environmental influences
(Lawton & Simon, 1968), suggesting that older adults
may be particularly sensitive to ecosystems. As peo-
ple age, declines in functional capacity and physio-
logical resilience increase their vulnerability to
adverse ecosystem-related stressors such as air pollu-
tion, potentially altering the magnitude and path-
ways through which ecosystems shape cognitive
health in later life. In contrast, reduced mobility and
lower levels of physical activity among older adults
may reduce their exposure to challenging environ-
ments, resulting in a less pronounced effect com-
pared with younger adults (Hartig et al, 2014; Sun
et al.,, 2013). Additionally, it remains unclear whether
ecosystem improvements have short- or long-term
effects on cognitive function. Ke and Sun (2025)
found that the beneficial effects of air pollution
reduction policies on cognitive function increased
over time, whereas Liu et al. (2025) reported that
mental health benefits of policies improving physical
and social environments diminished over time.
Although previous studies have identified the

mechanisms through which ecological policies influ-
ence health among younger people and the general
population, such mechanisms remain unclear for
cognitive function among older adults.

This study examines the impact of ecosystem
improvements on cognitive function among older
adults and explores the mechanisms underlying this
relationship. The analysis focuses on China’s National
Key Ecological Function Zones (NKEFZs), a large-scale
ecological restoration program implemented in
regions facing severe environmental pollution and
shrinking ecological capacity. Because cognitive
health underpins daily functioning and its deteriora-
tion signals the onset of dementia, understanding
whether and how ecosystems shape cognitive func-
tion among older adults is crucial for identifying
upstream determinants of dementia. With the world’s
largest older population, China bears the highest
economic costs of dementia, estimated at 2,961 bil-
lion dollars, 21% higher than in the United States
and 41% higher than in Japan (Chen et al, 2024).
These substantial costs highlight the importance of
dementia prevention and risk reduction. Insights
from China’s experience are also valuable for other
low- and middle-income countries facing ecological
degradation and rapid population aging.

Conceptual framework

Based on the model of climate changes and demen-
tia risk proposed by Zuelsdorff and Limaye (2024), a
conceptual framework was developed as a guide to
examine how NKEFZs, as an ecosystem improvement
strategy, affect cognitive function among older adults
(Figure 1). Ecosystems shape both the physical and
social environments in which older adults live,
thereby influencing their cognitive health (Finlay
et al.,, 2022; Zuelsdorff & Limaye, 2024). Four poten-
tial pathways are identified: built environment (e.g.
housing and environmental contaminants), social
environment (e.g. social cohesion and financial stabil-
ity), interpersonal and individual processes (e.g.
health behaviors and social networks), and biomedi-
cal disorders (e.g. hypertension and depressive symp-
toms) (Zuelsdorff & Limaye, 2024).

H1(a): The implementation of NKEFZs enhances older
adults’ cognitive function compared with areas with-
out such a program.

Cognitive health comprises multiple components
that respond differently to environmental factors.
Among these, episodic memory and mental intact-
ness capture distinct aspects of cognition and are
not interchangeable (Herd & Walsemann, 2025; Luo
et al,, 2019). Episodic memory refers to the ability to
recall past experiences and typically declines with
age (Greene & Naveh-Benjamin, 2023). Its
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Figure 1. Conceptual framework for assessing the effect of ecosystem improvements on cognitive health.

performance is closely related to fluid intelligence,
which involves reasoning and information processing
and is shaped by individual behaviors and environ-
mental contexts (Rudebeck et al.,, 2012). In contrast,
mental intactness encompasses elements of both
fluid and crystallized intelligence (Luo et al, 2019).
Because crystalized intelligence reflects learned
knowledge and tends to stabilize in later life, ecosys-
tems exert weaker effects on mental intactness than
on episodic memory. Although these two compo-
nents are correlated and collectively contribute to
overall cognitive health, they represent distinct cog-
nitive domains and are measured separately.
Therefore, this study examines overall cognitive func-
tion using a composite measure while analyzing epi-
sodic memory independently, aligning with evidence
that episodic memory is more responsive to ecosys-
tem changes.

H1 (b): The implementation of NKEFZs has a positive
effect on episodic memory compared with areas
without such a program.

According to the environmental docility theory,
the effects of ecosystems on cognitive health are
likely to be heterogeneous across individual charac-
teristics (Lawton & Simon, 1968). Ecological protec-
tion may yield more pronounced benefits for
individuals with favorable socioeconomic and health
conditions, reflecting differences in financial
resources, educational attainment, functional status,
and gendered life course experiences, such as stereo-
types linking women to family roles and limited
employment opportunities (Qing, 2020). For example,
Tang et al. (2025) found that NKEFZs improved cog-
nitive function, with stronger improvements observed
among younger adults compared with older adults
and among higher-income individuals compared
with lower-income individuals. These patterns reflect
declining neuroplasticity with age, which may reduce
the extent to which older adults benefit from ecosys-
tem improvements, and greater leisure time and
opportunities to interact with nature among
higher-income individuals. Similarly, Cai et al. (2025)
reported that ecological protection improved health

outcomes for boys relative to girls and for rural chil-
dren relative to urban children, with stronger effects
among younger than older children. They suggested
that these differences reflect greater sensitivity to
environmental improvements in these groups, result-
ing in more health benefits.

H2: The effects of NKEFZs implementation on cognitive
function among older adults are heterogeneous, with
more pronounced benefits for individuals with more
favorable socioeconomic and health characteristics.

Previous studies have demonstrated the detrimen-
tal effects of environmental contamination on cogni-
tive health (Allen et al, 2017, Lee et al, 2023).
Exposure to pollutants such as sulfur dioxide (SO,)
and particulate matter (PM,; and PM,;) can impair
brain health by inducing systemic inflammation and
oxidative stress, which damage the cardiovascular
and nervous systems and ultimately weaken brain
cells and memory and thinking ability (Allen et al.,
2017; Zuelsdorff & Limaye, 2024). Additionally, eco-
system improvements can reduce air pollution,
including the emissions of carbon, SO, PM,., and
nitrogen dioxide (NO,) (Cao et al., 2021; Greenstone
& Hanna, 2014; Ke & Sun, 2025).

H3: The implementation of NKEFZs reduces environ-
mental contamination compared with areas without
such a program, contributing to improved cognitive
function.

Ecosystem improvements can strengthen social
cohesion, defined as the perceived trust, reciprocity,
and sense of belonging within a community (Choi
et al., 2023; Jones et al., 2020). By bringing people
together to manage shared resources and by creat-
ing more favorable neighborhood environments,
ecosystem improvements increase trust among stake-
holders (Burdon et al, 2019) and strengthen the
sense of safety through reduced crime rates (Hartig
et al, 2014). As a form of social capital, social cohe-
sion promotes positive social interactions and
encourages health-promoting behaviors such as reg-
ular physical activity, which in turn buffers cognitive
decline (Choi et al,, 2023; Luo et al,, 2019).
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H4: The implementation of NKEFZs promotes social
cohesion compared with areas without such a pro-
gram, leading to improved cognitive health.

Physical activity represents another pathway
through which ecosystems affect cognitive health.
Favorable ecological features provide safe and suit-
able spaces for outdoor activities (Hartig et al., 2014).
For example, reductions in air pollution can lead
people to choose walking or cycling instead of driv-
ing or using public transport (Cai et al, 2025).
Extensive evidence shows that regular physical activ-
ity bolsters cognitive health (Livingston et al., 2020;
WHO, 2025). The underlying physiological pathways
include reduced inflammation, improved insulin sen-
sitivity, and enhanced cardiovascular function (Finlay
et al., 2022).

H5: The implementation of NKEFZs increases physical
activity compared with areas without such a pro-
gram, contributing to improved cognitive function.

Ecological protection can help alleviate depressive
symptoms (Jones et al., 2020; Wang et al., 2023). This
occurs through two pathways: by reducing exposure
to adverse environmental stimuli such as noise and
crowding, and by restoring adaptive capacities
through opportunities for relaxation and aesthetic
appreciation (Hartig et al., 2014). Although the mech-
anisms linking depression and cognitive function are
complex, prior research suggests that depression
degrades cognitive function through genetics and
biological processes, as well as by limiting social
interactions, which are essential for mental stimula-
tion (Khalaila, 2026; Khalaila et al., 2024).

H6: The implementation of NKEFZs alleviates depres-
sive symptoms compared with areas without such a
program, contributing to improved cognitive function.

Institutional background

To address the growing environmental challenges
and improve ecosystem quality, the Chinese govern-
ment introduced the National Major Function-oriented
Zones Plan in December 2010. Officially released in
June 2011, this plan designated NKEFZs as regions
characterized by ecological fragility, limited resources
and environmental capacity, and the lack of condi-
tions necessary for large-scale and intensive indus-
trial  and urban development. The initial
implementation covered 436 counties/districts, home
to about 110 million residents and representing
40.2% of China’s land area. In September 2016, the
central government expanded the NKEFZs program
to an additional 240 counties/districts. In total, the
two phases involved 676 counties/districts, account-
ing for 53% of China’s terrestrial area (Wang
et al., 2023).

The primary goals of NKEFZs are to protect and
restore ecosystems while promoting sustainable
economic and social development. To achieve these
objectives, local governments have implemented
several initiatives, such as promoting the use of
clean fuels, raising industrial entry thresholds, and
imposing stricter controls on land development to
minimize ecological disturbance, limiting resource
extraction and infrastructure construction, and
upgrading existing industrial areas to more
resource-efficient and low-emission operations (Shen
et al, 2025; Tang et al., 2025). Additionally, areas
designated as NKEFZs are supervised by and receive
financial support from the central government. The
Ministry of Environmental Protection oversees the
evaluation of ecological protection performance (H.
Zhang & Tang, 2025). As of May 2024, the central
government has allocated approximately CNY 900
billion (USD 126.28 billion) to support the imple-
mentation of NKEFZs (China News, 2024). Overall,
these measures are designed to expand green
spaces, enhance air and water quality, and preserve
biodiversity.

Methods
Data

To enhance transparency and reproducibility, the
analytical code used to generate all results is publicly
available on GitHub (https://github.com/JZ3863/
NKEFZpaper-Replication). This study utilized longitu-
dinal data from the China Health and Retirement
Longitudinal Study (CHARLS), a nationally representa-
tive survey of adults in China aged 45 and older. The
CHARLS, harmonized with the Health and Retirement
Study (HRS) in the United States, adopts a
probability-proportional-to-size (PPS) sampling tech-
nique. It collects a rich set of information on the
social, economic, and health circumstances of
community-dwelling residents, including their demo-
graphics, family structure, and health status and
functioning.

This study used five waves of data collected between
2011 and 2020. Among the 25882 respondents
(n=97,413) interviewed in the CHARLS over this
nine-year period, this study focused on individuals aged
60 and older who completed at least two interviews.
The final analytic sample comprised 16,003 person-wave
observations collected from 3,553 respondents, with an
average of approximately 4.5 waves per respondent. Of
these, 1,053 respondents (n=4,725) were in the treat-
ment group, and 2,500 respondents (n=11,278) were in
the control group. The study sample selection process
is reported in Supplementary Figure S1. Additionally,
this study retrieved information about prefectural-level
characteristics, such as population size and air pollutant


https://doi.org/10.1080/13607863.2026.2689586

emissions, from the China City Statistical yearbook
(2011, 2013, 2015, 2018, and 2020), corresponding to
the CHARLS data used in the analysis. Data on policy
implementation was collected from government official
documents (see Supplementary Table S1).

Measurement

Dependent variables

The outcome variables in this study were cognitive
function, episodic memory, and mental intactness.
Based on the Telephone Interview of Cognitive Status
(TICS) used in the HRS, the CHARLS assessed cogni-
tive function with five components: computation,
drawing, immediate memory, delayed memory, and
time orientation (Luo et al, 2019). For the computa-
tion, the respondent was required to successively
subtract 7 from 100 for five times (range: 0-5). For
the drawing score, respondents were asked to redraw
a previously displayed figure (range: 0-1). The imme-
diate and delayed memory scores were based on the
number of correct responses to word recall tests.
Respondents were required to listen to 10 words and
recall as many as possible immediately and again
after a four-minute delay. Each score ranged from 0
to 10. The time orientation score was calculated
based on respondents’ correct answers to questions
regarding the current year, month, date, season, and
day of the week, with a score range of 0 to 5. The
overall cognitive function score was constructed by
summing all five of these components, with a possi-
ble range of 0 (worst) to 31 (best).

Following previous studies (Luo et al., 2019; Zhao
et al,, 2024; Zong, 2025), this study measured cogni-
tive function using two separate domains: episodic
memory and mental intactness. Episodic memory
was assessed using immediate and delayed recall
tests, with a total score ranging from 0 to 20.
Additionally, mental intactness is defined as individu-
als’ mental state and cognitive integrity (Zhao et al,,
2024). It was measured using the computation, draw-
ing, and time orientation items, with a total score
ranging from 0 to 11.

Independent variable

The independent variable was the timing of the
implementation of NKEFZs. To capture the spatial
and temporal variation in the policy rollout and to
distinguish short- and long-term effects, a variable
was constructed to capture the relative time of pol-
icy exposure. First, each of the five CHARLS waves
was assigned a relative time value from 1 to 5, cor-
responding to waves 1 through 5. Second, based on
the official implementation years of the NKEFZs (see
Supplementary Table S1), this study created a vari-
able to align the policy initiation time with the
CHARLS survey waves. For example, Lanzhou city
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launched the NKEFZs in June 2011, while respon-
dents there were interviewed in August 2011. Their
relative policy exposure was coded as 2 because the
policy effects could only be observed in the subse-
guent wave when survey data were available.
Notably, this study measured the implementation
of NKEFZs at the prefectural level for theoretical and
practical reasons. First, ecosystems are abstract enti-
ties that are difficult to define spatially (Bryce et al.,
1999). Although NKEFZs were implemented at the
county/district level, they had beneficial spillover
effects on adjacent counties/districts, such as
increased vegetation carbon sink (T. Zhang et al,,
2022) and enhanced green development (R. Zhang &
Zhong, 2023). Measuring implementation at the pre-
fectural level allows these spillover effects to be par-
tially captured. Additionally, county/district-level
identifiers are not publicly available in CHARLS, mak-

ing prefectural-level measurement a practical
alternative.

Mechanism variables

This study explored four potential mechanisms

through which ecosystem improvements may influ-
ence older adults’ cognitive function: environmental
contaminants, social cohesion, physical activity, and
depressive symptoms. The first mechanism, environ-
mental contaminants, was assessed using industrial
and household air pollutant emissions. Industrial air
pollution was measured at the prefectural level,
including the emission of industrial SO, and indus-
trial smoke and dust. The use of clean energy was
used as a proxy for household air pollution. A dichot-
omous variable was constructed to indicate whether
respondents used clean fuels—electricity, gas, solar,
and central heating—for either cooking or heating
(Ke & Sun, 2025; Zong, 2025). While gas is a fossil
fuel, it generates substantially lower levels of air pol-
lutants than coal or petroleum products. Consistent
with previous studies (Xu et al.,, 2023; Yang & Chen,
2024), this study therefore classified gas as a
clean fuel.

The second mechanism, social cohesion, was mea-
sured by individuals’ participation in and frequency
of social activities in the last month (Bradley et al.,
2020). These activities were categorized into two
domains: altruistic activities and collective recre-
ational activities. These activities capture social cohe-
sion because they involve active participation in and
contribution to community life, rather than merely
spending time with existing friends. Altruistic activi-
ties contribute to social cohesion by enhancing inter-
group contact and promoting inclusivity (Horsham
et al., 2024). Collective recreational activities refer to
community-based activities that are organized on a
group basis and are mainly recreational and help
build or maintain social networks  within
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neighborhoods (Bradley et al., 2020). Altruistic activi-
ties included three options: 1) performing voluntary
or charity work, 2) providing help to family, friends,
or neighbors who do not live with the respondent,
and 3) caring for a sick or disabled adult who does
not live with the respondent. The second dimension
also encompassed three options: 1) playing Ma-jong,
chess, or cards, or going to community club, 2)
attending a sport, social, or other kind of club, and
3) participating in a community-related organization.
For each activity in which respondents participated,
the frequency was reported and coded as 1 (never),
2 (not regularly), 3 (almost every week), or 4 (almost
daily). Two variables were then constructed to cap-
ture social cohesion. The first was a dichotomous
variable coded 1 if respondents participated in any
collective recreational or altruistic activity, and 0 oth-
erwise. The second was an ordinal variable represent-
ing the frequency of social activities, defined as the
maximum frequency reported across all six activities,
ranging from 1 (least frequent) to 4 (most frequent).

Third, physical activity was measured using the
International ~ Physical  Activity =~ Questionnaire.
Respondents reported whether they had engaged in
mild activities (e.g. walking for leisure, sports, or
entertainment), moderate activities (e.g. bicycling,
Tai-chi, or speed walking), or vigorous activities (e.g.
an aerobic workout and carrying heavy stuff) for at
least 10min in a regular week. Three dichotomous
variables were created to represent whether respon-
dents engaged in each type of physical activity. The
final mechanism, depressive symptoms, was assessed
using the 10-item Center for Epidemiological Studies
Depression Scale (CES-D-10). The total score ranged
from 0 to 30, with higher scores indicating more
severe depressive symptoms.

Covariates

This study adjusted for sociodemographic, health
and behavioral, and prefectural-level characteristics
that could confound the key estimates.
Sociodemographic factors encompassed age (in
years), gender (female or male), education level (less
than lower secondary education, upper secondary/
vocational training, or tertiary education), marital sta-
tus (single or married/cohabiting), household size,
residence area (rural or urban), and per capital
household expenditure (quartiles). Expenditure was
used instead of income for two reasons. First, accord-
ing to the permanent income hypothesis, income
fluctuates over time in response to temporary shocks
(e.g. unemployment and bonuses), whereas expendi-
ture remains more stable, providing a more reliable
measure of well-being and economic resources avail-
able to families (Carver & Grimes, 2019; Firedman,
1957). Second, using expenditure helped maximize
the analytic sample, as the analyses contained a

larger proportion of missing values for income (28%
of the sample) than for expenditure (23%). To pre-
serve the sample size, observations with missing
expenditure values were retained and assigned to a
separate category.

Health and behavioral factors included self-rated
health, a dichotomous indicator of difficulties in per-
forming activities of daily living (ADLs), number of
chronic diseases, and whether respondents reported
currently smoking or drinking in the past year.
Prefectural-level characteristics comprised population
size (log-transformed) and whether the city imple-
mented the Low-carbon City Pilot Program (see
Supplementary Table S1), which has been shown to
have beneficial effects on older adults’ cognitive
function (Ke & Sun, 2025). All covariates were mea-
sured at baseline, ensuring that only pre-treatment
values were included in the analysis. Descriptive sta-
tistics are presented in Supplementary Table S3.

Analytic strategies

To estimate the causal effect of ecosystem improve-
ments on older adults’ cognitive function, this study
exploited the doubly robust difference-in-differences
(DR-DiD) estimator proposed by Callaway and
Sant’Anna (2021). This method offers two advan-
tages for estimating the average treatment effect on
the treated (ATT). First, DR-DIiD does not impose
homogeneity restrictions across subgroups (e.g.
individuals differing by age, gender, or physical
impairments) and over time (e.g. short- and
long-term effects), a condition that rarely holds in
practice (Baker et al. 2026). For example, Wang et al.
(2023) found that NKEFZs produced greater improve-
ments in depressive symptoms among individuals
without physical impairments than among those
with impairments, demonstrating the presence of
treatment heterogeneity. Second, DR-DiD is less sus-
ceptible to model misspecification because it com-
bines regression adjustment and inverse probability
weighting, requiring only one of the two models to
be correctly specified (Callaway & Sant’Anna, 2021).
For this study, the treatment group includes respon-
dents living in cities that implemented NKEFZs in
2016, while the control group comprises respon-
dents residing in cities that did not implement
NKEFZs during the study period (see the Analytical
Strategies Section in Supplementary Material for
details).

Results

Effects of NKEFZs on older adults’ cognitive
function

Table 1 presents the aggregated ATT estimates and
dynamic treatment effects using the DR-DiD models
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(see Supplementary Figure S2 for the event-study
visualization). Across all outcomes, none of the
pre-treatment coefficients were statistically signifi-
cant at the 5% level, supporting the validity of paral-
lel trends assumption and indicating that there is no
evidence of anticipation effects. Furthermore, the
standardized differences in covariates between the
treatment and control groups are presented in
Supplementary Figure S3. Before applying the
weighting, six covariates, such as marital status and
residence areas, exhibited standardized differences
exceeding the threshold of 0.1. After weighting, the
standardized differences for all covariates fell below
0.1, with further reductions observed for many
covariates such as age, gender, and education level.
These results indicate that the parallel trends assump-
tion was not violated.

Regarding the aggregated ATT, NKEFZs signifi-
cantly increased older adults’ cognitive function by
0.467 points, which supports H1(a). The estimated
short-term (2018) and longer-term (2020) effects
were similar in magnitude, at 0.465 and 0.469,
respectively. NKEFZs were associated with a
0.372-point improvement in older adults’ episodic
memory, whereas the effect on mental intactness

Table 1. Effect of NKEFZs on cognitive function.
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was positive but not statistically significant (support-
ing H1(b)). Event-study estimates further show that
NKEFZs significantly enhanced older adults’ episodic
memory in the short term, with a marginally signifi-
cant effect persisting in the longer term
(p=0.078<0.1).

Mechanism analysis

Table 2 shows the results of the mechanisms analysis
for the four channels of NKEFZs (see Supplementary
Figures S4-S6 for the event-study visualization). Since
industrial SO, and smoke and dust were measured at
the prefecture level, the individual-level covariates
were aggregated to the prefecture level to ensure
consistency in the unit of analysis and to capture the
overall demographic and socioeconomic characteris-
tics of each prefecture. NKEFZs significantly reduced
emissions of smoke and dust, whereas the effect on
SO, was not statistically significant. At the individual
level, NKEFZs significantly increased the probability
of using clean fuel by 4.4 percentage points on aver-
age, with a stronger long-term effect of 4.8 percent-
age points. These results indicate that NKEFZs
improved older adults’ cognitive function through

Cognitive function

Episodic memory Mental intactness

ATT 0.467** (0.176)
Pre-trends 0.007 (0.163)
2011 (t — 3) —-0.268 (0.212)
2013 (t — 2) 0.282 (0.182)
2018 (t) 0.465* (0.204)
2020 (t+1) 0.469* (0.212)
n 16,003

0.372** (0.143) 0.068 (0.088)
0.151 (0.132) 0.011 (0.082)
0.150 (0.172) -0.105 (0.101)
0.151 (0.147) 0.128 (0.095)
0.440* (0.173) 0.014 (0.100)
0.304 (0.172) 0.121 (0.109)
14,830 15,948

Note. All models adjusted for covariates. Robust standard errors were reported in parentheses. *p <0.05, **p <0.01,

***¥p <0.001.

Table 2. Potential mechanisms of the impact of NKEFZs on cognitive function using DR-DiD

estimators.

Panel A Smoke and dust SO, Clean fuel

ATT —0.202* (0.092) -0.114 (0.084) 0.044* (0.020)
Pre-trends -0.113 (0.065) 0.060 (0.079) 0.021 (0.017)
2011 (t — 3) -0.121 (0.065) 0.091 (0.146) 0.030 (0.018)
2013 (t — 2) —-0.105 (0.069) 0.030 (0.039) 0.013 (0.021)
2018 (t) -0.142 (0.081) -0.092 (0.074) 0.041 (0.022)
2020 (t+1) -0.262* (0.111) -0.137 (0.104) 0.048* (0.046)
n 408 406 16,003

Panel B Social cohesion (dichotomous)  Social cohesion (continuous) Mild physical activity
ATT 0.006 (0.019) 0.023 (0.042) —-0.048 (0.028)
Pre-trends -0.012 (0.017) —-0.048 (0.040) 0.009 (0.041)
2011 (t — 3) -0.012 (0.018) -0.079 (0.047) 0.002 (0.048)
2013 (t — 2) -0.011 (0.020) -0.016 (0.044) 0.016 (0.053)
2018 (t) 0.012 (0.021) 0.047 (0.048) -0.018 (0.031)
2020 (t+1) 0.000 (0.022) —-0.000 (0.048) —-0.079* (0.034)
n 15,984 15,984 5,981

Panel C Moderate physical activity Vigorous physical activity Depressive symptoms
ATT -0.028 (0.035) -0.021 (0.030) 0.171 (0.236)
Pre-trends -0.027 (0.050) -0.054 (0.041) 0.085 (0.221)
2011 (t — 3) —-0.061 (0.058) -0.017 (0.049) 0.263 (0.277)
2013 (t — 2) 0.008 (0.063) —-0.091 (0.049) —-0.092 0.237
2018 (t) -0.005 (0.038) 0.000 (0.033) —-0.060 (0.271)
2020 (t+1) —-0.051 (0.042) —-0.041 (0.036) 0.403 (0.294)

n 5,984 5,994 15,934

Note. All models adjusted for covariates. Robust standard

***¥p<0.001.

errors were reported in parentheses. *p <0.05, **p<0.01,
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Figure 2. Heterogeneous treatment effects on cognitive function and episodic memory.
Note. Points indicate the overall ATT for each subgroup, calculated by aggregating short-term and long-term effects. Horizontal lines represent 95%

confidence intervals.

reducing environmental contaminants and enhanc-
ing air quality (supporting H3).

NKEFZs, however, did not affect cognitive function
through the other three mechanisms: social cohe-
sion, physical activity, and depressive symptoms.
Specifically, while NKEFZs showed positive associa-
tions with depressive symptoms and both dichoto-
mous and continuous measures of social cohesion,
and negative associations with mild, moderate, and
vigorous physical activity, none of these relationships
reached statistical significance at the 5% level.

Heterogeneous effects

Given the positive effects of NKEFZs on cognitive
function and episodic memory, further analyses were
conducted to examine the heterogeneous treatment
effects across individual characteristics. Figure 2
shows the overall ATT for each subgroup by aggre-
gating both the short-term and long-term effects.
The patterns of heterogeneity were largely consistent
across cognitive function and episodic memory. The
beneficial impacts were more pronounced among
males, those who were literate, those who were mar-
ried or cohabitating, those living in larger house-
holds (three members of more), individuals without
limitations in ADLs, and those who reported current
smoking or drinking behaviors. For episodic memory,
stronger positive effects were also observed among
individuals living in urban areas and those with fewer
chronic diseases (< 2). In contrast, individuals report-
ing good self-rated health benefited more from

NKEFZs in terms of cognitive function compared
with those rating their health as poor or fair. No sig-
nificant heterogeneity was found by age group or
expenditure level, as the subgroup estimates for
these characteristics were not statistically significant
at the 5% level. These results support H2. Several
robustness tests were conducted, and the results
align with the main findings (see the Robustness
Check Section in the Supplementary Material).

Discussion

Using a staggered DiD design, this study examined
the effect of NKEFZs on cognitive function among
older adults. The results indicate that NKEFZs
improved older adults’ cognitive function and epi-
sodic memory by reducing environmental contami-
nation. The positive effects were more pronounced
among individuals with favorable socioeconomic
characteristics (e.g. higher education level) and health
conditions (e.g. fewer physical impairments). These
findings highlight the role of upstream environmen-
tal interventions in dementia prevention and risk
reduction. They also underscore the need for tar-
geted interventions to support older adults with lim-
ited resources and lower socioeconomic status.
NKEFZs enhanced cognitive function among older
adults. This finding aligns with a growing body of lit-
erature emphasizing the critical role of ecosystem
improvements in shaping human health (Cai et al,
2025; Ke & Sun, 2025; Tang et al.,, 2025; Wang et al.,
2023). This study further complements and extends
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this evidence in two ways. First, NKEFZs exerted pos-
itive effects on cognitive health in both the short
and long term. This suggests that the benefits of
ecological protection persist beyond immediate
adjustments—an important consideration for policy-
makers designing effective interventions to prevent
dementia. Second, this study distinguishes the het-
erogeneous effects of NKEFZs across cognitive
domains. The positive impact was more evident for
episodic memory, suggesting that NKEFZs influenced
cognition primarily through physiological pathways,
such as reduced inflammation, rather than through
experiential processes underlying mental intactness,
which depend on accumulated knowledge. This find-
ing points to the importance of incorporating
domain-specific measures of cognition into policy
evaluation and advancing the understanding of how
environmental factors influence cognitive health.
The effect of NKEFZs implementation on cognitive
function among older adults (0.077 standardized
deviation = 0467 + 6.1) appears larger than that
reported by Tang et al. (2025) for the general popu-
lation aged 18 and older (0.052 standardized devia-
tion = 0.0993 + 1.9003), although differences in
outcome measures limit direct comparison. This pat-
tern is consistent with theories highlighting the vul-
nerability of older adults to ecosystem changes.
Compared with younger individuals, older adults
experience age-related deterioration in physiological
processes and a higher prevalence of chronic condi-
tions such as coronary artery disease (Shumake et al.,
2013), both of which increase susceptibility to envi-
ronmental stressors. From a neurobiological perspec-
tive, aging is characterized by reduced neural
plasticity, weakened immune response, decreased
resilience to oxidative stress, and diminished capacity
to compensate for environmental stressors (Geller &
Zenick, 2005). These age-related changes limit older
adults’ ability to buffer environmental stressors but
may also increase their responsiveness to improve-
ments in ecological conditions. Consequently, ecosys-
tem improvements may produce more pronounced
cognitive effects in older adults than in the general

population.
Reductions in environmental contaminants were a
potential mechanism through which NKEFZs

improved cognitive function. Consistent with previ-
ous studies (Allen et al., 2017; Cai et al.,, 2025; Ke &
Sun, 2025; Zong et al,, 2025), this study highlights
the importance of air pollution in shaping cognitive
health, as poor air quality triggers inflammation and
oxidative stress. The pronounced effects of NKEFZs
on episodic memory further support this mechanism,
suggesting that ecological protection may promote
cognitive health by reducing exposure to environ-
mental contaminants. However, after performing
multiple  sensitivity analyses with alternative
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mechanism variables, this study found that NKEFZs
did not improve cognitive function through social
cohesion, physical activity, and depressive symptoms.

This study found heterogeneous treatment effects
of NKEFZs on cognitive function and episodic mem-
ory. Individuals who were male, literate, or married/
cohabiting, lived in larger households or urban areas,
reported better health, and had fewer chronic dis-
eases and physical impairments were more likely to
benefit from ecosystem improvements. These results
support the environmental docility hypothesis, which
posits that personal competence and resources buf-
fer the influence of environmental stressors on health
outcomes (Lawton & Simon, 1968). These findings
also align with existing evidence showing that social,
cultural, and health capital can be mobilized as
resources to buffer the adverse consequences of
environmental stressors (Pelling & High, 2005; Tang
et al, 2025; Zong et al., 2025). However, the positive
effect of NKEFZs was statistically significant among
older adults who reported current smoking or drink-
ing, but not among those without such behaviors.
The mechanisms underlying these heterogeneous
effects are still not fully understood and may reflect
differences in baseline cognitive function or in the
quantity and frequency of tobacco and alcohol use.
In contrast, those who smoked or drank likely exhib-
ited lower baseline cognitive function, allowing
greater potential for improvement as their ecosys-
tems improved. Future research could explore why
ecosystem improvements yield heterogeneous effects
across these subgroups.

Limitations

This study has some limitations. First, although the
conceptual framework proposed by Zuelsdorff and
Limaye (2024) was adopted to explore the mecha-
nisms linking ecosystem improvements to cognitive
health, not all potential pathways could be examined
due to data constraints. For example, the CHARLS
lacks detailed biological indicators such as inflamma-
tory markers and contextual information on housing
conditions, including power outages. Future research
could use complementary datasets containing such
information to test additional mechanisms. Second,
the non-significant effect of NKEFZs on physical
activity should be interpreted with caution. In con-
trast to the measurement of cognitive health, ques-
tions on physical activity were asked only among
half of the respondents in waves 1 to 3 of the
CHARLS, resulting in a smaller analytic sample that
may not adequately reflect the true policy impact.
Third, due to the lack of publicly available county-level
data in CHARLS, this study assessed NKEFZs imple-
mentation at the prefectural level. While this
approach partially captures spillover effects between
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adjacent counties, it does not account for policy vari-
ations within prefectures. Future studies could use
granular data to further validate these results. Lastly,
given the spillover effects of NKEFZs on neighbor-
hood cities, respondents in areas classified as
untreated but bordering NKEFZ cities may experi-
ence cognitive benefits, potentially underestimating
the true effect of NKEFZs. Therefore, the estimated
treatment effects are conservative and represent a
lower bound of the positive impact of NKEFZs.

Theoretical and practical implications

This paper makes several contributions. First, using a
staggered difference-in-differences design, it provides
causal evidence on the relationship between ecosys-
tem changes and cognitive health among older
adults, a topic that has largely been examined
through correlational analyses (Naidoo et al, 2019;
Wang et al,, 2023). The findings show that NKEFZs
have pronounced effects on episodic memory, a
modifiable aspect of cognitive function that is partic-
ularly responsive to environmental stressors. Second,
drawing on Zuelsdorff and Limaye (2024) framework,
this paper extends previous research on the mecha-
nisms linking ecological conditions to cognitive
health (Ke & Sun, 2025; Liu et al, 2025; Tang et al.,
2025; Wang et al.,, 2023). It provides evidence that
both individual- and macro-level environmental con-
taminants are potential mechanisms through which
ecosystem changes influence cognitive function.
Third, this study uncovers heterogeneous treatment
effects of ecosystem changes across individual char-
acteristics. The findings lend support to the environ-
mental docility hypothesis, suggesting that older
adults with greater resources, including being male,
literate, married or cohabitating, living in larger
households, and with fewer physical impairments,
benefit more from ecosystem improvements than
their counterparts. Lastly, this paper contributes to
the literature on the effectiveness of ecosystem pro-
tection policies, which has primarily focused on their
economic and environmental outcomes, such as local
GDP and industrial air pollution (Cao et al., 2021;
Shen et al.,, 2025). The results indicate that ecological
protection contributes not only to macro-level
improvements but also to downstream benefits for
cognitive health among older adults.

This study offers important practical implications.
First, the findings highlight the effectiveness of envi-
ronmental policies in preventing cognitive decline
and dementia. Given the substantial economic and
societal burden of dementia, policymakers should
systematically assess the cost-effectiveness of ecosys-
tem policies, considering not only their environmen-
tal benefits but also the potential cost savings

associated with reduced dementia. Second, as
population-level interventions, ecosystem improve-
ments disproportionately affect individuals. To miti-
gate health disparities, policymakers could adopt
complementary strategies targeting individuals with
lower health conditions (e.g. poorer health and more
ADL limitations) and fewer resources (e.g. living alone
or in rural areas). Finally, with more than 60% of the
global dementia population living in low- and
middle-income countries (WHO, 2025), China’s expe-
rience provides valuable insights into how large-scale
ecosystem interventions can promote cognitive
health in aging societies.
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